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RÉSUMÉ 
 

Le cancer épithélial de l’ovaire (CEO) est la forme de cancer gynécologique la plus létale. 

Ainsi, la compréhension des changements moléculaires associés à ce cancer métastatique 

ovarien peut mener à l’identification de nouvelles cibles thérapeutiques essentielles. La 

glycosylation, une modification post-traductionnelle, joue un rôle important dans de 

nombreuses fonctions cellulaires. Cette glycosylation participe à des événements 

physiopathologiques majeurs durant la progression tumorale. De plus, il a été prouvé que 

l’expression aberrante des structures glycanes interfère avec des mécanismes cellulaires 

comme l’adhésion, la migration et la prolifération des cellules. 

Dans ce contexte, notre laboratoire a récemment montré que le gène codant pour la protéine 

N-acétylgalactosaminyltransférase 3 (GALNT3), membre de la famille des GalNAc-

Transférases (GalNAc-Ts), est hypométhylé et que la protéine GALNT3 est plus fortement 

exprimée dans les tumeurs CEO dont la sévérité est de grade élevé (“high-grade (HG) 

serous”), en comparaison avec des tumeurs à potentiel malin faible (“low malignant 

potential (LMP) ”) et des tissus ovariens normaux.  

Ces observations indiquent un fort potentiel oncogénique pour le gène GALNT3 dans les 

stades avancés du CEO. Ces premières constatations suggèrent également que la 

surexpression de GALNT3 peut jouer un rôle important dans la tumorigenèse du CEO en 

augmentant sa dissémination via une O-glycosylation de type mucine aberrante. Ces 

glycosylations anormales peuvent donc être impliquées dans la carcinogenèse ovarienne et 

nécessitent une étude approfondie.  

Dans ce projet de recherche, nous proposons d’approfondir les observations déjà obtenues 

in vitro  en utilisant un modèle in vivo chez la souris, afin d’élucider le rôle fonctionnel de 

la GALNT3 et d’autres membres de cette famille dans la progression du CEO. A partir 

d’une étude de glycoprotéomique indépendante de la masse, qui a permis d’identifier des 

glycopeptides intacts ou métaboliquement marqués, ce projet de recherche a rendu possible 

la définition précise du rôle de GALNT3 dans la O-glycosylation des cibles de type mucine 

au sein des cellules CEO. Ainsi, via une recherche ciblée dans la base de données « Swiss-

Prot » du protéome humain, nous avons trouvé plusieurs centaines de glycoprotéines et 

glycopeptides uniques, différemment exprimés dans les clones cellulaires dépourvus en 
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GALNT3 KD. Par la suite, nous avons identifié les gènes codant pour ces glycoprotéines et 

glycopeptides. Nous avons notamment trouvé, parmi la liste, un groupe de gènes impliqués 

dans le métabolisme cellulaire dont les modifications post-traductionnelles sont, de manière 

intéressante, principalement supprimées dans les clones GALNT3 KD. 

De plus, nous nous sommes intéressés aux autres membres de la famille des GalNAc-Ts  

dans le CEO et nous avons montré que de multiples membres et pas uniquement GALNT3 

peuvent jouer un rôle important dans la dissémination et la progression du CEO. De plus, 

une découverte très intéressante fut la redondance possible des rôles joués par certains 

membres de la famille des GalNAc-Ts dans le CEO. Ainsi, nous avons identifié GALNT6 

qui serait, à l’image de GALNT3, impliquée dans la dissémination et la progression du 

CEO. Cette implication du GALNT6 est supportée par le fait que cette protéine a les mêmes 

fonctions que GALNT3, suggérant un effet compensatoire de GALNT6 en absence de 

GALNT3. Pour tester cette hypothèse, nous avons abolie l’expression des deux protéines 

GALNT3 et GALNT6, in vivo, et nous avons observé une effet significatif sur la formation 

des tumeurs et la survie des animaux. Pour la suite de ce projet, nous proposons d’analyser 

la structure glycane des différentes glycoprotéines identifiées dans les cellules cancéreuses, 

afin de déterminer les altérations des modifications O-glycanes suite à la perte d’expression 

de GALNT3 et d’autres membres de la famille des GalNAc-Ts. En conclusion, notre étude 

contribue à comprendre la participation du glycoprotéome dans la tumorigenèse du CEO et 

à identifier d’autres cibles de type mucine ou des O-glycoprotéines dont l’expression 

aberrante serait modulée dans le CEO. Ainsi, pris dans son ensemble, ce projet de 

recherche montre la possibilité de discriminer entre des cellules cancéreuses et des cellules 

contrôles via les glycosylations de leurs protéines et permet d’entrevoir la glycobiologie 

comme une voie prometteuse pour l’identifier de nouveaux biomarqueurs pour le 

diagnostic du CEO. 
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ABSTRACT 
 
Epithelial ovarian cancer (EOC) is the most lethal gynecologic malignancy, thus 

understanding the molecular changes associated with ovarian cancer metastasis could lead 

to the identification of essential therapeutic targets. Glycosylation is a post-translational 

modification (PTM) of proteins playing a major role in various cell properties. 

Glycosylation participates in major pathophysiology events during tumor progressions, and 

the aberrant expression of glycan structures was shown to interfere with cell properties such 

as cell adhesion, migration, and proliferation. The lab has previously identified the 

polypeptide N-acetylgalactosaminyltransferase 3 (GALNT3) gene, a member of the 

GalNAc-Transferases (GalNAc-Ts) gene family, as hypomethylated and overexpressed in 

high-grade (HG) serous EOC tumors, compared to low malignant potential (LMP) EOC 

tumors and normal ovarian tissues. Taken together, the data obtained were indicative of a 

strong oncogenic potential of the GALNT3 gene in advanced EOC and suggest that 

GALNT3 overexpression might contribute to EOC dissemination through aberrant mucin 

O-glycosylation, thus specifying some of the putative mechanisms of abnormal 

glycosylation implicated in ovarian carcinogenesis, which warrant further investigation. 

The current research project focused on expanding the in vitro observations obtained by 

using animal models to investigate in vivo the functional significance of GALNT3 and other 

close members of the GalNAc-Ts gene family in serous EOC progression. Moreover, by 

applying a mass-independent chemical glycoproteomics platform to characterize intact, 

metabolically labeled glycopeptides, this project more profoundly characterized the role of 

GALNT3 in aberrant O-glycosylation of mucin-like targets in EOC cells. Isotopically 

recorded ions were searched against the Swiss-Prot human proteome; and data obtained 

were indicative of hundreds of unique glycoproteins and glycopeptides that were 

differentially expressed upon GALNT3 KD. Related gene groups were identified, and 

interestingly, genes implicated in mechanisms of cellular metabolic functions, and PTMs 

were found to be predominantly suppressed in GALNT3 KD clones. In accordance, we also 

investigated the role of other members of the GalNAc-T family in EOC and we showed that 

multiple members and not only GALNT3 can play an important role in EOC cancer 

dissemination and progression. One very interesting finding was the redundant role some 
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members of the GalNAc-T family members play in EOC. We investigated the 

compensatory functions of GALNT3 and GALNT6, and we were able to demonstrate these 

two genes can impose that synthetic backup. Furthermore, we found that and their ablation 

can affect animal survival and tumor formation as observed both in vivo and in vitro. In 

continuation of this work, this project will focus on analyzing the glycan structures of those 

differentially expressed glycoproteins, to further examine the specific O-glycans alterations 

associated with the GALNT3 and other members of the GalNAc-Ts upon gene knockout 

(KO). Fully elaborated glycopeptides can reveal structural details of the glycoproteome, 

thus our results could give important information on the glycome in EOC cells, and the 

identification of other O-glycoproteins/mucin-like targets whose aberrant expression may 

be modulated by these in EOC. Taken together, the ability to mark differences in the 

glycosylation of proteins between cancer cells and control cells can emphasize 

glycobiology as a promising field for potential biomarker identification. 
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PREFACE 
 

The scientific findings and data presented in this thesis is the product of three years of work 

as a PhD graduate student in the laboratory of Dr. Dimcho Bachvarov. I have contributed as 

the first author to five manuscripts and 1 review. 

 

Chapter 1  

Consists of an introduction on EOC, and glycosylation pathways involved in normal 

development and cancer. This chapter covers different views on the clinical and molecular 

aspects of EOC, and a detail description of the glycosylation pathways specifically mucin 

type O-glycosylation and its role in cancer development. Glycosylation is a new examined 

hallmark of cancer, and this chapter discusses the strong correlation of glycosylation with 

tumor initiation, progression and metastasis. Thus it was essential to discuss the possible 

role glycosylation plays in the progression of EOC.  

 

Chapter 2  

This chapter is a presentation of two of my first author articles on which I was fortunate to 

work on with multiple collaborators. The manuscripts are entitled “A metabolic labeling 

approach for glycoproteomic analysis reveals altered glycoprotein expression upon 

GALNT3 KD in ovarian cancer cells” published in the Journal of Proteomics and 

“Proteomic dataset for altered glycoprotein expression upon GALNT3 knockdown in 

ovarian cancer cells” published in Data in Brief. This project involved the application of a 

highly complex and innovative approach, which I was very fortunate to work on in Dr. 

Bachvarov’s lab. I wrote the manuscripts, which were then corrected by Dr. Bachvarov and 

coauthors. In collaboration with Dr. Woo and the proteomics facility at the CHUL, I was 

able to generate almost all the figures in the manuscripts. This work was made possible 

through the fruitful collaborations and contributions of the aforementioned co-authors.  
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Chapter 3  

Presents a clinical scientific paper entitled “Altered expression of different GalNAc-

Transferases (GalNAc-Ts) is associated with disease progression and poor prognosis in 

women with  

high-grade serous ovarian cancer” currently under review in the International Journal of 

Oncology. I have significantly contributed to this paper by preparing tissue microarrays for 

the analysis and scoring of the various proteins included in this study.  I have generated all 

figures and performed all the statistical analysis. Data collection was made possible by the 

contribution of all the medical doctors listed as co-authors in the manuscript. We are the 

first lab to examine multiple GalNAc-Transferases in a subset of EOC patient samples, 

presenting data that indicate the implication of multiple and not one GalNAc-Transferase in 

the progression and poor outcome in EOC patients.  

 

Chapter 4  

Presents a scientific paper currently in preparation entitled “Elucidating the role of the 

polypeptide N-acetylgalactosaminyltransferase 3 (GALNT3) and its closest homolog-

GALNT6 in mediating aberrant O-glycosylation associated with ovarian cancer 

dissemination”. I was also privileged to work on such a complex project examining 

biosynthetic backup of multiple GalNAc-Transferases, in addition to examining their 

functional redundancy in EOC cell lines. Our work presented in this chapter is the first to 

examine the effect multiple GalNAc-Transferases gene knockouts can have on the survival 

of animals. Indicative of the role multiple GalNAc-Transferases play in the metastatic 

cascade of EOC. I have prepared all figures and collected all the data; in vivo studies were 

carried out in Dr. Vanderhyden’s lab. This paper will have a very high impact on the 

examination of multiple gene targets in EOC. 
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Chapter 5  

This chapter briefly discusses the work gathered in this manuscript.  

 

Annex 

An ‘Annex’ section: Annex. This section includes the scientific review Dr. Bachvarov and I 

worked on when we first embarked on the glycosylation study entitled “Role of aberrant 

glycosylation in ovarian cancer dissemination” published in Biomedical reviews.  
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PRÉFACE 
 

Les résultats scientifiques et les données présentées dans cette thèse sont le fruit de trois 

années de travail en tant que doctorante au laboratoire de Dr. Dimcho Bachvarov. J'ai 

contribué en tant que première auteure à cinq manuscrits et une revue scientifique. 

 

Chapitre 1  

Le chapitre 1 comprend une introduction sur le CEO et les voies de glycosylation 

impliquées dans le développement normal et dans le cancer. Ce chapitre couvre différents 

aspects cliniques et moléculaires du CEO, et une description détaillée des voies de 

glycosylation, spécifiquement la O-glycosylation du type mucine et son rôle dans le 

développement du cancer. La glycosylation est une nouvelle caractéristique du cancer, et ce 

chapitre traite de la forte corrélation entre la glycosylation et l'initiation, la progression et la 

métastase de la tumeur. Ainsi, il était essentiel de discuter du rôle possible joué par la 

glycosylation dans la progression du CEO. 

  

Chapitre 2 

Ce chapitre est une présentation de mes articles en tant que première auteure, dans lequels 

j'ai eu la chance de travailler avec plusieurs collaborateurs. Les manuscrits sont intitulés “ 

A metabolic labeling approach for glycoproteomic analysis reveals altered glycoprotein 

expression upon GALNT3 knockdown in ovarian cancer cells”, publié dans le journal 

Journal of Proteomics. et “Proteomic dataset for altered glycoprotein expression upon 

GALNT3 knockdown in ovarian cancer cells” publié dans le journale Data in Brief. Ce 

projet impliquait la mise en place d'une approche hautement complexe et novatrice, durant 

laquelle j'ai eu beaucoup de chance de travailler dans le laboratoire de Dr. Bachvarov. J'ai 

écrit le manuscrit, qui a ensuite été corrigé par Dr. Bachvarov et les co-auteurs. En 

collaboration avec Dr. Woo et la plateforme de protéomique au CHUL, j'ai pu générer la 

majorité des figures du manuscrit. Ce travail a été rendu possible grâce aux collaborations 

fructueuses et aux contributions des co-auteurs susmentionnés. 
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Chapitre 3 

Ce chapitre présente un article scientifique clinique intitulé “ Altered expression of 

different GalNAc-Transferases (GalNAc-Ts) is associated with disease progression and 

poor prognosis in womem with  high-grade serous ovarian cancer ”. Ce papier est 

actuellement en cours d’évaluation dans le journal : Journal international d'oncologie. J'ai 

contribué de manière significative à cet article en préparant des microarrays de tissus pour 

l'analyse et l'appreciation des diverses protéines incluses dans cette étude. J'ai généré toutes 

les données et effectué toutes les analyses statistiques. La collecte de données a été rendue 

possible par la contribution de tous les médecins énumérés comme co-auteurs dans le 

manuscrit. Nous sommes le premier laboratoire à examiner plusieurs GalNAc-Transférases 

dans un sous-ensemble d'échantillons de patients CEO, présentant des données qui 

indiquent l'implication de multiples GalNAc-Transférase dans la progression du CEO. 
 

 

 Chapitre 4 

Ce chapitre présente un article scientifique actuellement en préparation intitulé 

“ Elucidating the role of the polypeptide N-acetylgalactosaminyltransferase 3 (GALNT3) 

and its closest homolog-GALNT6 in mediating aberrant O-glycosylation associated with 

ovarian cancer dissemination”. J'ai également eu le privilège de travailler sur un projet 

aussi complexe qui examine la redondance fonctionnelle de plusieurs GalNAc-Transférases 

dans les lignées cellulaires de CEO. Notre travail présenté dans ce chapitre est le premier à 

examiner l'effet d’inactivation de multiples gènes de GalNAc-Transférases sur la survie des 

animaux, soulignant le rôle que jouent les GalNAc-transférases dans la cascade 

métastatique de CEO. J'ai préparé tous les résultas et recueilli toutes les données. Les 

études in vivo ont été réalisées dans le laboratoire du Dr. Vanderhyden. Cet article aura un 

impact très important sur l'examen de multiples cibles de gènes dans le CEO. 
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Chapitre 5 

Ce chapitre expose brièvement le travail recueilli dans ce manuscrit.  

 

Annexe 

Une section «Annexe»: Annexe. Cette section inclut la revue scientifique préparée par Dr. 

Bachvarov et moi même intitulée “ Role of aberrant glycosylation in ovarian cancer 

dissemination” publiée dans le journal Biomedical reviews.  
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Chapter 1: Introduction  
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1.1 Ovarian cancer 

1.1.1 Overview of ovarian cancer 

Ovarian cancer is one of the deadliest gynaecologic malignancies amongst women in the 

Western world, killing over 14,000 women each year (1). Ovarian cancer is the fifth 

leading cause of cancer deaths amongst women (2). Additionally, ovarian cancer 5-year 

survival rate has been reported to be less than 46 percent (3). Although ovarian cancer is 

not very common, it is the deadliest it is the deadliest cancer among all gynecologic 

malignancies, that is why it has been referred to as the “silent killer” (4). This is indeed due 

to the fact that ovarian cancer patients do not present with defined symptoms, especially not 

for the early stages of the disease (4). Ovarian cancer is one of the fewest cancers that 

cannot be referred to a single cancer type. Ovarian cancers refer to a subset of distinct types 

of cancers that not only originate from the ovary, but also it refers to those cancers that 

involve the ovary. Recent studies have suggested that some ovarian cancers arise from the 

fallopian tubes, and subsequently metastasize to the ovary, while other studies suggest that 

ovarian cancers arise from cells that are not considered intrinsic to the ovary such as the 

endometrium (5). Research is now more focused on properly defining ovarian cancer, since 

this disease exists with different origins, risk factors, genetic mutations, and prognoses. Till 

today, there is still difficulty in understanding where the different ovarian cancers arise and 

how they behave, which indicates the importance for improvements in the diagnosis, 

detection and treatment of these cancers. 

1.1.2 The different types of ovarian cancer 

There are three main categories of cells that make up the ovaries (epithelial cells, germ cells 

and stromal cells) (6). Each of these cell types can develop into a distinct type of ovarian 

tumor (6, 7) (Figure 1.1). 

Epithelial ovarian cancer (EOC), which originates from cells covering the outer surface of 

the ovaries (Figure 1.1), account for 90% of all malignant ovarian cancers, and the 

American Cancer Society reported 21,550 cases of EOC in 2009 and these numbers were 

predicted to increase (8, 9), and commonly occurs in postmenopausal women. EOC is 
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classified into five different subtypes (8), which will be discussed in more detail in the 

following sections. Accordingly, non-epithelial ovarian cancers (NEOC), are not very 

common, accounting for 5-10% of all ovarian cancers (10). NEOC include: germ cell 

tumors (GCTs) and sex cord or stromal cell tumors (SCSTs) (10) (Figure 1.1). GCTs make 

up around five percent of ovarian cancers, and this type of tumor originates from cells that 

produced the eggs (ova). Patients presenting with this type of cancer belong to women in 

their early 20s (10). GCTs are also divided into different subtypes, and the most common 

types include teratomas and dysgerminomas, in addition to other not very commonly 

observed subtypes (10) (Figure 1.1). SCSTs account for around 3-5% of malignant ovarian 

tumors, these tumors originate from the connective tissue cells that cover and hold the 

ovaries together and produce the two female hormones estrogen and progesterone (10). 

SCSTs occur in women of all ages, and the main subtypes include: fibroma, granulosa cell 

tumors and sertoli-leydig cell tumors (10) (Figure 1.1). In addition to tumors that originate 

from ovarian cells, ovarian tumors may also originate from cells of other primary 

malignancies (11). Tumors metastasizing to the ovaries account for 5% of all ovarian 

tumors, and this rate is not considered to be very low since the ovaries are known to be 

common metastatic sites. The most common primary malignancies that metastasize to the 

ovaries include breast, colorectal, lung and gastric cancers (11, 12) (Figure 1.1). 

 



 

 

 

4 

 

Figure 1.1.  The origin and type of EOC tumors 
The table summarizes details on the frequency, age range, and common subtypes of ovarian 
tumors (13). 

1.1.3 The five histopathological subtypes of EOC 

EOCs have been divided into 5 major subtypes which include: 1) high-grade serous 

carcinoma (HGSC) 2) endometrioid carcinoma (EC) 3) clear cell carcinoma (CCC) 4) low 

grade serous carcinoma (LGSC) and 5) mucinous carcinoma (MC) (14) (Figure 1.2).  The 

naming of these EOC subtypes is dependent on how closely the tumor cells found within 

the tissues resemble the normal cells lining of the different organs found in the female 

genitourinary tract (15). 
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Figure 1.2. The different cellular origins of EOCs 
The figure summarizes literature data suggesting that many ovarian carcinomas originate 
from outside the ovaries. The figure includes a detailed classification of the different 
ovarian carcinomas and the fact that they arise from different tissue types (16). 

1.1.3.1 High-Grade Serous Carcinoma (HGSC) 

HGSC is the most common type of EOC, and it accounts for more than 74% of all EOCs 

(17, 18). HGSC appears in patients at the later stages of the disease (16). This type of tumor 

is characterized with a solid growth found within the tumor cells, usually defined with 

abnormal nuclei of various shapes and sizes (16). Another known feature of these cells is 

their level of cellular proliferation (17, 18). Patients with HGSC, present with large masses 

on their ovaries in addition to metastatic spreading into the omentum, and other abdominal 

regions (16). Genetic characterization of HGSC show that this type of cancer is genetically 

unstable, with mutations in the tumor suppressor genes: TP53, BRCA1 and BRCA2 (19). 
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1.1.3.2 Endometrioid carcinoma (EC) 

EC ovarian cancer has been suggested to be 50% present at Stage I, and usually involves 

the two ovaries (20). This is the more favorable subtype of EOC, and women treated for 

this cancer subtype have better survival and overall outcomes (21). However, the remaining 

50% of EC patients diagnosed at later stages show poor survival rates (21). As seen from 

figure 1.2, EC is an EOC carcinoma characterized with a defined link to endometrial tissue 

(22-24). One of the major challenges associated with this disease is that around 5% of ECs 

are usually associated with synchronous uterine EC, when diagnosed (25, 26). These cases 

have shown to be complicated, since pathologists have difficulties determining if the 

endometrial and ovarian tumors represent two independent carcinomas or a single cancer 

type arising in a single organ and metastasizing to another (25, 26). Genetic mutations that 

define this EOC subtype include: CTNNB1, PIK3CA, KRAS, ARID1A, PTEN, and 

PPP2R1A (27). Furthermore, CTNNB1 mutations are common genetic alterations in ECs, 

and interestingly they show to be unique to this type of cancer since they are rarely 

observed in the other EOC subtypes (27). 

1.1.3.3 Clear cell carcinoma (CCC) 

The nomenclature of CCC was given to this subtype since the CCC tumor cells display 

large profusions of clear cytoplasm, and this is in part due to the accumulation of 

intracytoplasmic glycogen in these cells (28) (Figure 1.2). Diagnosis of this subtype is 

mainly classified at Stage I, but nonetheless, prognosis of patients with advanced stages of 

CCC is unfavorable (29-31). Similar to EC, CCC is associated with endometriosis (32), and 

it was shown that CCCs is more commonly associated with cysts or benign tumors when 

defined at the early stages (32). CCCs frequently contain mutations in ARID1A, and 

PIK3CA (33, 34). Other CCC mutations, such as PPP2R1A, PTEN, KRAS, and TP53, have 

also been identified, but not as frequently as those described earlier (35, 36). 

1.1.3.4 Low-grade serous carcinoma (LGSC) 
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LGSCs are considered to be the less common type of ovarian tumors, as lower than 20% of 

LGSCs are diagnosed at stage I (37-39). Interestingly, LGSCs have been suggested to be 

more chemoresistant compared to HGSCs (40), and survival rates of women diagnosed at 

the later stages of this disease have not improved in the last decade (41). Pathological 

examinations of this disease showed that LGSCs often arise from serous borderline tumors 

(SBTs) (41). Histological classification of LGSCs shows that the tumor cells have small 

nuclei characterized with low mitotic activity (Figure 1.2). There are some discrepant 

reports on the relationship between LGSCs and HGSCs, since it is suggested that LGSC do 

not progress into HGSC (19), while other suggest that LGSC may progress into the so 

called intermediate stage before evolving into HGSCs (42-44). Genetic mutations 

characteristic of LGSCs include mutations of KRAS or BRAF and ERBB2 (19, 45). 

1.1.3.5 Mucinous carcinoma (MC) 

MCs are the least common subtype of EOC (46). Mucinous tumors do not have a clear 

defined origin, and it has been suggested that MCs may originate from other cancer types 

such as colorectal cancer (47). Colorectal cancers are primary tumors that have been shown 

to frequently metastasize to the ovaries, thus mimicing primary MC tumors (47). Patients 

diagnosed with MC at the advanced stages of the disease show very poor survival outcome, 

while those patients diagnosed at the earlier stages show very good prognosis (48, 49). 

Histological classification of MCs show characteristics of columnar cells with basal nuclei, 

and the cytoplasm of these cells show very low mucin staining (Figure 1.2) (50). Genetic 

mutations of MCs include mutations in the KRAS and TP53 genes (51). Additionally, 

ERBB2 amplification has been reported in more than 10% of MCs (52), suggesting that 

both the ERBB2 amplification and the KRAS mutation might be associated with improved 

survival in MC patients (52). 

1.1.4 EOC tumor staging and grading 

Complicated diagnosis of EOC has hindered its early detection, since most of the time, 

EOC is diagnosed at advanced stages, when the cancer has spread outside its tissue of 

origin and metastasized throughout the abdominal area (53). Early diagnosis of EOC has 



 

 

 

8 

shown to be difficult due to the fact that localized ovarian tumors are usually 

asymptomatic, while advanced disease present with symptoms such as abdominal pain, 

pelvic masses and vaginal bleeding (53). Surgeons and pathologists have developed 

classification systems to better categorize the grading and stages of this cancer type. 

Surgical grouping has allowed for a better classification of the extent of the disease ordered 

by examination of the pelvic mass, amount of ascites fluid present, level of capsule rupture, 

diaphragm inspection, region of metastasis, and small and large bowel examination (54). 

Table 1.1 summarizes the Federation of Gynecology and Obstetrics (FIGO) staging of EOC 

criteria (54). 

 

Table 1.1 FIGO stage grouping for primary carcinoma of the ovary 
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The table includes information on stages I to IV ovarian cancers with a detailed description 
of each stage characteristic that is defined histologically following the FIGO criteria (54). 
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In addition to classifying ovarian tumors according to their FIGO stage, doctors have 

developed a classification system divding EOC into two types (Type I and Type II) based 

on the shared features of the different cancer types (55) (Figure 1.3). Type I carcinomas are 

low-grade cancers that are less aggressive, and are considered to be genetically stable, and 

surgically classified to arise form endometriosis or benign tumors. Type II cancers are high-

grade EOCs classified to be biologically highly aggressive tumors, with a high tendency to 

metastasize from their primary lesions (56). Moreover, Type II carcinomas of the ovary 

have been genetically characterized to carry frequent mutations in TP53, BRCA1 and 

BRCA2 (56).   

 

 
Figure 1.3. The two major histologic subtypes of EOC and their sub classifications 
Type I tumors include low-grade, slow growing carcinomas known to develop from 
borderline tumors that develop from the ovarian surface epithelium, inclusion cysts, or 
endometriosis. Type II tumors include high-grade and rapidly growing carcinomas known 
to spread beyond the ovaries (57). 
 

Additionally, pathologists classify EOC by grading the cancer, which allows examining the 

degree of similarity between EOC to healthy cells (58). When examined, the grading of the 

cancerous tissue helps pathologists make predictions on features of the cancer type such as 

its spreading potential, which in turn helps in improving prognosis (58). Healthy tissues 

consist of several cell types that are usually found clustered together, and when examining 
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tumor tissue, pathologists compare their cell characteristics to the normal healthy tissue and 

have developed a method to classify them accordingly: a) if the cancer cells display similar 

cellular architecture to normal cells, but contain a different type of cell grouping then it is 

referred to as a low-grade tumor or differentiated tumor (15); b) if the cancer cells look 

very different from healthy normal cells, they are then referred to as high-grade tumors or 

poorly differentiated tumors (15). There are not only two classifications for these cancer 

types, but some ovarian tumors are known as borderline cancers or borderline ovarian 

tumors (BOT) and are characterized by the absence of invasive stoma (50). BOTs have also 

been referred to as low-malignant potential tumors (LMP), they are also called borderline 

since these tumors present with cellular characteristics found in benign tissue or invasive 

cancers (50). 

Importantly, epithelial EOC are mostly of the serous type and are graded as either: 

1) LGSC -- low-grade serous carcinoma 

2) HGSC -- high-grade serous carcinoma 

While the other subtypes have been proposed to be graded, as follows: 

Grade 1: The cancerous tissue is well differentiated, for which is appears to contain many 
normal-looking cells. 

Grade 2: The tissue is moderately differentiated, and these cells appear to look more 
abnormal than normal. 

Grade 3: The tissue is very poorly differentiated, and most of the cells in these tissues 
appear highly abnormal. (58) 
 

1.1.5 Carcinogenesis and genetics of EOC 

Like many other cancer types, EOC develops as a result of genetic mutations, and as 

acknowledged, these mutations play a major role in the acquisition of differentiated cellular 

functions that pertain and are not limited to enhanced growth and proliferation, increased 

cellular invasion and migration, angiogenesis, increased drug resistance and evasion of the 

immune system (59). There are two possible ways for the acquisition of genetic 

abnormalities, either through a) germline or inherited mutations, or b) acquired somatic 

mutations (60). These mutations are then known to result in either activating or inactivating 

tumor suppressors and oncogenes (60). One common example of inherited genetic 
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mutations in EOC is the inactivation of the tumor suppressor genes BRCA1 and BRCA2 

(61). Population based studies on EOC patients indicate that between 10 and 15% of these 

patients have mutations in the BRCA1 or the BRCA2 genes (62, 63). Moreover, other 

genetic mutations have been described in EOC, as these gene mutations have been detected 

through the application of genome-wide association studies (64). These studies indicate 

inherited mutations of the genes MLH1, MSH2, MSH6, PMS2, EPCAM, and TP53 (64). 

Similarly, mutations acquired in EOC tumors are mostly found in HGSCs, with a common 

mutation in the TP53 gene (65). Furthermore, somatic mutations in the BRCA1 and BRCA2 

genes also appear to occur in more than 30% of HGSCs (66). Likewise, rare somatic 

mutations have also been found in HGSCs, including activation and inactivation of the 

following genes: BRIP1, CHEK2, NF1, FAT3, CCNE1, PIK3CA, KRAS, MYC, PTEN, RB1, 

NF1, CDKN2A and RAD51C (56, 67). Table 1.2 summarizes the list of identified mutations 

in EOC and their suggested functions in the different EOC subtypes (50). 
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Table 1.2.  Characteristic mutations found in EOCs 

 
The table includes a list of the defined genetic alterations found in the different ovarian 
cancer subtypes. The gene list includes genes found either activated or inactivated in 
ovarian cancer (50). 

 

In addition to genetic modifications found in EOC, epigenetic modifications have also 

showed to play additional roles in the EOC etiology (68). These types of modifications alter 

DNA accessibility to major transcription factors that in turn modify gene expression by 

either promoting or inhibiting their expression (68). The most common epigenetic 

modifications in EOC are DNA methylation, histone modifications, and more recently the 

suugested role of noncoding RNAs (ncRNAs) in the metastasis of EOC (68, 69). Multiple 

epigenomic studies have identified hyper and hypomethlyated genes and examined their 

role in the progression and carcinogenesis of EOC; most of them associated with poor 
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prognosis of the disease (70). One such example is the identified promoter methylation of 

the BRCA1 gene, found in more than 10% of HGSC patients (71). Studies from our lab also 

identified a role of aberrant DNA methylation in EOC, where data demonstrated that DNA 

hypermethylation occurs in low-malignant potential (borderline) tumors and these 

hypermethylated genes predominantly included key developmental/homeobox genes (72). 

Interestingly, contrary to DNA hypermethylation, significant DNA hypomethylation was 

observed almost exclusively in high-grade (grade 3) serous EOC tumors (72). These reports 

suggest that more focused research in the area of epigenetics may aid in the development of 

new EOC gene targets and more specific EOC therapies (68). Furthermore, studies in the 

field of proteomics and metabolomics have also helped in providing new understanding in 

EOC development, and specifying new detection and monitoring methods for this disease 

(73, 74). Proteomics studies have allowed for a close examination of important signaling 

pathways in EOC (74, 75). Thus, if research can have a better understanding of multiple 

signaling pathways suggested to play a role in EOC, then more sensitive and targeted 

therapies can be better explored and applied in the field. 

1.1.6 EOC metastasis 

EOC is one of the deadliest cancer types, especially since it presents at later or advanced 

stage of the disease (76). EOC patients show non-specific symptoms, making it harder to 

diagnose, in addition EOC is characterized with a highly aggressive metastatic profile, and 

is thus known to exhibit a high metastatic potential (76). Metastasis of EOC, like many 

other cancer types is known to progress in a manner reflected by documented changes in 

the cell’s biochemistry, morphology, migratory and invasive patterns (76). Nonetheless, the 

biological behavior of EOC is unique compared to other cancer types, since the process of 

EOC metastasis seems to occur more rapidly (77). It has been suggested that EOC from 

primary tumor sites can metastasize in a passive mechanism, which is made possible by the 

characterized physiological movement of peritoneal fluid to the peritoneum and omentum 

(77). The microenvironment where EOC cells to spread provides a unique placement for 

attachment and metastasis of these cells (76). For instance, the pelvic area provides EOC 

cells with high potential for metastasizing, since the organs in the pelvic region lack 

barriers that would usually hinder the spreading or metastasis of these tumor cells (76). 
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Additionally, the epithelial–mesenchymal transition (EMT) pathway is also another factor 

that promotes the invasive and migratory capacity of EOC cells (78). EMT contributes to 

the generation of circulating tumor cells from epithelial cancers such as EOCs, by 

promoting tumor cell intravasation to form mico-metastasis allowing for clonal outgrowth 

(79). Multiple studies have examined different gene pathways and protein types that 

regulate extracellular matrix degradation and coordinate cell junction assembly in EOC. 

Examinations of newly identified protein and gene receptors and their role in EMT induced 

EOC metastasis, include: the A-kinase anchor protein 4 (AKAP4) (80), Annexin A2 (81), 

Nidogen-1 (NID1) (82), the Golgi phosphoprotein 3 (GOLPH3) (83), the transcription 

factor E74-like factor 3 (ELF3) (84), in addition to two genes studied by our group: a) Hic-

5 where we examine its role in EOC tumorigenesis through the regulation of the EMT 

pathway in a TGF-β-1 indpendent manner (TGF-β-1 is a transforming growth factor known 

to induce EMT, which is an essential process for cancer cell progression) (85, 86), b) the 

mannose receptor gene LY75, where our group examined its role in modulating EOC 

dissemination by regulating both the EMT and mesenchymal-epithelial transition (MET) 

pathways (87). Additionally, microRNAs are now more highly examined for their role in 

controlling signaling pathways that mediate EOC metastasis, studies have also examined 

several regulatory microRNAs that are shown to be involved in the formation 

of cancer stem cells, EMT, increasing migratory capacity of cancer cells, the enhanced 

formation of spheroids, apoptosis, autophagy, angiogenesis, formation and development of 

ascites. These EOC-related microRNAs include miR-145, mir-21, miR-31, miR-506, miR-

101, miR-200, miR-214, and miR-25, each of them playing specific roles in the different 

EOC histotypes (76). Moreover, EOCs are also known for their peritoneal recurrence, and 

this occurs due to the availability of a protective niche for EOC cells, enhancing their 

ectopic survival by reprogramming genetic pathways that induces their capacity to become 

more aggressive when metastasized (88-91). 

1.1.7 Risk factors of EOC 

Research in EOC has led to the identification of several risk factors associated with EOC 

development, in addition to factors that have showed a protective role for the developing of 

the disease (92). Table 1.3 list the most described types of risks factors associated with 
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EOC (92). Although this list has been properly identified by researchers, doctors and 

pathologists, some shortcomings are linked to these risk factors in that they are most 

usually associated with the least least aggressive types of EOC, and thus are not directly 

linked with the more lethal types of EOC such as HGSC (92). 

 

Table 1.3. Risk factors for EOC 

 
The list of factors that either increase or decrease the risk of developing ovarian cancer (92). 

 
As with many cancer types, EOC risk increases with the patient’s age; thus, the age-

adjusted incidence rate for women ages 65 and older is currently suggested to be more than 

five times higher than women younger than 65 (1). This incidence rate is due in part to the 

long-term exposure to environmental factors that help induce genetic alterations in the 

patients system (1). In addition to age being a leading risk factor in EOC, the hereditary 

aspect plays a big role in EOC development, since as discussed earlier; there are multiple 

germline mutations that can induce the risk of EOC development (93-96). Hereditary type 

genetic mutations account for around 15% of all EOCs (97), as previously discussed, 

BRCA1 and BRCA2 are the most described genes known for their role in increasing the risk 

of EOC development (98-100). Less examined hereditary EOC gene mutations include 

mutations in the genes CHEK2, PALB2, RAD51 family, BRIP1, and BARD1 (101). 

Moreover, reproductive factors such as parity, infertility and breastfeeding have been also 

suggested as factors that can either increase or decrease the risk of developing EOC (102). 

Parity for example has been suggested to play a protective role, as data shows that 

pregnancies decrease the risk of EOC development by as high as 40% (103). Also, data 
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suggests that breastfeeding reduces the risk by around 8% (104). Moreover, studies have 

linked infertility with the possibility of increasing the risk of EOC (105). Similarly, the use 

of fertility drugs has also been suggested to increase the risk of EOC development (105). 

Hormone use has also been linked with EOC, for instance steroid hormones have been 

suggested to enhance EOC risk (106). Studies have also examined the role of hormones in 

EOC development when studying the link between postmenopausal hormone replacements 

and the possible increase in EOC risk (107). This data suggested that hormone therapy is 

highly associated with EOC development, with a calculated 20% increase in the chances of 

developing the disease (107). Other factors include lifestyle aspects such as obesity, diet, 

physical activity and smoking, which all were suggested to associate with EOC risks (108). 

Diet and EOC risk, have been examined by the Women’s Health Initiative, and data show 

that there is a 40% lower risk for EOC development in women following low-fat diets (109, 

110). Interestingly, studies also link the consumption of green tea in decreasing the chance 

of developing EOC (111, 112). Finally, an association between smoking and EOC risk has 

been suggested, but this relationship is shown to significantly vary by ovarian cancer 

subtype (113). One such study presented analysis that show a 7% increase in the risk of 

developing EOC in women smokers compared to nonsmokers, but as stated, they found that 

this direct link varies depending on the EOC histological subtype (113). 

1.1.8 Prevention and detection of EOC 

Preventative approaches, focused on reducing EOC recurrence, are dependent on ways to 

modulate female hormone cycles, while more invasive approaches include surgery that is 

predominantly focused on the removal or modification of gynecological tract components, 

such as the fallopian tubes (salpingectomy), ovaries (oophorectomy), and uterus 

(hysterectomy) (114). One such example of preventative surgery is known as risk-reducing 

salpingo-oophorectomy (RRSO), which is an approach mainly used for women that are 

BRCA1/2 mutation carriers (115). Moreover and as mentioned, hormonal therapy is the less 

invasive preventative method, but hormonal intervention has shown to produce conflicting 

results on EOC risk (116, 117). Thus, more research studies need to be conducted to better 

stratify the type of hormones to use and the period in which they can be applied. As 

previously mentioned, EOCs have relatively high mortality rates in women in the Western 
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world due to the lack of presenting symptoms, hence research is currently more focused on 

finding alternatives for early detection of the disease. One such approach is the use of 

biomarkers as assay methods to better detect the cancer and its stage. Several biomarkers 

have been described to be useful in the prognosis of patients at the early stages, such 

markers include the cancer antigen 125 (CA-125) and human epididymis protein 4 (HE-4) 

(118). Nonetheless, these tumor markers have not been the best strategy for early detection 

in all EOC subtypes due to their heterogeneity associated with this disease. CA-125 is the 

most promising tumor marker used in EOC detection; it became recognized when an 

antibody was developed against this antigen in the 80s (119). Since then, studies revealed 

that more than 80% of women with advanced EOC display significantly elevated serum 

levels of CA-125 (120). Interestingly, it was found that CA-125 levels in patients serum 

directly correlated with the stage of EOC in addition to being a predictive tool for 

chemotherapy response, further supporting that CA-125 can be only applied as a useful 

marker of disease progression (121, 122). Although showing great promise, CA-125 has 

also been found to be relatively unspecific and/or insensitive for the early detection of EOC, 

since CA-125 can also be elevated in cases of benign EOC tumors, in cases with patients 

presenting with inflammation, and even in non-EOC tumors, and interestingly, in patients 

with EOC, CA-125 can sometimes be undetected (123, 124). Similarly, HE-4 is also a 

recently discovered biomarker for the detection of EOC, and has been shown to be most 

effective in differentiating between normal ovarian and EOC tissue (125, 126). Similar to 

CA-125, HE-4 is not a unique biomarker for those women with EOCs, but also displays 

elevated levels in patients with other types of gynecologic tumors (127, 128). 

1.1.9 Treatment methods of EOC 

When women are diagnosed with EOC, they usually receive combination treatments of 

surgery and chemotherapy (129-131). Surgical management is highly dependent on the 

diagnosis of the patient and helps in determine the staging of the disease (132). For women 

with early stage EOC surgery has also been proven to be best suggested course of treatment 

since it helps in indicating subsequent treatment options (133). Surgery options include: 

hysterectomy (removal of the uterus), and bilateral salpingo-oophorectomy (removal of the 

fallopian tubes and ovaries) (16). Some patients cannot undergo surgical treatment due to 
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the presence of comorbidities that impede surgical intervention, and these patients are 

usually subjected to neoadjuvant chemotherapy (NACT) (134). In EOC, NACT is used to 

reduce EOC tumor burden in order to better enable the required subsequent surgical 

treatment (135, 136). The first type of chemotherapy treatment in EOC was dependent on 

the intravenous (IV) delivery of an anthracyclin known as doxorubicin, which was also 

administered in combination with a known DNA cross-linking agent named 

cyclophosphamide (135). Furthermore, in the 80s, cisplatin, a platinum-based alkylating 

agent, which works by inducing breaks in DNA, showed good response rates in cancer 

treatment (137, 138). Currently, combination of cisplatin or carboplatin and a taxane such 

as taxol or docetaxel, are becoming the standard chemotherapy treatment of advanced EOC 

(139). Taxane derivatives such as taxol and docetaxel work by disrupting microtubule 

dynamics by permanently binding to β- tubulin subunits in dividing cells, which have been 

shown to lead to mitotic arrest and cell death (140). 

Moreover, targeted therapies are now becoming more interesting options for cancer 

treatments; examples of targeted therapies in EOC include HER2/Neu protein amplification 

therapy, and therapeutics for anti-epidermal growth factor receptor (EGFR) used as anti-

EGFR for targeting protein amplification (141, 142). Other targeted therapies include the 

use of poly ADP ribose polymerase (PARP) inhibitors, as the Food and Drug 

Administration (FDA) approved the PARP inhibitor olaparib for use as a maintenance 

regimen for patients with advanced and/or relapsed EOCs (143, 144). More trials are 

currently investigating the use of PARP inhibitors alone or in combination with 

chemotherapy, and initial results show promising improvements in the progression-free 

survival (PFS) of patients (143, 144). Olaparib has been approved for EOC patients with a 

BRCA mutation who have received three chemotherapy regimens prior to the use of 

olaparib (143, 144). Additional trials are now in progress to investigate the application of 

other PARP inhibitors as treatment and maintenance option for EOC patients. With all the 

proposed methods of EOC treatment, unfortunately most women diagnosed with advanced 

EOC show relapse or recurrence of the disease (145). Patient relapse has been shown to be 

dependent on the staging, the histologic subtype, and residual presence of the cancer (145). 

Most of the women displaying recurrence are diagnosed through the detection of observed 

increases in CA-125 in their serum in addition to the application of current sophisticated 
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imaging technologies for tumor mass detection (146, 147). 

1.1.10 Experimental models of EOC 

Scientific research is focused on modeling EOC biology, and several experimental models 

have evolved in the past decade. These experimental models have opened a door for 

advancing EOC translational research. A list of the current experimental models is 

presented in Figure 1.4 (57). Research efforts have shown great promise in developing in 

vitro and in vivo models that can better describe the possible treatment methods for EOCs 

(57). 

 

 
Figure 1.4. Model systems from primary human tissues 
A set of the experimental model systems that include both in vitro and in vivo approaches 
have been developed over the past few years to study pathways of EOC. The models 
include approaches that aim at understanding the biology of EOC cancer cells, as well as 
the study of benign ovarian tissue. Advances have also been developed to expand on the 2D 
cell culture models into 3D and organoid cell cultures from both tissues and ascites fluid, 
these approaches have showed great promise and provided important insights into the 
biology of EOC. The development of unique xenograft animal models has also shown great 
promise in the field of studying EOC. Collectively these approaches have allowed for the 
evolvement of our understanding of major molecular pathways of EOC (57). 

1.1.10.1 EOC cell lines 
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EOC cell lines represent the most common model in EOC research today, and working with 

in vitro cancer cell cultivation has allowed for an improved understanding of the biology of 

the cancer and the cancer cell molecular and biochemical features. Scientists were able to 

develop cell lines representative of the different types of EOC, but no single cell line can be 

used as a global representation of all EOCs. Table 1.4 summarizes a list of these ovarian 

cell lines and their proposed tissue of origin. 

 

Table 1.4. List of EOC cell lines 

 

 
The table lists the different cell lines originating from the five subtypes of ovarian cancer, 
including a description of their distinctive molecular features (16). 

 

These EOC cells are grown in culture dishes in a single monolayer, and these cells have 

shown to spread well across the cell culture plate (Figure 1.4). Recently, other methods of 

culturing cancer cells have been developed, and one such system is the use of three-

dimensional (3D) cell culture systems, which seem to better reflect the tumor 

microenvironment (148). The interesting property of growing EOC cell in 3D cultures is 
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that growth in spheroids has been shown better mimic the histological morphology of 

tumors from which the cells were originally derived (148). Additionally, 3D culture 

accurately mimics cellular characteristics such as cellular proliferation, drug response, cell 

invasion, and phenotypic heterogeneity found within the EOC tumor (148) (Figure 1.4). 

1.1.10.2 Genetically engineered animal models 

Genetically engineered mouse models (GEMMs) represent another model system 

extensively used in EOC research, and these models have been suggestive to better 

replicate the morphological, and the biological features of the different EOC histotypes (57). 

GEMMs have not only been used for understanding tumor biology in a research laboratory 

setting, but have also been shown to be useful for preclinical testing and development of 

EOC treatment strategies (57). In order to develop a certain GEMM that shows 

characteristics of a specified histotype of EOC, it is important to modify the list of genes 

that have been characterised to be specifically altered in a particular EOC subtype (57). 

Modulation of the genes listed in Table 1.2 is usually the common approache to best 

replicate the distinctive features of the different EOC subtypes (57). The process of 

activating or inactivating these selected genes of interest can be accomplished by gene 

modifying techniques such as the use of viral proteins such as short hairpin RNA (shRNA), 

in addition to the more recently developed genome targeted approaches that target DNA 

binding proteins such as transcription activator-like effector nuclease (TALENs), and the 

recent development of the clustered regularly interspaced short palindromic repeats 

(CRISPR)/Cas genome editing systems (149). TALENs work by using specific restriction 

enzymes that target DNA sequences through the binding of transcription activator-like 

(TAL) effector through their central domain responsible for DNA binding targeting to 

specified DNA sequences (149). Once bound, artificial nucleases bind to the DNA target 

site and induce double strand breaks (DSB) followed by the activation of non-homologous 

end joining (NHEJ) in the cell (149). Similar to the TALEN system, the clustered regularly 

interspaced palindromic repeats (CRISPR)/associated protein 9 (Cas9) gene-editing system 

was developed and is proven to be less expensive than use of TALENs for gene editing, but 

is also preferred for its capability to perform site-specific gene mutations with minimal off 

target effects (149). One of the more reliable strategies in which the CRISPR system works 
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is dependent on the Cre-lox technology, which works by the use of two major biological 

molecules - Cas9 and guide RNA (gRNA) in addition to the Cre-Lox system (150). In this 

system, a single gRNA recognizes a 20 nucleotide target sequence that is found adjacent to 

a 5′ NGG 3′ protospacer adjacent motif (PAM), then the Cas9 then introduces a DSB in the 

specified target sequence (151). A cassette that includes the Cre recombinase is then 

inserted into the gene of interest, the Cre-Lox system is a site-specific recombination 

system known to excise bacterial artificial chromosome (BAC) (152). The Cre recombinase 

enzyme, originally derived from the P1 bacteriophage recognizes specific DNA sequences 

called the Lox sites where the DNA found between the two Lox sites can then be excised 

(153). The complex formation of these macromolecules allows for the highly selective 

targeting of specific DNA sequences (149), which will subsequently cause DNA damage 

eliciting the activity of NHEJ, resulting in the excision of DNA inactivating the desired 

gene target (149). These genetic engineering technologies utilized in the production of 

GEMMs make use of two types of cell lines either the ovarian surface epithelial cells 

(OSE), and the use of fallopian tube epithelial cells (FTE) since as previously mentioned 

FTEs epithelial cells are now being suggested to be the origin of HGSCs (16).  

1.1.10.3 Xenograft models of EOC 

GEMMs have provided good systems to examine gene functions and disease progression of 

a particular subtype of EOC; indeed, mouse xenograft models are also one of the most 

utilized experimental systems used in the field of cancer research (154). Xenograft models 

were shown to be effective when using immunocompromised or immunodeficient mice, 

which thus far has shown to provide an extensive research tool in the field of EOC research 

(154). Research in EOC makes good use of xenografts since it appeared to be an excellent 

approach to characterize HGSC events especially when paired with in vitro studies that aim 

at characterizing metastatic transformations upon genetically modifying different genes 

playing essential role in EOC progression and metastasis (155). The biggest challenge 

facing the application of xenograft models in EOC is the proper examination of the tumor 

formation and how it best reflects the histological type of tumor formation, which has 

appeared to be largely dependent on cancer cell injection site (156). Therefore many groups 

have focused on the application of proper models to best reflect the different types of tumor 
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development of EOC including 1) subcutaneous (SC) 2) intraperitoneal (IP) and 3) 

orthotopic models (156). The most described types of EOC xenograft models involve tumor 

cells injected either subcutaneously or intraperitoneally (157-159).  

There are differnet models of ovarian carcinoma metastasis occurring by either direct 

extension from the ovarian or fallopian tumor to neighboring organs or by direct 

detachment of cancer cells from the primary tumor site (77). Interestingly, the most highly 

reported method of implantation of ovarian cancer has been examined in EOC, where EOC 

spreads by IP sloughing, lymphatic invasion, and hematogenous dissemination (160). IP 

dissemination is the most common type of dissemination in EOC; since after malignant 

cells have evaded from the ovarian capsule, they are shed from the tumor surface into the 

peritoneal cavity where they follow normal routes of peritoneal fluid (161). Therefore it has 

been suggested that IP injection of cancer cells in animal models can accurately model 

advanced disease, as EOC implantation frequently appear disseminated throughout the 

peritoneum (162, 163). 

1.2 Glycosylation and cancer 

1.2.1 Role of glycosyaltion in cancer development 

Cancer cells have been characterized to undergo activation, rapid growth, adherence and 

invasion of neighboring cells/tissues, and these processes are also linked to changes in the 

cell’s glycosylation profiles (164). Studies have provided strong evidence for the existence 

of important links between abnormal glycosylation and tumorigenesis. Glycosylation 

changes characterized in cancer cells follow a variety of forms, as glycan alterations can be 

associated with loss or gain of expression, depending on the cell type and the specific 

glycan’s structure. Aberrant glycosylation in cancer cells could affect certain ligand-

receptor interactions and more importantly, could favor cancer cell proliferation, migration 

and invasion/metastasis. Furthermore, aberrant glycosylation of glycan structures is now a 

new hallmark common of neoplastic transformation. Determining glycan structures is an 

essential step towards establishing a more comprehensive understanding of their roles in 

normal and pathological conditions, including cancer. 
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1.2.2 The chemistry and biology of protein glycosylation 

Glycosylation represents the most complex form of all proteins’ post-translational 

modifications (PTMs), and is defined by the regulated process of adding lipids and 

carbohydrates to proteins, as this regulation depends on various building enzymes and 

proteases that allow for the diversification of protein function (165). Many studies have 

advanced our understanding of the major roles of glycans, but no evidence has yet 

comprehensively explained their role or function under different normal and pathological 

conditions, which is mainly due to their enormous diversity. Glycans have been shown to 

play crucial roles in the development, the growth and the functionality of organisms (166). 

Cell surface glycans are mainly implicated in recognizing molecules that aid in the process 

of communication and adhesion (167). Analysis of the SWISS-PROT database showed that 

the majority of proteins of the sequon (which is a sequence of successive amino acids that 

act as sites of attachment site for polysaccharides) are glycosylated, as more than 50% of all 

proteins are characterized as glycoproteins (168). Glycosylation of proteins is relatively 

rare in prokaryotes and quite common in eukaryotes. Three types of glycosylation of 

proteins are currently known, including C-linked glycosylation, N-linked glycosylation, 

and O-linked glycosylation. However, C-glycosylation, representing mannosylation of C2 

of the indole ring of tryptophan residues is quite rare (169), as the major glycosylation 

types represent N-linked and O-linked (mucin) glycosylation (165). 

1.2.2.1 N-linked glycosylation 

N-linked-(or asparagine-type) glycosylation represents a fundamental and extensive PTM 

that results in the covalent attachment of an oligosaccharide onto asparagine residues of the 

polypeptide chains (170). The N-linked glycosylation of glycoproteins takes place in both 

prokaryotic and eukaryotic cells (170). Through the attachment of glycans at asparagine 

residues, N-linked glycosylation promotes protein folding by enhancing solubility and 

mediating interactions between nascent proteins and cellular proteins, such as chaperones 

(170). Three key processes in N-linked glycosylation have been identified: a) the lipid-

mediated assembly of monosaccharides into glycans, which is performed by various 

enzymes in the endoplasmic reticulum (ER) - Golgi complex; b) the acceptance of a glycan 
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by the consensus sequence Asn-X-Ser/Thr (X for any amino acid except proline), and c) the 

oligosaccharyltransferase-catalyzed attachment of the glycan to the side chain of the 

asparagine residue (170). The initiation step of N-glycan synthesis starts with the transfer of 

GlcNAc-P from UDP-GlcNAc to membrane-bound Dol-P to form GlcNAc-P-P-Dol, and 

this process is catalyzed by the enzyme GlcNAc-1-phosphotransferase (171). See Figure 

1.5 for an illustration of N-type glycosylated proteins. 

1.2.2.2 O-linked (mucin) glycosylation 

O-glycosylation of proteins represents the most diverse PTM form (167). There are several 

O-glycosylation types, and they have been characterized and differentiated based on their 

biosynthesis and linkage processes. These include: O-GalNAc or mucin-type, O-mannose, 

O-xylose, O-fucose, O-glucose, O-galactose and O-GlcNAc (167). The initiation process of 

O-glycosylation, except for O-GalNAc, O-Xyl and O-GlcNAc, occurs in the ER (167). O-

GalNAc initiation of proteins takes place in the Golgi (167) and the O-GlcNAc 

glycosylation takes place in the cytosol and the nucleus (172). O-linked glycosylation 

mostly happens on serine and threonine residues (173), although as recently demonstrated, 

O-glycosylation can also be found on tyrosine residues (174). The initiation step of O-

glycosylation is more complex than N-glycosylation and involves the transfer of different 

monosaccharides to each of the six O-linked glycans (167). O-GalNAc glycosylation is 

more distinct as it involves two steps including the initiation step, which is directed by 20 

GalNAc-transferases, a family of enzymes known as the UDP N-acetylgalactosamine: 

polypeptide N-acetyl galactosaminyl transferases (GalNAc-Ts) (175). Thus, the O-GalNAc 

initiation step involves the transfer of the monosaccharide GalNAc from UDP-GalNAc to 

the hydroxyl group of the serine, threonine or tyrosine residues found in the target protein 

substrate, which is followed by a processing step, where 30 or more glycosyltransferases 

create distinct glycan structures (175, 176). See Figure 1.5 for an illustration of O-type 

glycoproteins. As described above, cellular glycosylation mechanisms and their 

biosynthetic pathways are very complex and have shown to be fundamental to the changes 

in glycan processing and divergence. Numerous studies have shown that alterations in 

surface glycans are linked to disease progression and most importantly in cancer, as these 

alterations play pivotal roles in cancer initiation and progression (177, 178). 
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Figure 1.5. N- and O-glycosylated proteins 
Proteins that are N-glycosylated are glycosylated by N-linkage to asparagine residues, 
while O-glycosylated proteins are glycosylated by O-linkage to serine and/or threonine 
residues. O-glycans can be extended to produce different core and terminal structures that 
can be sialylated and/or fucosylated. N-glycans contain a common pentasaccharide core 
region consisting of three mannose and two N-acetyl-glucosamine (GlcNAc) subunits 
attached to an asparagine residue that can be further modified by the addition of terminal 
GlcNAc, galactose and sialic acid moieties (179). 

1.2.2.3 Synthesis of O-glycan structures 

There exists hundreds of different O-glycans structures in mucin type glycans, and these O-

glycans are characterized by their structural variation, which is in part due to the fact that in 

mammalian mucins, there exists a minimum of eight different O-glycan core structures 

(Table 1.5) (180). The simplest form of O-glycans is characterized by a single N-

acetylgalactosamine (O-GalNAc) residue that is found linked to a serine or threonine (181). 

This core structure is referred to as the Tn antigen, and is the precursor structure to all O-

glycans (181). The Tn antigen acts as the building block for all other core structures by the 

help of the two genes C1GALT1 and C1GALT1C1 coding for the transferase β3-Gal-

transferase responsible for the conversion of the Tn antigen to the core 1 structure (180, 
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182) (Figure 1.6) and (Table 1.5). The most common type of O-glycan is the core 1 O-

GalNAc glycan also known as the T antigen which gets elongated to form more complex 

core structures by the action of the enzymes GCNT1, -3 or -4 and ST3GAL1 (182) (180). 

The two antigenic cores (Tn antigen and T antigen) get modified with sialic acid allowing 

for the formation of the known structures sialylated Tn or T antigens (180). The second 

core structure is the core 2 structure and contains an N-acetylglucosamine branching 

attached to the core 1 structure, and the transferase responsible for this conversion is the 

β6-GlcNAc-transferase (Table 1.5) and (Figure 1.6) (180). Core 2 structures are not only 

common to mucin type glycoproteins but are also found in other types of glycoproteins 

(180). Most importantly the other core structures (core 3 and 4) are only found in secreted 

type mucin glycoproteins (180). The core 3 structure is synthesized by core 3 β3-GlcNAc-

transferase (B3GNT6), and its activity is not highly detectable in several cell types (180), 

while the core 4 structure is synthesized by the core 4 β6-GlcNAc-transferase, similar to 

that responsible for the core 2 structure synthesis (183) (Figure 1.6) and (Table 1.5). Core 

structures 5-8 (Table 1.5), are considered to be the less common glycan type, and are 

confined to certain tissue types, thus limited information on the synthesis of O-glycan core 

structures 5-8 (181). Essentially, the resulting core structure depends on the relative activity 

of the glycosyltransferase responsible for their core elongation. 

 

Table 1.5. Structures of O-glycan cores and antigenic epitopes found in mucins.  

Adapted with permission from (184).  

O-Glycan Structure 

Core 

Tn antigen GalNAcαSer/Thr 

Sialyl-Tn antigen Siaα2-6GalNAcαSer/Thr 

Core 1 or T antigen Galβ1-3GalNAcαSer/Thr 

Core 2 GlcNAcβ1-6(Galβ1-3) GalNAcαSer/Thr 
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O-Glycan Structure 

Core 3 GlcNAcβ1-3GalNAcαSer/Thr 

Core 4 GlcNAcβ1-6(GlcNAcβ1-3) GalNAcαSer/Thr 

Core 5 GalNAcα1-3GalNAcαSer/Thr 

Core 6 GlcNAcβ1-6GalNAcαSer/Thr 

Core 7 GalNAcα1-6GalNAcαSer/Thr 

Core 8 Galα1-3GalNAcαSer/Thr 
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Figure 1.6. Schematic representation of the biosynthesis and processing of O-linked 
glycans 
The figure above describes the biosynthetic pathways of O-glycosyaltion. The top panel 
gives a detailed description of the biosynthesis of the main core structures (Tn-antigen, T-
antigen, sTn antigen, and sT-antigen). The middle panel contains a description of the 
bioynsthesis of the extension strcutures for all of N-, and O-glycans, in addition to Lewis 
and Core 4 structures. Finally the bottom panel describes the pathway of the biosynathesis 
of terminal structures for all of of N-, and O-glycans as well as the ABH blood group 
antigens (185). 

1.2.3 Terminal glycan linkages/modifications and their role in 

cancer development 

The elongation of the major core structures described thus fur are what characterize them as 

separate glycans found on the peptide backbone, but additionally these core structures can 

be modified by the addition of terminal sugar groups that can dictate the biological role and 

overall properties of these glycans and essentially the glycoproteins with these 

modifications. The modifications that these glycans are known for include: 1) sialylation, 

2) fucosylation, 3) blood group and 4) Lewis antigens (186). Interestingly, glycan 

alterations have also been suggested to play important role in cancer progression through 

aberrantly regulating tumor cell proliferation, migration, invasion, cellular attachment, and 

angiogenesis (187). Figure 1.5 demonstrates the different pathways involved in the 

biosynthesis and processing of O-linked oligosaccharides. 

1.2.3.1 Lewis antigens and blood group antigens 

Lewis antigens and blood group (ABH) antigens are fucosylated terminal saccharide 

structures found attached to both O- and N-linked glycans (Figure 1.6) (188). They are 

referred to as blood group antigens since they were initially observed on red blood cells, but 

have now also been discovered to be present on other types of cells (189).  The three known 

types of Lewis and ABH antigens are: a) type 1, Galβl-3GlcNAcβ; b) type 2, Galβl-

4GlcNAcβ; and c) type 3, Galβl-3GalNAcα (190). Out of the three types of Lewis 

structures, type 3 represent core 1 structure of O-glycans and has been found to be 

exclusively attached to O-glycans (190). Changes such as loss or gain of expression in any 
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of these antigens have shown negative prognosis in several cancer types such as lung 

cancer, adneocarcinomas, and prostate cancer (191-193). Moreover, a study examining 

Lewis structures in EOC showed that serous and mucinous benign adenomas and LMPs 

have elevated levels of blood groups and Lewis antigens compared to HGSCs (194). Lewis 

antigens are derivatives of the type 1 and 2 precursors mentioned earlier. Lewis antigens 

are synthesized by the addition of αFuc to GlcNAc and are thus known as Lea or Lex 

antigens (195), while αFuc structures found attached to H types 1 and 2 antigens give rise 

to the Leb and Ley antigens (195). The most common observed Lewis structure found to be 

upregulated in cancers such as stomach, breast, lung, colon and EOC is the LeY antigen 

(196-198). This antigen has been suggested to be a good potential target in all these cancer 

types for it is found to be highly elevated compared to normal cells or tissues (198). 

Interestingly, cancer vaccines and immune-conjugated chemotherapy against the LeY show 

great promise in clinical studies (199-201). Lewis antigens can also be modified by the 

addition of a sialic acid to the Lea and Lex , referred to as sialyl-Lea (SLea) and sialyl-

Lex (SLex) antigen (202). Similar to the LeY antigen, elevated expression of the 

SLea antigen seems to be a good marker for examining the metastatic potential of several 

cancer types such as colorectal, and pancreatic cancers (203, 204). In addition, studies have 

also analyzed the overexpression of the SLex antigen and its correlation with the 

aggressiveness and poor prognosis in prostate and lung cancers (205, 206). Several cancers 

have also shown to exhibit an overexpression of both types of antigens SLea and SLex , and 

their expression was correlated with the level and degree of malignancy of that cancer type 

(207). It has been suggested that the observed overexpression of these Lewis antigens 

maybe in part due to the upregulation of the genes coding for these enzymes (208). 

1.2.3.2 Sialylation 

All of the core structures listed in Table 1.5 can be sialylated, as sialylation occurs through 

the transfer of a sialic acid by a specific subset of sialyltransferases, and these transferases 

are cell type specific and also dependent on the cellular differentiation state (209). The 

addition of sialic acid to glycans adds a negative charged residue to these terminal 

structures, which effectively helps altering their roles in various cell surface properties 

(210). The first core structure (Tn antigen) can be sialylated by a α2, 6-sialyl transferase 
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(ST6GalNAc1), which transforms it to a Sialyl-Tn (sTn) (sTn-Neu5Acα2- 6GalNAcα-O-

Ser/Thr) disaccharide (181) (see Table 1.5 and Figure 1.5). Core 1 or the T antigen can also 

be sialylated to form a sialyl-T (sTn) trisaccharide antigen, as the sialic acid gets linked to 

the core 1 structure by the action of the ST3Gal1 transferase to form an alpha-2,3 linkage 

NeuAcα2-6 (Galβ1-3) GalNAc-O-Ser/Thr to the core structure (210, 211) (Figure 1.6). 

While transferases responsible for the sialylation of the other core structure have not been 

as extensively examined, STn is the simplest but most examined type of sialylated mucin-

type O-glycan (210). Sialyltransferases can compete with other elongating 

glycosyltransferases, which in turn prevents proper elongation of glycan structures on 

glycoproteins, and thus they act as terminal modifications for these glycans (212). With this 

type of competition, it is often evident that there are hypoglycosylated structures giving rise 

to more STn and Tn structures, which are usually observed in cancer cells of different 

origin and absent in normal cells or tissues as hypoglycosylated forms (212). These short 

and sialylated glycan structures were found to be expressed in more than 80% of human 

epithelial carcinomas, while absent or not as highly expressed in other cancer types (182, 

212). Their expression has been linked with worse outcome and lower overall survival of 

epithelial cancer patients, which is why they were later on referred to as pan-carcinoma 

antigens (182, 212). Moreover, the presence of STn modifications on protein glycans was 

frequently found in patients’ serum and tumor samples, and their overexpression has been 

linked with poor survival of women with ovarian and breast cancers (213-217). Elevated 

expression of sialylated antigens plays a role in tumorigenesis by inhibiting cellular 

adhesion of cancer cells through the electrostatic repulsion of negative charges (218), and 

thus promoting cellular detachment from the tumor microenvironment (217). Recent 

reports have also demonstrated that the glycol mucins MUC16 and MUC1 carry sialyl 

Lewisa (SLea), and sialyl Lewisx (SLex) (219) in both borderline and HGSCs, suggesting 

that these modified Lewis structures can be used as biomarkers for EOC (219). It is 

believed that the high expression of the sTn antigens in cancer is in part due to an increase 

in the expression of the sialyl transferase ST6GalNAc1, allowing for more terminal sialic 

acids vs core structure synthesis (68, 210). Another hypothesis is that this phenomenon is 

not only due to the high activity of the ST6GalNAc1 transferase, but may additionally be 
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due to the loss of activity of the main core transferase C1GALT1 (Core 1 transferase), or a 

lower activity of the B3GNT6 (Core 3 transferase). 

1.2.3.3 Fucosylation 

Glycan structures can be additionally modified by a fucose saccharide, and there exists two 

types of fucosylated modifications (220). The first is described as the addition of a fucose 

to the terminal glycan and is thus referred to as terminal fucosylation giving rise to the 

blood group antigens described earlier. The second type of fucosylated modification is 

characterized by the addition of a fucose to the core glycan structures, and is thus known as 

core fucosylation, which like sialylation terminates glycan elongation (220). Elevated 

expressions of fucose modifications have been detected in the serum of prostate cancer 

patients (221). The observed upregulation in fucosylated glycans has been suggested to be 

due to the overexpression of fucosyltransferases, such as FUT8, 3, 6 and 7 (182). 

1.3 The chemistry and biology of mucin glycoproteins and their 

role in cancer 

1.3.1 The two classes of mucins 

Mucins are a family of heavily glycosylated proteins, and are characterized by what is 

referred to as the mucin domain known as variable number of tandem repeats (VNTR) 

(222, 223), which is the unique characteristic region that allows to differentiate mucins 

from other glycoprotein types (Figure 1.7). Human MUC family includes 21 different 

members named from MUC1 to MUC21 (224). Mucins encompass the largest portion of 

the protein component found in the mucus (225). Mucus is a hydrophilic mixture that 

creates the layer that is known to cover or protect the epithelial lining of the human body, 

and it acts as a barrier that helps in protecting the body from invading pathogens (226). 

Differential regulation of this mixture is involved in the development of various diseases 

such as cystic fibrosis (CF), asthma, and cancer (227-229). Mucins can be divided into two 

subfamilies, dependent on their location in relation to the cellular surface. These are: a) 

secreted mucins, which are the extracellular type mucins that lack a transmembrane 
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domain, and b) mucins that are found on the cell surface and located either on the 

transmembrane or tethered to the membrane (Figure 1.7), The later mucins are 

characterized by having a transmembrane domain (TM), a COOH terminal cytoplasmic tail 

(CT), and an NH2 extracellular domain (Figure 1.7 and 1.8). Secreted type mucins include 

MUC2, MUC5AC, MUC5B, MUC6-8 and MUC19, and the transmembrane mucins 

include MUC1, MUC3, MUC4, MUC12-17 and MUC20 (Figure 1.8). 

 

 
Figure 1.7.  Structure of the major transmembrane protein Mucin1 
Mucin 1 consists of key domains that include the N-terminal signal sequence shown in red; 
sperm protein, enterokinase, and agrin (SEA) sequence; transmembrane (TM) domains; 
cytoplasmic tail (CT). The figure also illustrates the N-glycosylation sites and 
Variable tandem repeat region that is heavily glycosylated in addition to the GSVVV 
cleavage site. Adapted with permission from (230). 
 

Studies of mucins structures were complicated due to the extensive type of PTMs found on 

their surface, but recent advances on proteomic analysis have allowed for their better 

structural identification (230). Mucins have a protein backbone known as ‘‘apomucin’’, and 

this backbone is most often covered with O-linked oligosaccharides and N-glycan chain 

structures (Figure 1.7 and 1.8) (230). Mucin glycoproteins undergo various forms of PTMs 

such as glycosylation, sialylation and sulfation, and this occurs in a cell-type specific 

manner (230). As seen from Figure 1.8, mucins VNTR, contain serine and threonine 

residues representing the known O-glycosylation sites (Figure 1.8). VNTR also contain 

proline residues which were shown to play a role in allowing for protein conformational 

changes, as well as for packing the carbohydrate structure found on the mucin backbone 

(230). Importantly, the sequence and number of these tandem repeats is highly variable 
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among the different mucin types, and these tandem repeats provide the presence of a wide 

array of oligosaccharide structures. This variability has allowed for the large degree of what 

is referred to as stoichiometry in mucin type glycoproteins (Figure 1.8) (231). In addition, 

the glycosylated region of mucins contains glycans which make up more than 80% of a 

mucin protein molecular mass, as these structures allow the binding of mucin proteins with 

their protein interacting partners (230). Moreover, the non-glycosylated part of the mucin 

backbone is important for mucins’ specific pathophysiological roles both in normal and in 

diseased cells (230). For example, the epidermal growth factor (EGF) domain that is unique 

to membrane associated mucins (Figure 1.7 and 1.8) allows for the heterodimerization with 

ErbB receptors, while the CT domain also unique to membrane associated mucins (Figure 

1.8), allows mucins to interact with kinases and other cytoskeleton linked proteins (232). 

These interactions allow for signalling between the inside and outside of the cells, and 

suggest the important role of these mucins in cell survival, proliferation, migration and cell 

differentiation (229, 230, 233). Although there are several structural similarities amongst 

the different mucins, their primary backbone structure carries unique domains that have 

been found to be specific to each individual mucin type (230). These structures allow for 

mucins to interact with unique and distinct protein partners found outside or inside the cell, 

increasing the specificity associated with these various cellular events (230). 
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Figure 1.8. The different secreted and membrane bound mucin type proteins. 
The list of all secreted mucins, and membrane associated mucins with a detailed depiction 
of their different domain sequences, Tandem repeat also referred to as variable number of  
tandem repeats (VNTR) (229). 
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1.3.2 Normal functions of mucins 

The different and various structures of mucin proteins strongly suggest that these proteins 

play very complex roles in normal cells. In normal conditions, mucins production is usually 

maintained by regulatory mechanisms, and the level of maintenance and regulation of these 

proteins is rather complex. Regulatiory mechanisms involve signal transduction pathways, 

transcriptional mechanisms, in addition to epigenetic mechanisms such as (DNA 

methylation, histone modifications, and microRNA silencing), all suggested to play critical 

roles in the proper expression of mucins under normal conditions (234) (235) .  

Mucins are expressed by epithelial cells, which are found in systems that are directly 

exposed to different environmental surfaces. Such examples include the surface of the 

respiratory system, the stomach acidic layer, the intestinal tracts, and also the epithelial 

surfaces of the salivary glands, liver, gall bladder, kidney, mammary glands and the female 

reproductive tract (225). Thus, as it appears mucins are found at the point of interaction 

between the epithelial surface and air, food, pH, bacteria, viruses; and these areas are where 

the gel-forming mucins generally accumulate (230). At the epithelial cell surface the mucin 

proteins are suggested to act as layers to form a physicochemical protection from the 

different conditions the organs might be subjected to, such as fluctuations in ionic 

concentration, pH, hydration, and the surface exposure to proteases, lipases, glycosidases 

and toxins (230, 236). Mucins work by essentially maintaining a proper level of 

homeostasis, which in turn can promote better cell survival and maintenance, when exposed 

to extreme conditions (230, 236). The role of mucins in forming the proper 

physicochemical barrier is also associated with the way they act as cellular sensors or 

receptors, allowing for proper signal transmission within the cell (230, 236). This form of 

communication allows for the proper coordination of functional characterises such as cell 

differentiation, signal for apoptosis and proliferation (230, 236). Additionally, mucin-

forming gels have the capacity to capture biologically active molecules such as cytokines, 

growth factors, differentiation factors and mediators of inflammation (230, 236). Captured 

molecules can act as indicators of changes in the epithelial layer, and when released they 

act as indicators of cellular distress such as inflammation, and in turn help in promoting the 

initiation of cellular repair (230, 236). 
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1.3.3 The roles of mucins in cancer development 

The aberrant expression of mucins has been linked with various malignancies, and these 

aberrant forms play essential roles in cancer pathogenesis and progression (211, 229). 

Cancer cells are shown to express aberrant forms of mucins causing deregulation of mucin 

core proteins and the enzymes that are known to modify them (237). For instance, 

malignant type epithelial cells gradually lose the correct polarity of membrane bound mucin 

proteins expressed on their surface (237). Similarly, secreted mucins in malignant cells 

have been shown to enter the extracellular space and circulate in body fluids, such as the 

blood (237). The aberrant glycosylation of mucins confers novel combinations and forms of 

attached oligosaccharide structures (211). These changes have been shown to contribute to 

the number of potential sites on ligands, and thus affecting the survival and invasive 

capacity of tumor cells (211). Several studies, focused on examining human tumor 

malignancies observed an overexpression of membrane bound or secreted proteins. One 

very well studied mucin is MUC1, found to be involved in breast cancer pathogenesis, and 

it is found overexpressed in more than 90% of breast carcinomas (238-242). MUC1 has 

been suggested to act as an oncoprotein through its interactions with the EGFR and ErbB2 

receptors, which activates signalling pathways such as PI3K-AKT and MEK-ERK, leading 

to enhanced breast cancer metastasis (243, 244). MUC1 is also currently used as a serum 

marker of breast cancer (243), and has also been found to be highly overexpressed in 

ovarian, pancreatic and gastric cancer (245-247). Similarly, other mucins are useful serum 

markers of cancers such as MUC16 (CA-125), which is the largest transmembrane mucin 

examined today, and is now being extensively used as a clinical serum marker for proper 

monitoring of patient response to chemotherapy, detecting recurrence, and for 

differentiating malignant from benign masses in EOC (248, 249). MUC16 acts as a pro-

tumorigenic protein by playing a protective role by evading cytotoxic responses by tumor 

cells from natural killer cells (250, 251). CA-125 is not only a serum marker for EOCs, but 

is also being used as a marker for breast cancer, pelvic masses, clear cell colorectal cancer, 

endometroid cancer, lung cancer, pancreatic cancer and breast cancer (126, 252-258). 

Another transmembrane mucin is MUC13; although this mucin is not as extensively 

examined as other members of the mucin family, it has nonetheless been observed in 

several epithelial cancers including ovarian, gastric, colorectal and pancreatic cancers (259-
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261). MUC4 is another transmembrane protein known for its role in the pathobiology of 

cancers such as pancreatic, breast, lung, cervical, ovarian and prostate cancers (262). 

Similar to transmembrane mucins, secreted type mucins also have a role in malignancies 

because of their dysregulated expression and functions. The most highly examined secreted 

mucin is MUC5AC, and its overexpression has been linked to inflammation (263, 264) and 

different cancer types including colon, clear-cell renal cell carcinoma, lung, pancreatic, and 

colorectal cancers (265-269). Similarly, MUC5B is known its deregulation in various 

malignancies such as lung, pancreatic, breast, lung and colorectal cancers (270-274). 

MUC2 expression has been associated with positive outcomes in cancer patients as 

observed in pancreatic, colorectal and gastric cancers (275-277). Collectively, these studies 

highlight the important role mucins in the development and progression of various 

malignancies. 

1.3.3.1 Role of mucin protein alterations in inducing cellular 

invasion, migration and metastasis in cancer 

Tumor cell invasion and metastasis is a complex process, and is predicted to require loss of 

contact between the cell surface and the surrounding cell stroma. For metastasis to occur, 

tumor cells detach from their primary location causing anti-adhesion between the cells in 

the original site, and then cells invade by passing through normal stromal elements and then 

form new contact (re-establish adhesion) at the new site to establish a new colony of cells. 

Mucins are believed to mediate process of adhesion and anti-adhesion in the tumor 

environment. Several studies strongly suggest that glycan structures and certain of their 

alterations can have a direct effect on cellular invasion by promoting cells to disseminate 

and metastasise into distant sites/organs (278). The most extensively studied mucin playing 

a role in inducing tumor invasive capacity is MUC1 (279, 280). As previously mentioned, 

MUC1 is under-glycosylated, which allows for interactions between the MUC1 protein and 

transmembrane receptors and other components of the extracellular matrix (ECM) (279). 

Some of these interactions are suggested between MUC1 and ICAM-1, which is an 

adhesion receptor found on the surface of endothelial and peritumoral stromal cells (281). 

Another interaction of MUC1 is with E-selectin, which is another receptor found on the cell 
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surface of endothelial cells. E-selectin interacts with epithelial cells through its binding 

with the under-glycosylated form of MUC1. These types of interactions between MUC1/E-

selection and ICAM-1 promote increased migratory capacity of tumor cells by allowing for 

easier interactions between epithelial and endothelial cells, thus enabling cancer cells 

circulating in the microenvironment to adhere to blood vessel lining and/or to escape from 

the blood vessels and to promote secondary site invasion and metastasis. Others also 

suggest for direct interactions between MUC1 and Src (279, 282), which is a nonreceptor 

tyrosine kinase playing a key role in mediating tumor metastatic progression by regulating 

integrin activation and cytoskeletal functions (283). Therefore, interactions between MUC1 

and these membrane receptors were shown to promote the invasive capacity in tumor cells 

(282). Thus, these studies support the role MUC1 plays in driving intercellular interactions 

that promote metastatic spread, as well as intracellular interactions that promote migratory 

behaviour. 

1.3.3.2 Role of mucin protein alterations in inflammation and 

immune suppression 

Mucins play a role in regulating inflammatory and immune responses by mediating 

interactions with immune cells such as macrophages, natural killer cells and cytotoxic T 

cells, as these interactions allow for tumor cells to evade the immune system (237). Mucins 

in cancer cells display surface glycan epitopes characterized by glycan elongations beyond 

the Tn glycan antigen. Such glycan alterations were shown to alter tumor cells 

susceptibility toward natural killer (NK)- and cytotoxic T lymphocyte-mediated killing 

(284). This type of immune evasion has been shown in breast and pancreatic cancer cells 

(284). Knocking out the Cosmc protein inhibited the type of Tn glycan elongation in these 

tumor cells, and this suppression has led to increased sensitivity of the tumor cells to NK-

mediated and T-lymphocytes cytotoxicity (285). Additionally, the susceptibility of 

pancreatic and breast cancer cells to NK cell mediated cytotoxicity was directly linked to 

the expression levels of MUC16 and MUC1, suggesting that the upregulation of these 

mucins is also involved in immune evasion (285). Leukocyte and macrophage motility and 

activation at tumor sites have also been affected by glycan structures and their elongation 
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type (286-288). Protein interactions such as selectins and siglecs have been shown to 

interact with certain mucins (289-291), and these interactions play a role in mediating 

leukocyte adherence and motility (292). This promotes tumor cells to evade the immune 

system by producing high numbers of soluble mucins, which prevents NK cells or effector 

cells from approaching the tumor microenvironment (293). Although the direct effects of 

tumor cells immune response and increasing levels of aberrant mucins have not been 

examined, the data gathered thus far clearly suggest that high concentrations of secreted 

mucins found in patients with advanced disease can predict their inflammatory and immune 

responses (293). These observations can indeed explain the observed immune suppression 

that is found frequently in malignancies displaying increased mucin expression. 

1.3.3.3 Role of mucins in EOC development (focus on MUC1) 

Several tumor-associated mucins play a very important role in EOC metastasis. An 

exhaustive review of all mucins associated with EOC tumorigenicity, including a 

discussion summarizing the new findings that suggest for the application of Mucins as 

targeted therapies for metastatic EOC is found in the Annex section. As previously 

mentioned, EOC is asymptomatic until advanced stages, thus EOC markers found in human 

biological fluids like MUC1, could be very useful for the early screening of the disease at 

the early or later stages. In EOC, the tumor associated antigen (TAA) MUC1 is 

overexpressed on the cell surface in more than 90% of EOCs (294, 295). Several studies 

have examined MUC1 overexpression in EOC, showing strong support for the use of 

MUC1 as a biomarker in EOC serous tumors (296-302). MUC1 in EOC is found to be 

aberrantly glycosylated and is characterized for having O-glycan chains that are shorter and 

containing structural elements not present on normal cells (295). These structural features 

allow MUC1 to have a higher number of revealed epitopes that are usually found hidden in 

normal cell and/or tissues (295). As mentioned, this property does not only induce the 

protein tumorigenic capacity, but can also be utilized as a feature for antibody or vaccine 

targeting antigens. An example of such epitopes are the MUC1-associated Tn ⁄ STn-

epitopes, which are generated by early O-glycosylation termination (295). These early 

glycan terminations have been linked to two types of alterations: 1) alterations in the 

ST6GalNAc-I transferase, playing a role in enhancing STn antigen formation (303) and 2) 
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the possibility of an induced somatic mutation of the core 1 β3-Gal-T-specific molecular 

chaperone (Cosmc) gene, known to regulate the addition of (Gal) to the first GalNAC 

(304). Importantly, the MUC1-associated Tn ⁄ STn-epitopes have been suggested as major 

targets for immunotherapy and diagnostic imaging in EOC patients. Indeed, Elssen et al. 

(2010) have indicated that these MUC1 epitopes are highly expressed by all histotypes of 

primary ovarian adenocarcinomas, in addition to the metastatic and EOC precursor lesions, 

but were not detected by normal ovarian tissue (295). Recent work published from the lab 

has shown that MUC1 maybe overexpressed in EOC and this overexpression may play a 

role in the progression of the disease (305). Most interestingly, a new monoclonal antibody 

PankoMab-GEX, a glyco-optimised humanised IgG1 antibody, was found to bind with high 

affinity to a novel carbohydrate-induced conformational epitope (TA-MUC1) and was 

recently used in a phase I open-label dose-escalation study (306).  The application of 

PankoMab-GEX showed excellent preclinical anti-tumor activity, as the clinical benefit of 

the use of this antibody was observed in a broad variety of primary tumors, but more 

frequently in EOC patients (306). 

Overall, these compounding data on the role of mucins helps confirm that these proteins 

play an essential role in the pathobiology of cancers such as EOC. 

1.3.4 The role of aberrant O-glycosylation in cancer 

development 

Aberrant alterations in glycan structures and compositions on mucin type proteins have 

been found in multiple cancer types (179). Indeed, it has been recently suggested that 

alterations in glycosylation is associated with the acquisition of cancer hallmark capabilities 

and that altered glycans are playing an essential role in tumor development and progression 

(307, 308) (Figure 1.9). During metastasis, glycans either appear on new sites on 

glycoproteins such as mucins, or have irregular glycan forms (307, 308). These alterations 

appear to be due to a shift in the glycosylation patterns or incomplete glycosylation of 

proteins, which results in truncations of glycan structures that are now considered to be 

hallmarks of cancer metastasis (307). Interestingly, the aberrant glycosylation, also referred 

as ‘‘oncogenic glycosylation" (308), is not random but is regulated since distinct subset of 

glycans that become modified, enriched or decreased on the tumor cell surface, thus 
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playing a role in either promoting or inhibiting tumor progression (202, 292). As previously 

mentioned, truncated glycan structures such as Tn, sTn, T, ST, or aberrant extension of 

glycan chains (sLex, sLea) were shown to be highly expressed/detected in several cancer 

types such as breast, pancreatic, gastric and colon cancers (212, 309-315). The pathways 

that induce glycan changes and aberrant synthesis of mucin cell surface glycans have been 

associated with one or more of the following alterations: 

1) The under- or overexpression of glycosyltransferases at the level of epigenetic 

changes of the transferases transcription or post-transcriptional modifications (316). 

2) Alterations in the glycosidases activity, which are responsible for catalysing the 

hydrolysis of glycosidic linkages important in N-glycoprotein processing (164). 

3) Alterations in the expression of glycoconjugate acceptors together with the 

availability and abundance of the sugar nucleotide donors. Thus for example, the 

blockade of donor biosynthesis or the observed functional loss of donor-specific 

transporters has appeared to abolish cellular glycans that contain fucose or sialic 

acid linkages (317, 318). 

4) Alterations in the sugar nucleotide transporter activity (319-321). 

5) Alterations in the function of the Golgi structure where glycosyltransferases are 

synthesized (322-324). 
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Figure 1.9. Role of glycans in the metastatic cascade 
This figure is a representation of the multiple fundamental roles glycans are known to play 
in the pathology of tumor development and progression. One of the examined processes is 
the key role of tumor cell detachment and invasion. Additionally, glycans have also been 
shown to inhibit cell–cell adhesion in many tumor types. Aberrant O-glycosylation of these 
glycans, such as the expression of the sialyl Tn (STn) antigen has also been associated with 
tumor cell invasion. As the figure shows, the process of tumor growth and proliferation is 
characterized by alterations of the glycosylation pathway of key growth factors receptors, 
which modulate their activity and signalling.  Another example is the alterations of O-
GlcNAcylation, which is also associated with cancer progression. Moreover, in the process 
of tumor cell migration, integrins show altered glycosylation in both O-linked and N-linked 
glycans. Finally, terminal sialylation has also been suggested to interfere with cell–
extracellular matrix (ECM) interactions, promoting an upregulation in the migration and 
invasive phenotype of cancer cells. (278). 
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1.4 GalNAc-Transferases (GalNAc-Ts) 

1.4.1 Regulation of Mucin type O-glycosylation 

As mentioned earlier, mucin O-glycosylation is characterized by the addition of a GalNAc 

sugar to a Ser or a Thr residue forming the Tn antigen, and this linkage is controlled and 

initiated by a family of 20 glycosyltransferases known as GalNAc-Ts (Figure 1.10) (316). 

The addition of the first GalNAc sugar from the nucleotide sugar UDP-GalNAc to the 

hydroxyl group of serine or threonine in protein substrates is what initiates the first step in 

the proper synthesis of membrane bound or secreted mucin glycoproteins (Figure 1.10) 

(316). O-glycosylation is unique compared to other types of glycosylation mainly due to 

the fact that it is controlled by a large subset of enzymes compared to a few number of 

enzymes required for N-glycosylation, and interestingly, it seems that not one but multiple 

of these GalNAc-Ts are required for the proper glycosylation of their substrate proteins 

(175, 316). There are 20 transferases encoded by the human genome, 17 of which have 

been extensively studied and characterized (176), and the remaining three were more 

recently characterized for their enzymatic activity (325). These comprehensive studies on 

this large subset of GalNAc-Ts, emphasizes their important role in controlling mucin O-

glycosylation. The complexity of these GalNAcTs is represented by their protein substrate 

specificity, suggesting that these enzymes have unique and overlapping roles in fine tuning 

of the glycosylation state of mucins, and thus controlling their functions (325). 
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Figure 1.10. Mucin-type O-linked glycosylation and the initiation process that is 
controlled by a family of 20 enzymes known as GalNAc-Ts 
Mucin-type O-linked glycosylation of proteins and a description of the glycosylation 
initiation pathway that is controlled by the family of enzymes (polypeptide N-α-
acetylgalactosaminyltransferases (GalNAcTs)). The GalNAcTs make use of a UDP-
GalNAc acting as their donor substrate, which allows them to modify the serine or 
threonine residues of their substrate proteins (326). 

1.4.2 The human GalNAc-T gene family 

Several studies have been focused on analyzing the functional characteristics of this 

enzymes family, specifically aimed at understanding their structural domains, distinct 

acceptor peptide substrate specificities, and their expression during development in cells 

and tissues. 

The GalNAc-Ts are a highly conserved family of proteins, and their protein architecture 

reveals conservation in specific domains (327). The GalNAc-Ts are characterized by 

sharing the following structures: 

1) A type II TM structure with an N-terminal cytosolic tail. 
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2) A stem region with variable lengths. 

3) A catalytic luminal domain (GT1). 

4) A Gal/GalNAc recognition domain that shows around 60% amino acid sequence 

similarity among the different GalNAc-Ts (327). 

5) A C-terminal Ricin like (identified by homology to ricin) lectin domain that is 

suggested to be the region for acceptor substrate binding and was also found to 

show 40% amino acid similarity among the different GalNAc-Ts. (176, 327, 328) 

(Figure 1.11). 

 

 
Figure 1.11. Detailed domain structure of the multiple GalNAc-Ts 
Regions in white, pink, red, and black represent, the different sequence identity amongst 
the different GalNAc-Ts (175). The positions of the transmembrane (TM), stem, catalytic 
and ricin domains are indicated by the colored arrows above or under the boxed figure. 
Regions in white, pink, red, and black respectively indicate, 0±29%, 30±69%, 70±99%, and 
100% sequence identity (175). 
 

The 20 human GalNAc-T genes localize to different chromosomal loci, in addition to 

having large variability in genomic structures and organization (316) (Figure 1.12). 

Analysis of the GalNAc-Ts transcripts have suggested that a few of these transferases show 

a degree of ubiquitous expression in human tissues, while the majority show a specific and 

unique distribution in human and mouse tissues (176). Several analytical methods using 

protein expression analysis support data on the different and overlapping expression 

patterns of this family of enzymes, and transcriptional analysis of the expression of these 

transferases reveals the degree of differences in their spatial expression patterns during 

development in mouse embryos (175, 329). Monoclonal antibodies against these isoforms 

have been proven to be useful in better examining their expression patterns in a small 

subset of tissues, and interestingly changes in the normal expression patterns of these 

isoforms have been highly examined in diseases such as cancer (175). 
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Figure 1.12. Phylogenetic and genomic tree of the human GalNAc-T gene family 
The left panel shows the genomic tree of the 20 GalNAc-T members, which was derived 
from molecular phylogenetic anaylses by the maximum likelihood method of Gblock (330). 
The right panel depicts genomic organization of the ORF for all 20 human GalNAc-T 
genes. Exons are shown as boxes. Conserved intron/exon are indicated by a solid line and 
labeled. The GalNAc-T genes are based on the similarities of their genomic organizations. 
The top of the figure describes the regions encoding the different domains of GalNAc-Ts 
(cytosolic/transmembrane/stem regions, catalytic and lectin domains) (316). 

1.4.3 Peptide and glycopeptide substrate specificities of the 

GalNAc-Ts family 

As previously discussed, it has been determined that each GalNAc-T isoform has a unique 

acceptor peptide substrate specificities, with a certain level of overlap amongst the different 

isoforms (175). Thus, what determines the specific GalNAc-Ts activity has been 

extensively examined, and substrate preferences indicate that these enzymes may play 

unique roles in the addition of the first GalNAc sugar to a certain subset of sxyamino acid, 
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as well as having special features that dictate which serine and threonine will have an O-

glycan linkage (316). In vitro studies have revealed that the different family members have 

unique roles in GalNAc additions that function by explicitly adding this sugar form either 

early, mid or late to their specified substrates (316). Unlike N-glycosylation that occurs at a 

defined consensus sequence (AsnXaaSer/Thr) (331), no specified consensus sequence has 

been defined for O-glycosylation of mucin glycoproteins. Several computational algorithms 

have been used to solely predict the possible O-linked site based on amino acid sequences 

alone (332), and similar algorithms have been used in our study, which is discussed in 

depth in Chapter 2. Interestingly, there seems to be multiple factors that play a role in 

defining the specified substrate glycosylated by these isoforms, which include secondary 

structure motifs of the peptide substrate, suggesting that it is not solely dependent on the 

amino acid sequence of the underlying peptide (333, 334). Other observations suggest that 

the density of O-linked glycans found on certain mucins could affect the level or the 

possibility of glycosylating neighboring amino acid residues and thus affecting the level of 

activity of the GalNAc-Ts (335, 336). Moreover, it also appears that not only peptides can 

be considered as potential substrates, since certain GalNAc-Ts use glycopeptides as their 

potential acceptor substrates: such examples were reported with GalNAc-T-17 and -10 

(337-339). In addition, some GalNAc-Ts show substrate preference to what is referred to as 

“naked” peptides, and GalNAc-T16 has been characterized to glycosylate such substrates, 

which suggest that it may be an early acting glycosyl transferase (340). This kind of 

substrate preference gave rise to the categories these transferases belong to (Figure 1.12). 

Overall this demonstrates that transferases that show preference to non-glycosylated 

peptides may represent early-acting transferases, compared to those showing preference to 

glycopeptides, which may be associated with mid and late mucin glycosylation. Moreover, 

the localization of these enzymes in the Golgi apparatus could also play a role in the 

glycosylation pathways. Although all these transferases have been suggested to initiate the 

biosynthesis of O-linked structures in the Golgi, it seems that they have specific 

localizations within the Golgi compartments (191). Each compartment of the Golgi has a 

unique subset of GalNAc-Ts, and one factor that may control their localization is their 

structural organization that defines which compartment in the Golgi will retain specific 

GalNAc-Ts (211, 341, 342). Another factor includes GalNAc-Ts lectin domain 
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specificities, which determine the acceptor peptide or glycopeptide substrates (343, 344). 

These required features mainly suggest that these transferases work in a coordinated 

fashion driven by certain criteria not only linked to amino acid sequences of the peptide. 

This further demonstrates the higher level of complexity in the initiation of O-

glycosylation. All information gathered on substrate preferences of these GalNAc-Ts is 

scarce, and data pertaining to the specific localization of each enzyme can further help 

determine the point of attachment of O-linked structure. Interestingly, aberrations in 

glycosylation in various diseases such as cancer have been largely attributed to the 

localization and activity of these GalNAc-Ts. 

1.4.5 In vivo models of GalNAc transferases and the concept of 

GalNAc-T redundancy 

The different members of the GalNAc-Ts family have also been shown to be differentially 

expressed in malignant tumors compared to normal tissue (278, 345, 346). The deregulation 

in the expression of the different GalNAc-Ts allows them to play diverse roles in 

carcinogenesis.  

In vivo mouse models have been the main approach used for analyzing GalNAc-Ts 

function, and to better understand their role in cancer development. This approach is 

focused on knocking out or ablating the expression of one or multiple GalNAc-Ts in mouse 

and other living models to better depict the role each of these transferases play in the 

metastatic cascade, in addition to understanding the redundant roles that these transferases 

play in normal development and cancer progression. The first in vivo experiment targeted 

the ablation of GALNT13; animals following GALNT13 suppression appear to develop 

normally, but presented a reduced expression in the Tn antigen in the cerebellum (347). 

Another study used an in vivo mouse model lacking the expression of the GALNT1 gene, 

data showed that these mice exhibited a bleeding disorder linked with deficiency in B-cell 

maturation (348). Recent studies examined the use of animals that are genetically modified 

for multiple GalNAc-Ts (GALNT4 and GALNT5), and those animals presented with 

phenotypes similar to those observed when ablating for the GALNT13 gene, showing 

normal phenotypes (175, 349). Mice deficient in the GALNT8 gene also appeared to grow 

and survive normally (350). Similarly, mice deficient in GALNT10 and GALNT14 did not 
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present any obvious phenotypes (316). All these reports point to the important hypothesis 

that single gene knockouts do not seem to present with significantly altered or lethal 

phenotypes since there may be a compensatory regulation induced by the other GalNAc-T 

genes (351, 352). Moreover, multiple GalNAc-Ts may be co-expressed and thus act as 

back-up for a loss of one or multiple genes in these mouse models, especially since these 

enzymes display overlapping substrate specificities (316). Thus far, no in vivo study has 

been published to confirm the GalNac-Ts acceptor sequence, their protein substrates, or 

correlate any biological function linked to GalNac-Ts gene overexpression or loss. 

Evolutionary studies cannot predict why the GalNac-T family is so diverse and if this 

diversity is linked to some degree of redundancy between the genes. It is believed that their 

large number may reflect an essential functional requirement of the different GalNAc-Ts 

isoforms (175). A study of mannosyl- O-glycosylation on yeast cells has supported this 

hypothesis, showing that multiple and not one O-mannosyltransferases are needed for the 

survival of yeast cells (353).  

1.5 Glycoproteomics approaches in studying alterations in 

glycoproteins expression and structure  

1.5.1 Challenges in studying the process of protein glycosylation 

As discussed throughout this section, it is clear that glycosylation is a PTM that has a 

plethora of effects on the structure and function of glycosylated proteins. Alterations and 

modifications in the glycosylation pattern of proteins play a very important role in different 

diseases including cancer. The exact understanding on how glycosylation affects 

mechanisms important for the proper function of the protein has not been very well studied, 

and this is mainly due to the fact that there are no proper methods developed to comprehend 

the process of how glycan structures get synthesized on proteins. Indeed, oligosaccharides 

are not easily monitored, since their monomers are usually branched and are synthesized 

with the help of a large list of enzymes (354). The monomers that make up those 

oligosaccharides have very similar chemical reactivity, and there is not enough information 

available to determine what encodes a particular oligosaccharide sequence (354). 

Additionally, these polymers are heterogeneous both in their sequence and spatial 
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arrangement thus creating large molecular diversity assembled from the nine common 

monosaccharides found in humans (355). Interestingly, there exists a large number of 

potential glycosylation combinations on a glycoprotein, where a single protein can undergo 

a number of N- and O-glycosylation on multiple or single sites (278). Additionally, the 

same glycosylation site can be occupied by different glycans in variable copies, a 

phenomenon called microheterogeneity (356). Therefore, creating libraries of saccharides 

for proper examination of their function and synthesis is not an easy task. Moreover, 

although oligosaccharide heterogeneity by itself presents a challenge for studying their 

branching properties, the identification of the enzymes responsible for their synthesis can 

be a bigger challenge. As previously mentioned, there are multiple enzymes implicated in 

the proper assembly of each class of glycoconjugate in addition to a family of enzymes 

responsible for each type of glycosidic linkage for these glycan structures (175). With all 

these factors, it becomes clear why research in glycobiology is slow, and that the process of 

developing new synthetic tools for understanding novel functions linked with 

carbohydrates is still not fully developed. In order to completely characterize the 

glycoproteome, it is important to identify and analyze the glycan structure found bound to 

the glycoprotein, the protein that expresses the glycan structure or structures, and the site on 

the protein where the glycan binds (357, 358). Therefore, several methods are often needed 

to provide proper detailed characterization of glycans and the proteins they are found on.  

In a typical glycoproteomic experiment there is usually the need for 1) Glycoprotein 

detection and enrichment, 2) Methods to determine the glycosylation type, 3) Glycan 

release from protein for glycan structure analysis, 4) Glycan structure analysis, 5) Glycan 

site mapping, and finally 6) Glycoprotein quantification (359) (Figure 1.13). The remainder 

of this section will focus on reviewing the major glycoproteomic approaches used for 

analysing protein glycosylation. 

 



 

 

 

54 

 

Figure 1.13. General strategy of glycoproteins detection and analysis 
A. Protein level enrichment is required for array-based detection of glycoproteins that can 
be further used as biomarkers. B. Peptide level enrichment is utilized for identification of 
glycosylation site, glycan composition and peptide sequencing for biomarker discovery 
(360). 

1.5.2 Glycoproteomic techniques for glycoprotein analysis 

There are several high-throughput methods that have been developed to examine changes in 

glycoproteins in a disease setting such as cancer dissemination. These methods have been 

focused on providing “omics” research with sensitive technologies for better 

glycoproteomic analysis. Some of these high-throughput techniques include and are not 

limited to:  liquid chromatography/mass spectrometry (LC/MS)-based glycoproteomics 

(361), stable isotope labeling and mass spectrometry (362), glycopeptide capture 

approaches coupled with mass spectrometry (363), and lectin-affinity purification of 

metabolicly labeled glycoproteins (364). Based on the targeted molecule subjected for 

analysis these approaches are categorized into two categories: 1) glycoprotein based and 2) 

glycopeptide based analyses (section A and B from Figure 1.13). Recently, a new 

technology has been developed – the Isotope-targeted glycoproteomics (IsoTaG) platform, 

allowing both these categories to be combined in a single experimental approach (354, 365, 

366). The IsoTaG platform represents a mass-independent platform for intact N- and O-

glycopeptide discovery and analysis, which currently is the only method for the analysis of 

fully elaborated glycopeptides in addition to revealing the inherent structural details of the 

glycoproteome (354). This section will discuss some of the glycoproteomic methods 
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currently in use, by discussing their advantages and disadvantages and the way they helped 

pave a new possibility for the field of glycobiology in providing more concrete information 

on cancer cell properties, including the identification of prognostic and therapeutic response 

biomarkers in cancer research. 

Tandem MS is currently the most powerful proteomics tool, and is becoming more and 

more useful as a tool in the glycoproteomics field due to it high sensitivity and accuracy. 

The challenges that come with the application of MS in glycoproteomic studies are related 

to the level of abundance, since a lot of tumor-specific biomarkers are usually low-

abundant proteins, and these proteins are normally masked by more abundant proteins 

found in the large dynamic range of protein concentrations in human biological samples. 

Thus, a lot of glycoproteins are sometimes difficult to detect by conventional MS methods 

(367). In glycoproteomics, a process of enriching for low-abundant glycoproteins is 

necessary prior to performing MS analyses, since such enrichment will increase the 

detection sensitivity of glycoproteins and decrease the level of complexity of protein 

identification for future analyses (359, 368). The most commonly used enrichment methods 

are lectin affinity capture, chemical capture or boronic acid beads, which are methods 

dependent on the use of affinity reagent, and are used to enrich glycoproteins and then 

digest them into peptides (367). There are other enrichment methods that first digest 

glycoproteins into peptides and then enrich for the digested peptides. These approaches are 

known as glycopeptide enrichment by chromatography, which includes size exclusion, ion 

exchange chromatography, and chemical immobilization techniques (357, 363, 369-371). 

1.5.3 Other technologies for glycan profiling 

Although the above glycoproteimics approaches are well-established methods used in the 

field, none of them can capture every single glycoprotein or glycopeptide and thus capture 

glycoproteins in an unbiased fashion. For these purposes, in the field of cancer 

glycoproteomics, research has become focused on the use of more specific methods 

targeting cancer glycan epitopes, such as sialic acids, or sialylated Lewis epitopes 

previously discussed in former sections. These methods include the application of 

antibodies such as the application of anti-glycan antibody for affinity capture (372), 

(373),(372, 374, 375). Other methods include the application of glycoengineered cell line 
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models that are focused on using site-directed mutagenesis (376, 377). Moreover, research 

has been also focused on the application of isogenic cell systems, which has permitted the 

precise determination of protein O-glycosylation in several cell types allowing for a 

revolution in the field of glycobiology (178). The genomic editing approaches created the 

so-called SimpleCell models, which are cellular models genetically engineered to produce a 

glycoproteome with homogenous and not heterogeneous glycan structures, hence the name 

“Simple” (378). Finally the more recent enrichment approach in glycopretomics is focused 

on using affinity purification of metabolic labeled glycoproteins, named the Staudinger 

capture reaction (379). 

All the above mentioned revolutionary techniques applied in the field of glycobiology are 

dependent on the application of MS-based glycomic and glycoproteomic analyses; 

however, these types of analyses are expensive and require a certain level of expertise for 

proper glycoprotein examination. There is now a focus on applying MS-independent 

methods to analyze glycomic alterations (glycan structure alterations and/or glycoprotein 

alterations) in cancer cells or even in cancer tissue samples. Such applications include: 

antibody-lectin-sandwich, glycan/glycoprotein arrays, lectin arrays, proximity ligation 

assay (PLA) and imaging mass spectrometry (IMS) as reviewed in (380). 

1.5.3.1 Affinity metabolic labeling-a new engineering method for 

the incorporation of unnatural substrates 

In addition to the aforementioned techniques used in glycoproteomics studies, metabolic 

affinity tagging is now proven to be the best approach used to facilitate glycan labeling, 

separation and detection. Visualizing glycans is not easy, especially since glycans are not 

gene products that can be encoded with tags. Labeling of glycans has been recently 

achieved with the application of metabolic labeling, through a bioorthogonal reaction using 

chemical tags, an approach developed by the Bertozzi group (381). This approach utilizes 

bioorthogonal chemical reporters that can be incorporated into glycans using the cells’ own 

metabolic machinery, as these chemical reporters are designed to be non-perturbing and 

thus to not interfere with the normal elongation process of the glycan structure (381). One 

major advantage for the application of bioorthogonal reactions is that these reactions can 
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normally follow the biological system process without interaction or interfering with the 

inside biomolecules (382). The labeling process is divided into two steps. The 1st step is 

dependent on the addition of a reactive handle with a bioorthogonal functional group to the 

glycan which is accomplished by feeding growing cells (in vitro process) (382) or living 

animals (in vivo process) (383) with an unnatural monosaccharide, and this monosaccharide 

gets incorporated by following the process of the glycan biosynthetic pathway (Figure 

1.14). The 2nd step is based on the conjugation process using a specifically designed 

chemically engineered affinity tag or probe that can label or tag the glycans by applying the 

chemoenzymatic approach known as the bioorthogonal reaction (384). For proper labeling 

and incorporation, there are several criteria that need to be fulfilled, in order to assure 

proper covalent reaction between the probe and the reporter: a) the reporter and the probe 

have to be reactive in a specified physiological environment (37°C, and pH 6–8); b) the 

reporter and the probe have to be inactive and not react or affect the surrounding biological 

environment of a cell or organ, and c) the two partners (probe and reporter group) must be 

stable and should be bioavailable for proper use with different cell types and/or organisms 

(381). When such criteria are met, the metabolic labeling approach will properly enable the 

visualization of the tagged glycoconjugates through imaging (385) and/or will allow 

tracking the glycan structure and identifying the peptide site of attachment, especially when 

applying the above mentioned IsoTag approach that uses isotopic signature for glycan 

structure tracking (354). 

 

 
Figure 1.14. The bioorthogonal chemical reporter strategy 
The bioorhogonal reporter system is based on a chemical reporter (blue circle) that is 
directly linked to a substrate (light green box), which gets introduced into a specified target 
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biomolecule through normal cellular metabolism. In the second step, the reporter gets 
covalently tagged with an exogenously delivered probe (blue arc). Both the chemical 
reporter and exogenous probe are designed to avoid any reactions with nontarget 
biomolecules (gray shapes). Adapted with permission from (381). 
 

There are a few bioorthogonal chemical reporters designed to handle and fulfill the above-

mentioned criteria. Some of them that are listed in Table 1.6 consist of activated alkynes 

and terminal alkynes that can be ligated with azides for protein, glycan and peptide labeling 

(381, 382). Azides have only been recently used as chemical reporters, and their advantage 

is that they can label any biological molecule as shown in Table 1.6. One example of 

biorthogonal labeling is presented in Figure 1.15, where the azido GalNAc analog 

(GalNAz) is used for metabolic labeling of mucin-type O-linked glycoproteins. An 

interesting characteristic of azides is their absence in natural conditions, and thus they do 

not react with abundant molecules found in living systems. Azides are now being exploited 

more for the rigorous development of bioorthogonal reactions (Table 1.6) through the 

application of chemoselective ligation processes such as the Staudinger ligation of azides 

(379), and click chemistry (384). 

 

 
Figure 1.15. Strategy for metabolic labeling of mucin-type O-linked glycoproteins 
with an azido GalNAc analog (GalNAz) for proteomic analyses 
A. Initiation of mucin-type O-linked glycan biosynthesis by the ppGalNAcTs. UDP–
GalNAc is the nucleotide sugar donor substrate for the ppGalNAcT family. B. Optimized 
strategy for metabolic labeling of mucin-type O-linked glycoproteins with an azido 
GalNAc analog (GalNAz) for proteomic analysis with phosphine probes. This strategy is 
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dependent on the chemoselective Staudinger ligation reaction between azides and 
phosphines. The strategy provides a means to distinguish proteins bearing O-glycans from 
the remainder of the proteome (386). 

1.5.3.2 Chemoselective ligation to metabolically installed 

unnatural cell surface oligosaccharides 

The Staudinger ligation has been be used to covalently attach probes to azide-bearing 

molecules such as metabolically labeled glycans, by forming a link between azides and 

phosphines, and more specifically, by creating a link between a nitrogen atom of the azide 

group and the triarylphosphine (381). The more advantageous type of ligation with azides is 

the application of click-chemistry known as Copper-catalyzed [3+2] azide-alkyne 

cycloaddition (CuAAC) (384). Click chemistry is a cycloaddition between azides and 

terminal alkynes with the presence of catalytic amounts of copper (Cu) (387). The copper 

catalyzed click-reaction has been used to tag azides, and in many cases the ligation process 

has been used with alkyne groups as the chemical reporter for the click reaction (Table 1.6). 

This reaction also has some advantages since it allows for labeling without introducing any 

background (381). Click chemistry has been used for glycoproteomics labeling since it 

allows the detection of very small amounts of azide-labeled molecules such as glycans, and 

it was suggested to be a much faster ligation process compared to Staudinger ligation (388). 

The major disadvantage that comes with the use of the CuAAC is the cellular toxicity of 

copper (381), but there are more recent applications of click chemistry known as copper-

free click chemistry that are now being used in in vivo studies (389). 
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Table 1.6. Chemical reporters and bioorthogonal reactions used in living systems. 

 
 

Few of the different chemical reports used for the bioorthogonal reactions such as: 
Staudinger ligation, Click chemistry, and strain-promoted cycloaddition. Adapted with 
permission from (381). 

1.5.4 The new glycoproteomic approach – the isotopic targeted 

glycoproteomics (IsoTaG) platform 

As mentioned, enzymatic digestion has been achieved for N-glycans (390), however for O-

glycans, gene editing through genetic engineering for glycan simplification was achieved 

only when applying the Simplecell strategy (391). Indeed, truncation of the glycan structure 

represents a major disadvantage, since information on glycosylation sites may be lost, 

which in turn will not allow for proper correlation of the glycan structure to the correct 

protein site (176). Chemically labeling glycans using chemical reporters have shown to be 

very advantageous in the field of glycobiology, since they can be used to monitor glycans 

in their natural environment. This approach allowed the proper examination of glycan 

changes caused by disease induced changes and/or mutations at the level of truncation and 

aberrant glycosylation. As previously mentioned, glycans determine the biological 

functions of all glycoproteins. Thus, it seems that acquiring the ability to examine glycan 

structures in conjugation with their attached protein and peptide site can most likely 



 

 

 

61 

provide great insight into their biological and fundamental role in cellular and molecular 

biology. 

The IsoTaG approach developed by the Bertozzi group is the first proteome-scale platform 

capable of identifying peptides and glycan structures of both N- and O-glycopeptides (354). 

This approach comprises: 1) metabolic labeling of the glycoproteome, 2) chemical 

enrichment and isotopic recoding of glycopeptides, and finally 3) directed mass 

spectrometry (354). The first part of the platform protocol involves the application of a 

method used to metabolically label glycoproteins in cell culture. This platform makes use 

of bioorthogonal labeling, accomplished by studying glycoconjugates containing the 

monosaccharides: N-acetylgalactosamine (GalNAc), N-acetylglucosamine (GlcNAc), and 

sialic acid (Sia) (354), in addition to other monosaccharides types that are now in the 

process of being developed for monitoring changes in glycan modifications such as 

fucosylation and others. Studying these glycoconjugates was made possible due to the 

permisssiveness of the approach to follow the GalNAc and GlcNAc salvage pathways, as 

well as the sialic acid biosynthetic pathway, as these pathways can tolerate the introduction 

of unnatural sugars that bear bioorthogonal functionality. Some of the analogs examined to 

follow such routes are N-azidoacetylgalactosamine (GalNAz), and N-

azidoacetylglucosamine (GlcNAz) (392). GalNAz is an unnatural GalNAc derivative that is 

used to incorporate GalNAz to tag mucin type O-linked glycans (392). The GalNAz 

derivative is used as part of a method to specifically label proteins with O-linked glycans 

(392). It has been demonstrated that GalNAz is transformed to UDP-GalNAz in vitro and in 

vivo by exploiting the endogenous GalNAc salvage pathway, enabling the labeling for 

proteins with O-linked glycans (Figure 1.16) (392). More importantly, Ac4GalNAz can be 

metabolized in the cell to both GalNAz and GlcNAz by the mammalian enzyme UDP-

galactose 4′-epimerase (GALE) (393), and is used as a reporter for intracellular O-GlcNAc 

and extracellular N-GlcNAc and O-GalNAc (392). In contrast, GlcNAz works by binding 

to cytosolic and nuclear proteins at sites occupied by O-GlcNAc (394). 
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Figure 1.16. The GlcNAc and GalNAc salvage and O-GlcNAc signaling pathway 
A detailed description of both the human GalNAc salvage and GlcNAc salvage pathways, 
including the different salvage pathway enzymes (392). 

 

These azide-labeled glycoproteins can then be tagged by applying a chemical 

glycoproteomics enrichment procedure, which includes tagging glycoproteins with Click 

chemistry (395). The Click chemistry reaction applied in this method is briefly described in 

Figure 1.17. The reaction is a two-step process that involves the application of two 

functional groups. The first part of this chemical process involves the chemical reporter, 

which is here referred to as the bioorthogonal functional group that is incorporated into a 

substrate. The approach is followed by a covalent linkage to a probe through a click 

reaction, which allows the detection and isolation of a gene or protein target. The most used 

bioorthogonal click reagent is azide, which allows for modification of proteins, as well as 

various classes of biomolecules, such as nucleotides, lipids, and glycans, as well as other 

metabolites. Once installed into the target substrate, azides can covalently combine 

naturally to specified complementary partners by the azide-alkyne cycloaddition (354). 
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Figure 1.17. Structure of cleavable probe for mass-independent glycoproteomics 
The silane probe (1) tags glycoproteins via copper-catalyzed azide-alkyne [3+2] 
cycloaddition Click chemistry. The tagged glycoproteins (2) are then enriched by 
streptavidin–agarose affinity chromatography. Enriched glycoproteins get digested on 
beads with trypsin to release all non-conjugated peptides for glycoprotein identification. 
Treatment with 2% formic acid is then used to recover the glycopeptides from the beads. 
The isotopically recoded glycopeptides are then recovered by mild acid hydrolysis. The 
isotope pattern is then retained on the glycopeptide and used for targeted glycoproteomics 
(354). 
 

After tagging, glycoproteins are getting enriched by streptavidin–agarose affinity 

chromatography. Enriched glycoproteins are then denatured, which is achieved by 

subjecting them to reduction and alkylation to break the disulfide bonds that hold the 

glycoprotein structure together (396). Consecutively, glycoproteins get digested on beads 

with trypsin to release all non-conjugated peptides for glycoprotein identification (397). 

This approach first allows for analysis of glycoproteins, followed by steps of cleavage and 

recovery of glycopeptides in treatment with 2% formic acid to recover the glycopeptides 

from the beads. Released glycopeptides are then analyzed by reversed-phase nanoflow 

liquid chromatography coupled to MS, which allows the proper identification of 
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glycoproteins. The principle behind this mass-independent assignment of intact 

glycopeptides from the cleaved fraction is that the IsoTaG strategy makes use of an 

encoded chemical tag on a glycopeptides isotopic envelope to create a unique pattern that is 

visually and computationally recognizable (Figure 1.18) (398). The pattern is then used to 

direct tandem MS to tagged glycopeptides, irrespective of abundance, followed by targeted 

computational analysis for high confidence identification of the glycopeptide, including 

structural assignment of the attached glycan. The application of this novel IsoTaG 

technique has shown improved knowledge acquisition on aberrant glycosylation and its 

implication in disease progression (366, 399). This technology allows attainment of 

essential information relating to the structures and the sites of attachment of glycans to their 

protein targets. Thus, a more comprehensive understanding of the effects of altered glycan 

expression in cancer can be easily addressed. Indeed, the knowledge of the glycan 

alterations and specificities could be important for drug discovery. 

 

 
 

Figure 1.18. The IsoTag approach 
A. The first part of the approach consists of an enrichment strategy using a dibrominated 
silane probe 1. The metabolically labeled glycoproteins are then enriched using a 
streptavidin-agarose affinity chromatography technique. On-bead digestion is then used to 
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remove all nonglycosylated peptides. The isotopically recoded glycopeptides are then 
cleaved and eluted from the resin. B. The collected isotopically recoded glycopeptides are 
then analyzed by the application of reversed-phase liquid chromatography coupled to mass 
spectrometry. C. The technique IsoTaG uses a pattern-searching algorithm to allow for a 
direct tandem MS (such as the recognition of MS2 and MS3) analysis of the isotopically 
recoded species. The IsoTag approach later focuses on performing targeted searching of the 
selected species, this allows for high-confidence glycopeptide identification. The tagged 
glycan is denoted with Br2, and this structure can be designed with a different isotope 
depending on the targeted glycan structure and probe (354). 
 

1.6 Problematic, hypothesis and objectives 

Problematic 

EOC is a disease that is responsible for more cancer deaths among women in the Western 

world than all other gynaecologic malignancies. EOC lethality primarily stems from the 

inability to detect the disease at an early, organ-confined stage, and the lack of effective 

therapies for the advanced-stages of the disease. EOC treatment includes the combination 

of surgery and platinum based chemotherapy, these approaches in addition to hormonal 

therapy show up to 80% responsiveness in patients, but unfortunately more than 50% of 

EOC patients eventually relapse. It is well established that cancer metastasis still represents 

as the major cause of the failure of cancer treatment. Thus, management of the metastatic 

disease becomes a crucial problem for the treatment of EOC. One possible way to resolve 

this problem is to target metastasis-specific pathways with novel therapies. Hence, focused 

identification of novel pro-metastatic mechanisms, target pathways and molecules could 

help identify new effective therapies. 

Using an epigenomics approach, our lab has previously shown that DNA hypermethylation 

occurs in all (including less invasive/early) stages of EOC tumorigenesis, while advanced 

disease was exclusively associated with DNA hypomethylation of a number of oncogenes, 

implicated in EOC progression, including invasion/metastasis. These experiments 

identified the GALNT3 gene as hypomethylated and overexpressed in HG EOC tumors, 

when compared to LMP EOC tumors and normal ovarian tissue. Additionally, the GALNT3 

expression significantly correlated with shorter PFS intervals in women with advanced 

EOC. Consecutive functional analyses, performed following shRNA-mediated GALNT3 

KD in the EOC cell line A2780s, were strongly indicative of GALNT3 implication in EOC 

cell proliferation, migration, invasion and cell cycle control. Gene expression profiling and 
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successive network and pathway analyses confirmed these findings, as numerous genes and 

pathways known previously to be implicated in EOC tumor invasion and metastasis were 

found to be downregulated upon GALNT3 suppression, while some tumor suppressor genes 

were induced. Moreover, GALNT3 KD induced the reduction of MUC1 protein in EOC 

cells, although the transcriptional level of MUC1 was unchanged. A significantly 

diminished protein expression of other glycosylated proteins in EOC cells upon GALNT3 

suppression was also observed, suggesting that GALNT3 may influence the PTM and 

stabilization of MUC1 and other O-glycosylated mucin-like targets in EOC cells. 

Additionally, the GALNT3 KD-mediated MUC1 suppression promoted the expression of 

the cell adhesion molecules E-cadherin and β-catenin, suggesting that the involvement of 

the GALNT3-MUC1 pathway in EOC invasion could include the destabilization of the E-

cadherin/ β-catenin complex formation. The data collected specify mechanisms of 

abnormal O-glycosylation in EOC carcinogenesis and the identification of the GALNT3 

enzyme as an EOC oncogene and a novel EOC biomarker/possible molecular target for 

EOC therapy. The ability to distinguish differences in the glycosylation of proteins and 

identifying modification changes in the glycan profiles between A2780s GALNT3 KD and 

control clones can identify potential glycoproteins and glycan structures as targets to 

improve on existing EOC biomarkers. 

Moreover, not much is known about the specific GalNAc-T involved in MUC1 

glycosylation. Understanding the specific role of the GALNT3 enzyme in regulating 

differential glycosylation of MUC1 in EOC cancer may be important for developing 

therapeutic strategies for modulating MUC1 function in EOC. We believed that 

complementing our in vitro experiments with in vivo experimental models could be a 

critical component in elucidating the functional implications of GALNT3 and possibly of 

other members of the GalNAc-T gene family in EOC tumorigenesis. 

Some of the mammalian GalNAc-Ts isoforms have been grouped into subfamilies based on 

their high homology. One such example is the human subfamily comprised of GAlNT3 and 

-T6, and these two transferases have around 65% homology in their coding sequence. In 

vitro functional studies have examined the roles and enzymatic functions of the different 

GalNAc-Ts, unfortunately a very limited number of in vivo studies were able to confirm or 

support data observed in vitro. So far, no in vivo study has been published to confirm the 



 

 

 

67 

GalNac-Ts acceptor sequences, their protein substrates, or report any biological function 

linked to GalNac-Ts gene overexpression or loss. 

 

Hypothesis 

We hypothesized that GALNT3 overexpression contributes to EOC dissemination through 

aberrant mucin O-glycosylation. Thus, we believed that specifying some of the putative 

mechanisms of GALNT3-mediated abnormal glycosylation implicated in EOC 

carcinogenesis is an essential first step to be investigated. We also wanted to examine the 

concept of redundancy observed between the members of the GalNac-T family, as we 

hypothesized that there might be a cooperative catalytic action of GALNT3 with other 

GalNac-Ts, and especially with its closest homolog GALNT6, in regulating mechanisms of 

EOC dissemination. 

 

Objectives 

1. Apply a targeted isotopic glycoproteomics approach (IsoTaG) to identify altered 

expression of O-glycoproteins and/or alterations in their glycan structures following 

GALNT3 gene KD in EOC cells. This objective aimed at performing comparative analysis 

of the altered expression of metabolically labeled glycoproteins between GALNT3 KD 

A2780s cells and control A2780s cells, after tryptic digestion and mass spectrometry 

analysis. The following aim focused on performing structural assignments of intact 

glycopeptides using a mass-independent chemical glycoproteomics approach to identify 

altered glycan structures between the GALNT3 KD and A2780s control cells. 

2. Analyze the implication of other members of the GalNAc-Ts gene family in aberrant O-

glycosylation associated with EOC dissemination. We examined this objective, since the 

human GalNAc-Ts form a large evolutionary conserved family of enzymes that are 

responsible for the transfer of GalNAc to proteins, but they seem to have unique but yet 

overlapping substrate specificities. We thus hypothesize that it is probable that GALNT3 is 

not the only GalNAc-T implicated in aberrant O-glycosylation in EOC. Therefore, we 

aimed at examining by immunohistochemistry (IHC) protein expression levels of different 

members of the GalNAc-T family in HG EOC tumor samples in order to examine their 

correlation with patient clinical data. We believe such gathered data could possibly aid in 



 

 

 

68 

identifying aberrantly expressed GalNAc-Ts and their implication in molecular 

mechanisms of abnormal O-glycosylation associated with EOC dissemination. 

3. Defining the role of GALNT3 in EOC tumor expansion and metastasis in vivo in an 

intraperitonial mouse model, and analysis of the possible redundant implication of other 

members of the GalNac-T gene family in aberrant O-glycosylation associated with EOC 

dissemination. 

This objective aimed at characterizing if GALNT3 gene KD is sufficient to induce effects 

on protein glycosylation, and in turn cause significant phenotypic changes in our animal 

models. This objective was also aimed at investigating if other GalNac-Ts members could 

be possibly playing compensatory roles in EOC cancer cells upon GALNT3 gene KD.   
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2.1 Preface 

The following chapter presents my scientific findings as a first author, which were 

published in the Journal of Proteomics on August 2016, PMID: 27095597, and the second 

part of the chapter presents my scientific data, which was published in the Data in Brief on 

May 2016, PMID: 27331112. I executed almost all experiments presented in this 

manuscript and written the manuscript. The application of IsoTag was made possible 

through the time, help and teaching of Dr. Christina Woo who provided us with the probe, 

and taught me all the steps required for the application of this approach. All the Mass-Spec 

sample injections were made by Ms. Florence Roux-Dalvai, who also provided me with the 

required knowledge needed for the collection and analysis of the acquired data. Mr. 

Frédéric Fournier helped with some of the data analysis. Ms. Sylvie Bourassa and Dr. 

Arnaud Droit provided us with guidance on how to manipulate the data. Dr. Carolyn 

Bertozzi has introduced us to the application of glycoproteomics and provided us with help 

in correcting the manuscript. Dr. Dimcho Bachvarov is the principal investigator of this 

study. He was involved in experimental design, data analysis and article writing. 

. 
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2.2 Résumé en français 

Même si le cancer épithélial de l’ovaire est la forme la plus létale des cancers chez la 

femme, les mécanismes cellulaires et moléculaires de ce cancer restent méconnus. De plus, 

la compréhension des changements moléculaires associés aux métastases du cancer ovarien 

peut mener à l’identification de potentielles cibles pour de nouvelles interventions 

thérapeutiques. Dans notre laboratoire, nous avons décrit le rôle potentiel du 

gène polypeptidique N-acétylgalactosaminyltransférase 3 (GALNT3), membre de la famille 

des GalNAc-Transférases (GalNAc-Ts) dans la tumorigenèse de CEO. Nos données ont 

démontré que la surexpression de GALNT3 contribue à la dissémination du CEO, via une 

O-glycosylation de type mucine  aberrante. Dans ce chapitre, nous décrivons l’utilisation 

d’une approche en protéomique visant à mieux caractériser le rôle de GALNT3 dans la O-

glycosylation aberrante de type mucine dans les cellules du CEO. Nous avons utilisé la 

plateforme "mass-independent glycoproteomics ”, IsoTaG, afin d’identifier les 

glycopeptides intacts à partir de l’ensemble du glycoprotéome de la cellule. Les protéines 

candidates ont par la suite été identifiées en utilisant la banque de protéome humain Swiss-

Prot, et les données ont montré l’implication de quelques centaines de gènes reliés au 

métabolisme cellulaire.  

Les résultats ont été obtenus après application de “bioorthogonal chemical reporter 

strategy” pour l’analyse de l’expression des gycoprotéines dans un modèle cellulaire du 

CEO. Les cellules A2780s étaient déplétées en GALNT3 (GALNT3 KD A2780s). L’analyse 

par spectrométrie de masse LC-MS/MS a pu identifier plusieurs protéines différemment 

exprimées entre les cellules contrôles et les cellules GALNT3 KD A2780s. Cette étude a 

permis de découvrir de nouvelles glycoprotéines représentant de nouvelles cibles 

pharmacologiques pour le traitement du CEO. 
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2.3 Abstract 

Epithelial ovarian cancer (EOC) is a disease responsible for more deaths among women in 

the Western world than all other gynecologic malignancies. There is urgent need for new 

therapeutic targets and a better understanding of EOC initiation and progression. We have 

previously identified the polypeptide N-acetylgalactosaminyltransferase 3 (GALNT3) gene, 

a member of the GalNAc-transferases (GalNAc-Ts) gene family, as hypomethylated and 

overexpressed in high-grade serous EOC tumors, compared to low malignant potential 

EOC tumors and normal ovarian tissues. This data also suggested for a role of GALNT3 in 

aberrant EOC glycosylation, possibly implicated in disease progression. To evaluate 

differential glycosylation in EOC caused by modulations in GALNT3 expression, we used a 

metabolic labeling strategy for enrichment and mass spectrometry-based characterization of 

glycoproteins following GALNT3 gene knockdown (KD) in A2780s EOC cells. A total of 

589 differentially expressed glycoproteins were identified upon GALNT3 KD. Most 

identified proteins were involved in mechanisms of cellular metabolic functions, post-

translational modifications, and some are implicated in EOC etiology. 

The GALNT3-dependent glycoproteins identified by this metabolic labeling approach 

support the oncogenic role of GALNT3 in EOC dissemination and may be pursued as novel 

EOC biomarkers and/or therapeutic targets. 
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2.4 Introduction 

Epithelial ovarian cancer (EOC) is a disease that is responsible for more cancer deaths 

among women in the Western world than all other gynecologic malignancies [1]. EOC 

lethality primarily stems from the inability to detect the disease at an early, organ-confined 

stage, and the lack of effective therapies for advanced-stage (metastatic) disease. Indeed, 

despite advances in cytotoxic therapies [2, 3], only 30% of patients with advanced-stage 

EOC survive 5 years after initial diagnosis [1]. Thus, management of metastatic disease is a 

crucial problem for EOC treatment. One way to resolve this problem is to target metastasis-

specific pathways with novel therapies. Hence, focused identification of novel pro-

metastatic EOC pathways and molecules could improve the chances of discovering new 

and more effective EOC therapies. 

Protein glycosylation is a highly heterogeneous and ubiquitous post-translational 

modification (PTM) representing glycan structures attached at asparagine (N-linked) or 

serine or threonine (O-linked) side chains [4]. Analysis of the SWISS-PROT database 

predicted that more than 50% of all proteins are glycosylated [5]. Glycoproteins are 

involved in many biological functions, such as intercellular communication [6], 

intracellular signaling [7] and protein stability [8]. Glycosylation changes characterized in 

cancer cells follow a variety of forms, as glycan alterations can be associated with loss or 

gain of expression, depending on the cell type and the specific glycan’s structure [9]. 

Aberrant glycosylation in cancer cells could affect certain ligand-receptor interactions and 

more importantly, could favor cancer cell proliferation, migration and invasion/metastasis 

[4, 10]. Some of the most extensively examined mechanisms of aberrant glycosylation in 

cancer represent the alterations observed in the expression of glycotransferases, which are 

the enzymes responsible for the biosynthesis of glycoprotein and glycolipid sugar chains 

[11]. These enzymes are located in the endoplasmic reticulum and the Golgi apparatus [5]. 

Multiple studies have investigated the expression profiles of glycotransferases in different 

cancer types [11-14], and showed that oncogenic transformations of these enzymes are 

essentially regulated at their transcriptional level, thus emphasizing the importance of 

analyzing the glycotransferases expression patterns as inducers/markers for tumor 

progression and disease prognosis [12].   
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We have previously identified the polypeptide N-acetylgalactosaminyltransferase 3 

(GALNT3) gene, a member of the GalNAc-transferases (GalNAc-Ts) gene family, as 

hypomethylated and overexpressed in high-grade serous EOC tumors, compared to low-

malignant potential EOC tumors and normal ovarian tissues, as GALNT3 expression was 

functionally related to EOC progression [14]. Moreover, a short hairpin RNA- (shRNA)-

mediated GALNT3 knockdown (KD) in the EOC cell line A2780s was associated with 

reduced mucin-1 (MUC1) protein expression, probably related to destabilization of the 

MUC1 protein due to lack of GALNT3 glycosylation activity [14]. Taken together, our data 

are indicative of a strong oncogenic potential of the GALNT3 gene in advanced EOC, and 

suggest that GALNT3 overexpression may contribute to EOC dissemination through 

aberrant mucin O-glycosylation. Studying the role of individual GalNAc-T isoforms has 

been difficult in the past due to the small number of identified glycoproteins. O-

Glycosylation directed by distinct GalNAc-Ts has been demonstrated to emerge as an 

important regulator of protein function [15], and thus a better understanding of the O-

glycoproteome is vital for advancing our knowledge on the large GalNAc-T gene family 

and their role during cell differentiation and malignant progression.  

In the present study, we performed a glycoproteomic analysis aimed to characterize 

GALNT3-dependent glycoprotein expression in EOC and its role in disease progression. 

Our methodological approach included the application of a bioorthogonal chemical reporter 

strategy for probing glycans [16, 17]. The method is implemented by metabolical labeling 

of glycoproteins with a monosaccharide precursor attached to a functional azido group [18]. 

This approach allows the labeling of glycans bearing azido sugars followed by selective 

capture from cell lysates [18]. Following metabolic labeling of GALNT3-KD and control 

A2780s EOC cells with a peracetylated azido GalNAc analog (peraceetylated N-

azidoacetylgalactosamine, Ac4GalNAz), glycoproteomics was performed by mass 

spectrometry (MS) analysis of enriched glycoproteins, to better understand the molecular 

mechanisms of GALNT3 in EOC dissemination.  

We show herein that GALNT3 KD in A2780s cells was associated with the down-regulation 

of glycoproteins having significant functions in cancer progression including PTMs, cell 

adhesion and proliferation, regulation of protein transport, cholesterol biosynthesis, cellular 

metabolism, as well as with alterations of some cancer-related signaling pathways, 
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including the TGF-β, MAPK and NF-kappa-B pathways. Our glycoproteomic analysis led 

to the identification of novel glycoproteins potentially relevant to EOC etiology and 

confirmed our previous data of the oncogenic role of GALNT3 in EOC dissemination. 
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2.5 Materials and methods 

2.5.1 Cell culture 

The GALNT3 KD and control A2780s clones used in this study were previously generated, 

as described [14]. Briefly, a shRNA targeting the GALNT3 sequence 5’-

TACTGCTGAAGGAAATCAT-3’ was designed using the siRNA Ambion Target Finder 

software (http://www.ambion.com/techlib/misc/siRNA_finder.html), and subcloned into 

the pSilencer 4.1 puro vector (Ambion). A2780s cells were stably transfected with this 

construct and clones were isolated as previously shown [14]. In addition, A2780s cells were 

mock-transfected with the pSilencer 4.1 puro vector, and the stably-transfected clones were 

isolated and used as controls. 

2.5.2 Metabolite labeling and protein enrichment 

Four cell culture dishes (150 mm) were seeded with 100 uM Ac4GalNAz metabolite. 

Another four cell culture dishes (150 mm) were seeded with 100 uM Ac4GalNAc as a 

control. Cell suspensions of control and GALNT3 KD cells (2 × 105 cells/ml) were added to 

each tissue culture plate in Media 1 (RPMI 1640 media containing 10% FBS, 1% 

penicillin-streptomycin and 1 µg/ml puromycin). The cell culture dishes were incubated for 

48 h at 37°C in a humidified 5% CO2 incubator. Following incubation, the cell culture 

plates were washed with PBS; then Media 2 (RPMI 1640 media containing 1% penicillin- 

streptomycin and 1 µg/ml puromycin) was added to the aspirated plates. The cell culture 

dishes were incubated for an additional 48 h at 37°C in a humidified 5% CO2 incubator. 

Media and cell lysates were harvested and concentrated as described previously [19, 20]. 

Briefly, to obtain the “conditioned media fraction”, media from all conditions were 

harvested, cleared by centrifugation and spin concentrated (using Amicon, 15-ml 10-kDa 

spin filters) to a final volume of 1 ml. The concentrated residue was washed with PBS and 

transferred to an Eppendorf microcentrifuge tube. To obtain the “soluble” and “insoluble” 

fractions, adherent cells were washed with PBS and trypsinized for 5 min at 37 °C. Cells 

were harvested, centrifuged (300g, 3 min), and washed with PBS. Cell pellets were 

resuspended in lysis buffer (2 ml: 10 mM HEPES, pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 
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0.5% Triton X-100, 1× protease inhibitors, 1 µM thiamet G), swelled for 5 min on ice, and 

disrupted by Dounce homogenization using a tight glass hand pestle (20-30 strokes) as 

described previously [19, 20]. Insoluble material was pelleted by centrifugation (3,700g, 10 

min, at 4°C). The supernatant was collected as the “soluble fraction” while the pellet was 

kept as the “insoluble fraction.” The insoluble fraction was resuspended in 1% 

RapiGest/PBS and briefly sonicated. The conditioned medium and soluble fractions were 

adjusted to 1% RapiGest/PBS as described before [19, 20]. Protein concentration from the 

three fractions was measured by bicinchonic acid assay (Pierce). Western blots were 

performed as described in [13]. Affinity purification via copper-catalyzed azide-alkyne 

cycloaddition (CuAAC) with a biotin–alkyne probe was next performed as previously 

shown ([19, 20]; see also [13]). Briefly, following CuAAC, protein aliquots were 

precipitated and solubilized. Streptavidin-agarose resin was added, and the resulting 

mixture was incubated for 12 h at 24°C with rotation. Beads were pelleted by 

centrifugation, and the supernatant containing uncaptured proteins was separated as 

described in [13]. The beads were then washed, reduced and alkylated, followed by on-bead 

trypsin digestion as shown in [13]. 

2.5.3 Mass spectrometry 

Peptides resulting from trypsin digestion were resuspended in 15 µl of acetonitrile 2%, 

trifluoroacetic acid 0.05%, and 1 µl of each sample was analyzed by nanoLC/MS/MS. 

Peptides were injected and separated by online reversed-phase (RP) nanoscale capillary 

liquid chromatography (nanoLC) and analyzed by electrospray mass spectrometry (ESI 

MS/MS). The experiments were performed with a Dionex UltiMate 3000 nanoRSLC 

chromatography system (Thermo Fisher Scientific/Dionex Softron GmbH, Germering, 

Germany) connected to an Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific, 

San Jose, CA, USA) equipped with a nanoelectrospray ion source. Peptides were trapped at 

20 µl/min in loading solvent (2% acetonitrile, 0.05% trifluoroacetic acid) on a 5 mm x 300 

um C18 pepmap cartridge pre-column (Thermo Fisher Scientific / Dionex Softron GmbH, 

Germering, Germany) during a 5 min period. Then, the pre-column was switched online 

with a self-made 50 cm x 75 µm internal diameter separation column packed with 

ReproSil-Pur C18-AQ 3-µm resin (Dr. Maisch HPLC GmbH, Ammerbuch-Entringen, 
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Germany) and the peptides were eluted with a linear gradient from 5-40% solvent B (A: 

0.1% formic acid, B: 80% acetonitrile, 0.1% formic acid) for 90 mins, at 300 nl/min. Mass 

spectra were acquired using a data dependent acquisition mode using Thermo XCalibur 

software version 3.0.63. Full scan mass spectra (350 to 1800 m/z) were acquired in the 

Orbitrap using an Automatic Gain Control (AGC) target of 4e5, a maximum injection time 

of 50 ms and a resolution of 120 000. Internal calibration using lock mass on the m/z 

445.12003 siloxane ion was used. Each MS scan was followed by acquisition of 

fragmentation MS spectra of the most intense ions for a total cycle time of 3 sec (top speed 

mode). The selected ions were isolated using the quadrupole analyzer in a window of 1.6 

m/z and fragmented by Higher-energy Collision-induced Dissociation (HCD) with 35% of 

collision energy. The resulting fragments were detected by the linear ion trap in rapid scan 

rate with an AGC target of 1e4 and a maximum injection time of 50 ms. Dynamic 

exclusion of previously fragmented peptides was set for a period of 20 sec and a tolerance 

of 10 ppm. 

2.5.4 Database searching and Label Free Quantification 

Spectra were searched against a human proteins database (Uniprot Complete Proteome – 

taxonomy Homo sapiens – 69165 sequences) using the Andromeda module of MaxQuant 

software v. 1.5.2.8 [11, 21], as shown in [13]. For protein validation, a maximum false 

discovery rate of 1% at peptide and protein level was used based on a target/decoy search. 

MaxQuant was also applied for Label Free Quantification (LFQ), as described in [13].  

2.5.5 Bioinformatic annotation & analysis 

O- and N-glycoprotein prediction analysis using the NetOGlyc 4.0 and the NetNGlyc 1.0 

servers was performed, as described in [13]. Gene ontology (GO) enrichment analysis was 

performed using AmiGO (http://amigo.geneontology.org), as shown in [13]. The GO term 

enrichment tool was used to determine the observed level of annotations for the set of 

proteins from our study and determine the significance in the context of all proteins 

annotated in the human proteome. 
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Functional, canonical pathway and network analyses were generated using the Ingenuity 

pathways analysis (IPA) software v7.1 (Ingenuity Systems, www.ingenuity.com). Proteins 

that met the expression ratio with a cut-off ≥ 2.0, and a p-value cut-off ≤ 0.05 for 

differential expression were considered for the analyses. Swiss-Prot accession numbers 

were inserted into the software along with corresponding comparison fold change ratios 

between our control and GALNT3 KD protein data set. The corresponding Gene ID of each 

protein accession ID was then generated using the IPA software.  
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2.6 Results 

2.6.1 Purification and LC/MS analysis of glycosylated proteins 

from control and GALNT3 KD A2780s cells 

In order to analyze the differential expression of mucin-type glycoproteins upon GALNT3 

KD in EOC cells, control and GALNT3 KD A2780s cells were separately labeled with 

Ac4GalNAz or tetraacetylated N-acetylgalactosamine (Ac4GalNAc, negative control) (See 

Figure 2.7). Ac4GalNAz is intracellularly deacetylated and used to incorporate N-

azidoacetylgalactosamine (GalNAz) to tag mucin type O-linked glycans [5]. It has been 

demonstrated that GalNAz is transformed to UDP-GalNAz in vitro and in vivo, enabling 

the labeling for proteins with O-linked glycans [5]. The labeled control and GALNT3 KD 

A2780s cells were then subjected to subcellular fractionation to obtain the three fractions 

(conditioned media fraction, soluble fraction and insoluble fraction) followed by 

glycoprotein enrichment (see Figure 2.7). Incorporation of azido-sugar into glycoproteins 

from all three fractions was examined by Western blot analysis of the collected lysates. 

Anti-biotin signal was checked before affinity-capture (Load) and after affinity-capture on 

the fraction not bound to the beads (Supernatant), as well as on the fractions that included 

the bead after washing (Capture) from all there fractions collected from both the control 

and GALNT3 KD A2780s EOC cells (see Figure 2.8). Glycoproteins from the conditioned 

media fraction incubated with Ac4GalNAz showed a strong robust labeling, whereas 

labeling in the soluble and insoluble fractions were not as efficient, as evidenced in lane C 

in both control and GALNT3 KD blots (see Figure 2.8). Trypsin digestion was then 

performed and the released peptides were analyzed by LC-MS/MS mass spectrometry. The 

analysis of the three subcellular fractions from the control and GALNT3 KD A2780s cells 

cultured with Ac4GalNAz lead to the identification of a total of 5111 proteins by searching 

the data against the UniProt Complete Proteome Human database. Subtraction of proteins 

found in the Ac4GalNAc fraction, identified a total of 2120 proteins in the Ac4GalNAz 

treated samples. Prediction analysis of the 2120 proteins dataset using the NetOGlyc 4.0 

server indicated that the majority of these proteins (1870 proteins, representing ~88%) 

could be O-glycosylated (Figure 2.1A). Moreover, we examined if our list of 2120 proteins 
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also contain N-glycosylation prediction sites; for that we used the NetNGlyc 1.0 server, and 

interestingly 1576 (~74%) of the annotated proteins were predicted to be N-glycosylated 

(Figure 2.1A). Comparison of our list of annotated glycoproteins to previously published 

assigned glycopeptides from key references [19, 22-31], focused on isolating and/or 

sequencing a profound number of glycoproteins, indicated that 638 (~30%) of the 2120 

proteins identified in our study have been formerly characterized as glycoproteins (Figure 

2.1B), while the remaining proteins have not been previously known to be glycosylated, 

suggesting that many more glycoproteins, and particularly O-glycoproteins, remain to be 

discovered. 

2.6.2 Comparative proteomic analysis of differentially regulated 

glycoproteins identified between control and GALNT3 KD 

A2780s EOC cells. 

We further examined the differential regulation of glycoproteins upon GALNT3 KD in 

EOC cells, based on our identified set of 2120 proteins. Metabolic labeling and high mass 

accuracy MS were applied to retrieve a maximum level of proteomic data. We investigated 

the three subcellular fractions by quantitative proteomics using MaxQuant software and 

Andromeda search engine (included in MaxQuant) [11, 32]. Proteins were considered as 

differentially expressed between control and GALNT3 KD A2780s cells if they met the 

following criteria: Welch test p-value ≤ 0.05 and fold change in relative expression of ≥ 2. 

Based on these stringent selection criteria, we found a total of 275 glycoproteins to be up-

regulated and 314 glycoproteins to be down-regulated following GALNT3 KD in A2780s 

cells. These criteria were similar to those described in the literature on the use of label-free 

quantification methods to define biological regulation evaluated at the proteome level [33-

36]. Alternative statistical analysis applying z-score statistics (as described in [34]) gave 

almost identical results with 95% overlap of the data obtained with the previous analysis. 

Thus, data obtained with the initial selection criteria (Welch test p-value ≤ 0.05 and fold 

change ≥ 2), were used for all consecutive analyses (see section 2.4 for a more detailed 

description of the statistical tests performed on the datasets). Following these analyses, a 

quantifiable difference between control A2780s and GALNT3 KD cells was found for 327, 
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118, and 144 proteins in the conditioned media, the soluble and the insoluble fractions, 

respectively. In the conditioned media fraction, 104 of the identified proteins were up-

regulated and 223 were down-regulated. In the soluble fraction comparison, 63 of the 

identified proteins were up-regulated and 55 were down-regulated. In the insoluble fraction 

comparison, 108 of the identified proteins were up-regulated and 36 were down-regulated. 

Volcano plots -log10 (p-value) vs. log2 (fold change of GALNT3 KD/Control) were also 

constructed to graphically display the quantitative data from each of the three fractions 

(Figure 2.8A-C).  

2.6.3 Cellular classification of differentially regulated proteins 

identified between control and GALNT3 KD A2780s EOC cells 

Cellular component GO analysis of the differentially regulated glycoproteins identified 

between the control and GALNT3 KD A2780s cells was performed on each of the identified 

fractions (conditioned media fraction, cytosolic fraction and nuclear fraction), and data 

were compared to the entire human proteome using the GO Consortium for enrichment 

analysis [12]. Analysis from the conditioned media fraction showed a clear 

overrepresentation in membrane type and extracellular, as well as organelle compartment 

proteins (Figure 2.3; also see Figure 3.3). Interestingly, cytoplasmic and ER proteins were 

also clearly represented in this fraction (Figure 2.3; also see Figure 3.3). O-glycosylation of 

ER type proteins has not been extensively examined, as our metabolic labeling approach 

has revealed a strong overrepresentation of glycoproteins in the ER organelle. In contrast, 

in addition to membrane-bound organelle proteins, proteins localized to the intracellular, 

organelle and cytoplasm compartments were significantly enriched in the soluble fraction 

(Figure 2.3; also see Figure 3.3). Finally, protein localization analysis from the insoluble 

fraction indicated enrichment in intracellular and organelle compartments, as expected 

(Figure 2.3; also see Figure 3.3). These observations indicate that GALNT3 KD was 

predominantly and significantly associated with glycoproteins alterations in the membrane, 

cytoplasmic and secreted/extracellular space compartments (Figure 2.3; also see Figure 

3.3). Western blot assays confirmed the enrichment of the glycoproteins in the conditioned 

media fraction (see Figure 2.8). Overall our data indicate that most of the labeled 
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glycoproteins arising from the Ac4GalNAz treatment maybe of the O-GalNAz-type, as 

judged by the relative enrichment of membrane glycoproteins in the conditioned media 

fraction (Figure 2.3; also see Figure 3.3). 

2.6.4 Pathways and network analyses following GALNT3 gene 

KD in EOC cells 

The functional and canonical pathway and network analyses of differentially expressed 

glycoproteins identified upon GALNT3 KD in A2780s cells were explored using the IPA 

software. Here, the 589 identified up- and down-regulated glycoproteins were uploaded in 

IPA and their matched gene symbols were used for consecutive analyses.  

We illustrated the functional changes induced upon KD of the GALNT3 gene by separately 

comparing the functional categories that were up- and down-regulated in the three studied 

fractions (conditioned media, soluble and insoluble fractions). The top 15 most 

significantly perturbed up- and down-regulated molecular and cellular functions are 

presented in Figure 2.4. As seen from Figure 2.4A, the major up-regulated functional 

categories were related to essential cellular mechanisms including molecular transport, 

small molecule biochemistry, cell-to-cell signaling and interaction, cellular assembly and 

organization, cellular function and maintenance, cellular development, cellular movement, 

cell morphology, cellular compromise, protein trafficking, while notably, PTM-related 

pathways were found to be both induced and suppressed (Figure 2.4A and 2.4B). Down-

regulated functional pathways were mostly implicated in energy production and 

metabolism (including nucleic acid, lipid, amino acid and carbohydrate metabolism), and 

protein synthesis (Figure 2.4B). 

IPA canonical pathway analysis supported these findings, as the top 18 up-regulated 

canonical pathways were mostly related to sphingosine 1-phosphate signaling, epithelial 

adherens junction signaling, ILK signaling, integrin signaling, ovarian cancer signaling, p38 

MAPK signaling and AMPK signaling (Figure 2.5A), while the top 18 down-regulated 

canonical pathways were associated with mitochondrial dysfunction, oxidative 

phosphorylation, cholesterol biosynthesis, leucine degradation, isoleucine degradation, 
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valine degradation, autophagy, and UDP-N-acetyl-D-galactosamine biosynthesis I (Figure 

2.5B).  

Network analyses confirmed the major functionally related gene groups that were found to 

be differentially expressed in the GALNT3 KD clone compared to the control A2780s cells 

from the three fractions examined. We identified 25 highly significant networks with score 

≥ 13. The five top-scoring networks were associated with functions linked to PTM, 

cardiovascular disease, inflammatory disease, lipid metabolism, embryonic development, 

cell morphology, and cellular assembly and organization (Table 2.1). A common network 

obtained upon merging the five top-scoring networks (Figure 2.6) recognized several 

important nodes linked with numerous interaction partners, including transforming growth 

factor beta (TGF-β1), mitogen-activated protein kinases (MAPK), phosphoinositide 3-

kinase complex (PI3K), sphingomyelin phosphodiesterase 1 (SMPD1), tubulin beta 3 

(TUBB3), magnesium superoxide dismutase (SOD2), mitochondrial folate-coupled 

dehydrogenase (MTHFD2), autophagy protein 5 (ATG5), microtubule-associated protein 

1B (MAP1B), dolichyl-diphosphooligosaccharide-protein glycosyltransferase (DDOST), 

dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit STT3B (STT3B), 

in addition to several prominent cancer-related genes stemming from the nuclear factor 

kappa-light-chain-enhancer of activated B complex (NF-Kappa B) such as metadherin 

(MTDH), annexin A4 (ANXA4), and ribonucleotide reductase M2 (RRMP2). 
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2.7 Discussion 

Aberrant glycosylation has been previously described and investigated in EOC (reviewed in 

[37]). Thus, a number of studies suggest the involvement of N-glycosylation in EOC 

spreading and metastasis. By using a quantitative glycoproteomic analysis, Tian et al. 

(2011) have demonstrated that different N-linked glycoproteins are associated with/could 

represent biomarkers for the specific EOC subtypes, including high grade and low grade 

serous, mucinous, high grade and low grade endometrioid, clear-cell, transitional-cell, 

squamous-cell, mixed and undifferentiated subtypes, as some N-glycoproteins are 

exclusively expressed in normal ovaries [38]. It was also shown that the N-glycan-

dependent mesothelin-MUC16 binding facilitates EOC peritoneal dissemination [39]. Two 

recent studies have described metastasis-related N-glycan alterations in EOC secretomes in 

vitro [40, 41], as definite N-glycan substructures and their complexes were found to be 

associated with specific epigenetic programming of synthetic enzymes in EOC [41]. 

Moreover, specific sialylated N-glycoproteins were exclusively identified in biological 

fluids from EOC patients [42]. Aberrant N-glycosylation has been also involved in EOC 

chemoresistance, as N-glycosylation inhibitors were shown to markedly reduce multidrug 

resistance [43]. 

Aberrant O-linked (mucin-type) glycosylation has been less extensively studied and is 

poorly defined in EOC. Several studies have demonstrated that MUC1 is overexpressed and 

aberrantly O-glycosylated in most ovarian adenocarcinomas [44], including primary and 

metastatic EOC tumors [45]. The major structural difference observed in tumor-associated 

MUC1, when compared to its normal counterpart, is that tumor-associated MUC1 contains 

shorter and less dense O-glycan chains, thus exposing more regions of the MUC1 protein 

core [46]. This feature of the tumor-associated MUC1 makes it a more accessible EOC 

therapeutic target, and thus delineate novel approaches for more effective EOC therapy. To 

date, 20 GalNAc-Ts have been identified that are responsible for the initiation of mucin 

type O-glycosylation. The differential glycosylation of mucins in cancer is caused by the 

dysregulation of the glycosylation machinery that include expression alterations of specific 

glycotransferases, including GalNAc-Ts, which consecutively leads to the formation of 

aberrant glycan structures implicated in cancer growth and metastasis.  
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Alterations of the expression of the large family of 20 GalNAc-Ts have been investigated 

using RNA interference approaches including small interfering RNA (siRNA), and shRNA 

in a number of cancers (reviewed in [37, 47]), which reinforces the conviction that 

GalNAc-Ts may play essential roles in the mechanisms leading to tumor dissemination and 

disease progression.  Indeed, a direct correlation has been revealed between elevated 

expression of GALNT6 in breast cancer cells and increased glycosylation and surface 

expression of MUC1 [48]. It has been also shown that GALNT14 contributes to the aberrant 

glycosylation and overexpression of MUC13 in EOC cells, suggesting a role of GALNT14 

in EOC carcinogenesis [49]. We have previously demonstrated that GALNT3 KD is 

associated with increased adhesion and decreased MUC1 stability in EOC cells, suggesting 

for GALNT3 involvement in EOC progression via aberrant MUC1 glycosylation [14]. 

Overall, these data provide evidence that altered expression of different members of the 

GalNAc-Ts gene family can contribute to aberrant O-glycosylation associated with tumor 

progression and dissemination, also emphasizing the potential use of these enzymes as 

cancer biomarkers and/or therapeutic targets.  

Global analysis of proteins and their modifications has been majorly dependent on mass 

spectrometry tools for sequencing N- and O-glycans from cells and tissues. Multiple factors 

have contributed to difficulties in specifically performing O-glycoprotein analysis and have 

thus complicated the advancement in determining and understanding the functions of O-

glycosylation in normal or disease conditions. More recently, advances in mass-

spectrometry have overcome some of the challenges accompanied with the complexity of 

glycosylation, including enrichment protocols aimed at labeling O-linked glycosylation. 

Thus, extensive research has introduced some enrichment methods including lectin affinity 

chromatography, which has been used for specifically analyzing O-GlcNAc and O-GalNAc 

type glycoproteins [33, 50], while other approaches have been developed towards a more 

targeted O-glycan selection including Vicia villosa agglutinin (VVA) enrichment for O-

glycans combined with serial lectin chromatography methods [34].  

In this study, we have characterized the role of the GALNT3 enzyme in aberrant O-

glycosylation of mucin-like targets in EOC cells using a bioorthogonal chemical reporter 

strategy that involves metabolic labeling of glycans with a monosaccharide precursor 

(Ac4GalNAz) carrying a bioorthogonal azido group, which allows a linker attachment to 
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glycoproteins (including mucin-type O-linked glycoproteins) for consecutive labeling and 

isolation/purification ([36]; also see Figure 2.7). To the best of our knowledge, this is the 

first study that has used metabolic labeling to identify the impact of a GalNAc-T inhibition 

on altering the glycoproteins pattern in an EOC cell line. Moreover, the approach used 

allowed us to identify numerous novel glycoproteins differentially regulated in EOC cells. 

To date, only limited numbers of glycoproteins have been characterized, which reflects the 

low percentage of glycoprotein entries annotated in SWISS-PROT [5]. This fact is mainly 

due to difficulties in performing experimental determination of glycosylation sites [5]. 

Here, we used the NetOGlyc 4.0 server, which is a developed glycosylation site prediction 

method for O-glycosylation [51]. Our prediction analysis estimated that more than 88% of 

the identified proteins may be O-glycosylated (Figure 2.1A). In addition to performing 

NetOGlyc type analysis, we further compared our list of annotated proteins to previously 

published studies [19, 22-31] (Figure 2.1B), and results indicated that more than 30% of the 

identified proteins are O-glycosylated (Figure 2.1B). Together, our comparative analyses 

suggest that the O-glycoproteome is much larger than previously predicted, and a more 

extensive examination may reveal more interesting numbers of glycosylated proteins, than 

those currently found in SWISS-PROT.  

Additionally, using cellular fractionation, glycoprotein enrichment and high-resolution 

LC/MS-based quantitative proteomics, we quantified over 2000 proteins. Among these 

proteins, we found several hundreds to be differentially expressed (≥ 2 fold, p-value ≤ 0.05) 

between the control and GALNT3 KD A2780s EOC cells (Figure 2.2). GO cellular 

component classifications revealed that these differentially regulated proteins were 

predominantly mapped to membrane, extracellular, and cytoplasmic and intracellular 

organelle compartments (Figure 2.3; also see Figure 3.3). More interestingly, we observed a 

relative enrichment in proteins identified in the ER compartment, and recent evidence 

suggests that the GalNAc-Ts can relocate to the ER, indicating a possible role of the 

GalNAc-Ts in protein O-glycosylation of ER proteins [52].  

It has been previously demonstrated that Ac4GalNAz treatment of human cells results in 

the metabolic labeling of mucin-type glycoproteins, in addition to the labeling of 

extracellular N-glycan and intracellular O-GlcNAcylated proteins [19, 20, 50, 53]. The 

biosynthesis of both UDP- GalNAz and GlcNAz from Ac4GalNAz is conducted by the 
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mammalian enzyme GALE, which interconverts UDP-N-acetylglucosamine (UDP-

GlcNAc) and its C4 epimer, UDP-N-acetylgalactosamine (UDP-GalNAc) [18]. UDP-

GalNAc is the common substrate of the GalNAc-Ts, which is derived primarily from UDP-

GlcNAc via GALE and alternatively, UDP-GalNAc can be generated from GalNAc by the 

action of GalNAc 1-kinase and UDP-GalNAc pyrophosphorylase, representing enzymes of 

the salvage pathway [47]. Thus, metabolic labeling with Ac4GalNAz results in 

heterogeneous labeling of nuclear and cytoplasmic proteins, in addition to membrane-

bound mucin-type glycoproteins; such a robust labeling by Ac4GalNAz can allow for a 

better comprehensive measurement of the GalNAc-Ts activities on diverse aspects of 

cellular functions, and especially in human diseases such as cancer. GO and Western blot 

analysis were indicative that in both control and GALNT3 KD cells, the majority of the 

Ac4GalNAz labeling occurred in the conditioned media fraction, as compared to lower 

labeling in the soluble and insoluble fractions (Figure 2.3; also see Figure 2.8, and Figure 

2.9). This data indicates that EOC cells may have an inactive or defective GALE activity, as 

GALE deficiency has been reported to decrease the production of UDP-GalNAc from UDP-

GlcNAc, which in turn affects glycolipid and glycoprotein biosynthesis [54]. Moreover, 

IPA pathway analyses illustrated that the GALE enzyme is significantly down-regulated in 

the GALNT3 KD cells, suggesting that GALE activity has been additionally perturbed by 

GALNT3 KD in A2780s EOC cells. Collectively, our data are indicative for GALNT3-

mediated modulation of GALE expression in EOC, possibly associated with alterations in 

the GALE glycosylation pattern. 

The IPA functional pathway analyses of our proteomics data have revealed that the 

GALNT3 gene suppression resulted in reduced expression of essential pathways related to 

lipid, carbohydrate and amino acid metabolism, also demonstrating that changes in 

glycogen metabolism can provoke crucial alterations in various EOC metabolic pathways 

(Figure 2.4B). This was further confirmed by IPA canonical pathway analyses (Figure 2.5), 

as the top 5 canonical pathways (PTM, cardiovascular and inflammatory disease, lipid 

metabolism, embryonic development and cell morphology, and cellular assembly) were 

significantly perturbed upon GALNT3 KD (Table 2.1). Our data also support others’ 

findings for the implications of members of the GalNAc-Ts gene family in controlling 

cellular metabolism. Indeed, a role of GALNT2 in controlling lipid metabolism was 
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postulated, as GALNT2 was functionally associated with the glycosylation of high-density 

lipoprotein cholesterol and/or triglycerides [55]. Interestingly, the canonical pathway 

associated with degradation of the branched-chain amino acids (BCAAs) leucine, 

isoleucine and valine was found to be among the significantly suppressed canonical 

pathways following GALNT3 KD (Figure 2.5B). BCAAs degradation is regulated by the 

BCAT1 and BCAT2 enzymes [34]. We have recently shown that the suppression of the 

BCAT1 gene in EOC cells resulted in the down-regulation of numerous genes implicated in 

lipid production and protein synthesis, suggesting its important role in controlling EOC 

metabolism [56]. Our data suggest a similar effect imposed by the suppression of the 

GALNT3 gene. 

Additionally, GALNT3 KD was associated with the down-regulation of the metabolism 

related gene nodes SOD2 and MTHFD2 (Figure 2.6), previously shown to be overexpressed 

in different cancer types, including EOC [33, 57]. SOD2 encodes the enzyme manganese 

superoxide dismutase (MnSOD), which is a mitochondrial enzyme responsible for the 

reduction of free radicals and thus acts by protecting cells from oxidative stress, and SOD2 

over-expression was demonstrated to be involved in EOC development [33]. MTHFD2 

represents an enzyme of the mitochondrial metabolic pathway implicated in cancer cell 

proliferation, as MTHFD2 has displayed strong overexpression in different tumors 

including EOC tumors [57]. Our findings suggest that metabolic pathways regulated via 

genes of the oxidative stress and/or mitochondrial enzymes might be controlled by PTMs 

such as glycosylation. GALNT3 KD also resulted in the upregulation of the SMPD1 gene 

node. SMPD1 represents an acid sphingomyelinase, responsible for the hydrolysis of 

sphingomyelin to phosphorylchole ceramide, and the increase in ceramide production leads 

to cell death showing a link between ceramide expression and EOC [58]. SMPD1 

expression correlates with enhanced cell death in GALNT3 KD cells compared to their 

corresponding controls [14].  

Moreover, two oligosaccharyltransferases (OST) were found to be down-regulated upon 

GALNT3 KD. The main function of OSTs is the transfer of lipid-linked oligosaccharides to 

selected asparagine residues within the consensus sequence Asn-Xaa-Ser/Thr on nascent 

polypeptides [59]. OST mediated glycosylation is shared between N- and O-glycosylation 

pathways [60]. The OST subunits examined from our network analysis include DDOST 
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and STT3B (Figure 2.6), which were significantly down-regulated upon GALNT3 KD in 

EOC cells. 

Network analysis also demonstrated that GALNT3 KD directs the down-regulation of 

several major gene nodes and corresponding pathways previously shown to be associated 

with EOC etiology, including TGF-β, MAPK, and NF-kappa-B (Figure 2.6). Accordingly, 

some members of the NF-kappa-B pathway (MTDH, ANXA4 and RRM2; see Figure 2.6) 

were found to be significantly suppressed in GALNT3 KD EOC cells. MTDH (also known 

as AEG1) was repeatedly shown to be implicated in EOC dissemination and 

chemoresistance [61-63] and has been recognized as an independent prognostic biomarker 

for metastatic EOC tumors [64]. ANXA4 is up-regulated in EOC, and is being used as 

molecular marker to distinguish the different EOC subtypes [65]. Similarly, RRM2 was 

shown to be over-expressed in EOC patients with advanced disease [66], and was recently 

identified as a potential target for pro-senescence EOC therapy [67]. Moreover, several 

gene nodes, implicated in EOC chemoresistance (including TUBB3, MAP1B and ATG5; see 

Figure 2.6), displayed a significant decrease upon GALNT3 KD. Indeed, augmented 

expression of TUBB3 and MAP1B has been associated with worse prognosis and paclitaxel 

resistance in EOC patients [68, 69]. Also, knockdown of autophagy-related ATG5 gene was 

shown to increase cisplatin-induced growth inhibition by enhancing cisplatin-induced 

apoptosis in EOC [70].  

Finally, the lipid kinases PI3K complex, known to be highly activated in human cancers 

[71], was up-regulated upon GALNT3 KD. The PI3K complex controls multiple cellular 

signaling pathways that play key regulatory roles in cell survival, differentiation, and 

proliferation [71, 72]. Interestingly, recent reports have shown that alterations in protein 

glycosylation can be implicated in the activation of multiple oncogenic signaling pathways 

including the PI3K pathway in different cancer types [71]. These glycosylation alterations 

are usually caused by a premature stop in proteins O-glycosylation due to sialylation, 

mediated by the cancer-associated sialyl-Tn antigen. Notably, it has been shown that in 

cancer, the enhanced expression of sialyltransferases is often associated with shorter O-

GalNAc glycan structures [5]. Another gene node B4GALT1, known as an oncogene, was 

also found to be up-regulated following GALNT3 KD. B4GALT1 synthesizes Galβ1-

4GlcNAc (N-acetyllactosamine) by transferring galactose from UDP-Gal to an acceptor 
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sugar molecule, and thus represents a key enzyme in glycobiology [73]. Several studies 

have reported B4GALT1 to play an essential role in the EOC dissemination [74, 75]. The 

observed up-regulations of the PI3K complex and the B4GALT1 gene may be due to the 

frequently observed redundancy associated with overlapping functions of other GalNAc-Ts 

enzymes [76], partially compensating for the KD of GALNT3 in EOC cells.  

 

Conclusions 
In this study, we performed a quantitative proteomic analysis of the GalNAz-metabolically 

labeled proteins in both control and GALNT3 KD A2780s cells. The use of the azido analog 

GalNAz for metabolic labeling and enrichment of glycoproteins in control and GALNT3 

KD A2780s cells, coupled with MS analysis, has allowed us to more quantitatively 

characterize the role of the GALNT3 enzyme in aberrant glycosylation of mucin-like targets 

in EOC cells and better understand the role of this transferase in EOC dissemination. This 

study has led to the identification of novel glycoproteins expressed in EOC and more 

importantly, sets of glycoproteins whose expression is altered by GALNT3 KD, indicative 

for a potential role of GALNT3 in modulating PTMs and metabolism pathways in EOC 

cells, which could significantly impact disease development. However, we do not exclude 

that certain compensatory changes may occur upon GALNT3 KD due to some level of 

redundancy amongst the family of 20 GalNAc-Ts. Further studies focused on these genes 

may provide valuable insights into the pathophysiological roles of the GalNAc-T enzymes 

in EOC. Consecutive analyses should also include validation of these data in EOC tumor 

sets displaying high or low GALNT3 expression. 

Furthermore, changes in glycosylation patterns in cancer are associated not only with 

differential expression of glycoproteins [77], but also with alterations in their glycan 

structures [78], as a common feature of tumors is the overexpression of truncated O-

glycans. We anticipate further expansion of our analyses by the application of targeted O-

glycoproteomic strategies that do not reduce O-glycan structures, so that information about 

the site and glycan structures can be studied simultaneously [19, 20]. The application of 

such an innovative approach could allow for a better comprehension of the role of the 

GALNT3 enzyme and other members of the GalNAc-T isoforms in aberrant EOC 

glycosylation, associated with disease dissemination.  
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2.10 Figure and table legends 

Figure 2.1. Glycoprotein predictions. A. Comparative analysis of O-glycoprotein and N-

glycoprotein predictions using the NetOGlyc 4.0 and NetNGlyc 1.0 servers. B. 

Comparative analysis of the proteins identified in our study to glycoproteins previously 

identified in the literature. 

 

Figure 2.2. Volcano plots illustrate differentially regulated proteins. The quantified 

proteins in A. Conditioned media fraction, B. Soluble fraction and C. Insoluble fraction 

were plotted on Volcano graphs – The x-axis represents the log2 (ratio) where ‘ratio’ is the 

ratio of the averages of LFQ Intensities of GALNT3 KD over control. The y-axis represents 

the -log10 (p-value) where ‘p-value’ is the p-value associated to the statistical Welch test 

applied on the three technical replicates of each GALNT3 and control samples. The non-

axial vertical dotted lines denote ±2-fold change while the non-axial horizontal line denotes 

p ≤ 0.05. The colored dots showed proteins considered as up- (red) or down- (blue) 

regulated, while the non-regulated proteins are display as gray dots. 

 

Figure 2.3. Cellular component Gene Ontology analysis. Bar graphs showing the cellular 

component GO terms that are significantly over represented from the differentially 

regulated proteins in our study, compared to the entire human proteome. Data were 

submitted to the Gene Ontology Consortium for enrichment analysis. The analysis was 

performed on the differentially regulated proteins identified from each of the three 

fractions: Conditioned media fraction (red bars), Soluble fraction (green bars) and Insoluble 

fraction (purple bars) as compared to the entire human proteome (blue bars). All identified 

proteins annotated with GO cellular component terms are compared against the annotated 

human proteome. Categories were scored by a combination of percentage of enrichment 

and p-value (p ≤ 0.05). The enrichment p-values are corrected by Benjamini's methods. 

 

Figure 2.4. Functional pathway analysis. Functional pathway analysis for a dataset of 

differentially expressed glycoproteins (≥ 2-fold; as based on their matched gene symbols) 

following GALNT3 suppression in A2780s cells, as observed in the three fractions 

(conditioned media, soluble and insoluble fractions). A. Functional pathway analysis of up-
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regulated genes; B. Functional analysis of down-regulated genes. Dark blue indicates the 

conditioned media fraction functional network gene expression values, light blue indicates 

the soluble fraction functional network gene expression values; cyan blue indicates the 

insoluble fraction functional network gene expression values. The functional pathways 

included in this analysis are shown along the x-axis of the bar chart. The y-axis indicates 

the statistical significance on the left. Calculated using the right-tailed Fisher exact test, the 

p-value indicates which biologic annotations are significantly associated with the input 

molecules relative to all functionally characterized mammalian molecules. The yellow 

threshold line represents the default significance cutoff at p = 0.05. 

 

Figure 2.5. Canonical pathway analysis. Canonical pathway analysis for a dataset of 

differentially expressed genes (≥ 2-fold; as based on their matched gene symbols) following 

GALNT3 suppression in A2780s cells, as observed in the three fractions (conditioned 

media, soluble and insoluble fractions). A. Canonical pathway analysis of up-regulated 

genes; B. Canonical pathway analysis of down-regulated genes. Dark blue indicates the 

conditioned media fraction canonical network gene expression values, light blue indicates 

the soluble fraction canonical network gene expression values; cyan blue indicates the 

insoluble fraction canonical network gene expression values. The canonical pathways 

included in this analysis are shown along the x-axis of the bar chart. The y-axis indicates 

the statistical significance on the left. Calculated using the right-tailed Fisher exact test, the 

p-value indicates which biologic annotations are significantly associated with the input 

molecules relative to all functionally characterized mammalian molecules. The yellow 

threshold line represents the default significance cutoff at p = 0.05. 

 

Figure 2.6. Network analysis of dynamic gene expression in A2780s cells based on the 2-

fold glycoprotein expression list obtained following GALNT3 KD. The five top-scoring 

networks of up- and down-regulated genes were merged and are displayed graphically as 

nodes (genes/gene products) and edges (the biological relationships between the nodes). 

Intensity of the node color indicates the degree of up- (red) or down-regulation (green). 

Nodes are displayed using various shapes that represent the functional class of the gene 

product (square, cytokine, vertical oval, transmembrane receptor, rectangle, nuclear 
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receptor, diamond, enzyme, rhomboid, transporter, hexagon, translation factor, horizontal 

oval, transcription factor, circle, other). Edges are displayed with various labels that 

describe the nature of relationship between the nodes: __ binding only, → acts on. The 

length of an edge reflects the evidence supporting that node-to-node relationship, in that 

edges supported by article from literature are shorter. Dotted edges represent indirect 

interaction. 

 

Table 2.1. IPA networks identified via analysis of focus genes. Analysis of differentially 

expressed genes using IPA revealed a set of gene networks based on known interactions. 

Up-regulated genes are shown in (red) and down-regulated genes are shown in (green). 

Genes not altered in our signature are indicated in plain text. The table represents networks 

1 to 5 as illustrated in Figure 2.7. The p-values are calculated using Fisher’s exact test. 
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2.11 Tables 

 

Table 2.1. The five top-scoring genetic networks affected following glycoproteomics 
analysis of GALNT3 KD in A2780s EOC cells 

 

.
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2.12 Figures 

 

 

Figure 2.1. Glycoproteinwss predictions 
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Figure 2.2. Volcano plots illustrate differentially regulated proteins
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Figure 2.3. Cellular component Gene Ontology analys 
 



 

 

 

107 

 

Figure 2.4. Functional pathway analysis 
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Figure 2.5. Canonical pathway analysis 
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Figure 2.6. Network analysis of dynamic gene expression in A2780s cells based on the 
2-fold glycoprotein expression list obtained following GALNT3 KD   
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Chapter 2.B: Proteomic dataset for altered glycoprotein 
expression upon GALNT3 knockdown in ovarian cancer 
cells 
 

(Originally published in Data Brief, May 2016, PMID: 27331112) 

 
Specifications Table 
Subject area Biology 
More specific subject 
area 

Oncology, Proteomics 

Type of data Table, figure 
How data was 
acquired 

Mass spectrometry, Orbitrap Fusion mass spectrometer (Thermo 
Fisher Scientific, San Jose, CA, USA) 

Data format Raw, analyzed 
Experimental factors Metabolite labeling of glycoproteins from 

extracellular/membrane bound, cytoplasmic and nuclear fractions 
of ovarian cancer cells, followed by trypsin digestion and 
glycoproteomics enrichment using Click Chemistry, and 
subjected to nanoLC and analyzed by ESI MS/MS. 

Experimental features Subcellular fractionation, ESI MS/MS peptide identification, data 
analysis in MaxQuant followed by data predictions using the 
NetOGlyc 4.0 and NetNGlyc 1.0 servers, and enrichment 
analysis using GO Consortium for enrichment analysis. 

Data source location Quebec City, Canada 
Data accessibility Data is with this article 

 
Value of the data 

• The presented list of differentially regulated glycoproteins identified upon GALNT3 

KD in EOC cells could represent novel putative biomarkers/molecular targets 

involved in EOC metastasis and thus the data presented here can be a useful 

resource to examine some of these biomarkers. 

 

• The metabolic labeling approach applied in this study followed by the MS analysis 

could be a useful tool/guide for the quantification and the identification of 

glycoproteins from different cell lines. 

 

The data presented herein provide a comprehensive list of newly identified glycoproteins, 

which strongly suggests that the metabolic labelling approach applied can essentially 
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increase the magnitude of recognized glycoproteins by comparing to organism-specific 

database for a more complete level of identification. 
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2.13 Data 

The datasets provided in this article represent the entire list of identified glycoproteins after 

GalNAz metabolic labeling in both control and GALNT3 KD A2780s cells, in addition to 

the processed data identifying the quantitatively significant list of differentially regulated 

proteins between the control and GALNT3 KD cells. Data represented here also include 

comparative analysis of identified glycoproteins with previously published glycoproteins’ 

data. This was also supported by data presenting predictive analysis performed by 

investigating for possible glycosylation sites from the list of the identified proteins for 

further confirmation. Finally, data of protein enrichment analysis performed were included 

as a representation of the cellular localization of the assigned glycoproteins from our list of 

differentially regulated proteins. 
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2.14 Experimental design, Materials and Methods 

We applied a bioorthogonal chemical reporter strategy [2, 3] for analyzing differential 

glycoprotein expression following GALNT3 KD in the EOC cell line A2780s. Figure 2.7 

represents a schematic overview of the glycoproteomic workflow used. The method is 

explicitly used for metabolically labeling glycans with a monosaccharide precursor attached 

to a functional azido group [4]. Control and GALNT3 KD A2780s cells were separately 

labeled with tetraacetylated N-azidoacetylgalactosamine (Ac4GalNAz) or tetraacetylated 

N-acetylgalactosamine (Ac4GalNAc, negative control). The labeled control and GALNT3 

KD A2780s cells were then subjected to subcellular fractionation (conditioned media 

fraction, soluble fraction and insoluble fraction) followed by glycoprotein enrichment 

(Figure 2.7). A Western blot analysis was performed to examine the enrichment efficiency 

(Figure 2.8). Trypsin digestion was then performed and the released peptides were analyzed 

by LC-MS/MS mass spectrometry. For each sample labeled with Ac4GalNaz, three 

technical replicates were performed in order to get statistical values on intensity 

measurements, while single injections of Ac4GalNAc samples were done for evaluation of 

non-specific binding on streptavidin-agarose resin. 

The data displays the total number of proteins identified in the three subcellular fractions of 

the control and GALNT3 KD A2780s cells cultured with Ac4GalNAz, as well as the 

subtracted proteins, exclusively found in the Ac4GalNAc (negative control) fraction. 

Analyses of these data using the NetOGlyc 4.0 and the NetNGlyc 1.0 servers generated a 

list of proteins with predicted O- and N-glycosylation sites. Additionally, The data contains 

a list of proteins identified in our study that have been previously characterized as 

glycoproteins in the literature. 

The MaxQuant software and Andromeda search engine (included in MaxQuant) [5, 6] were 

consecutively used to generate a list of differentially regulated proteins identified in the 

three subcellular fractions of A2780s cells upon GALNT3 KD, as based on the following 

criteria: Welch test p-value ≤ 0.05 and fold change in relative expression of ≥ 2 similar to 

that applied in [7] and [8]. Cellular component Gene Ontology (GO) analysis of the 

differentially regulated glycoproteins identified between the control and GALNT3 KD 

A2780s cells was additionally performed on each of the identified fractions (conditioned 
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media fraction, cytosolic fraction and nuclear fraction), and data were compared to the 

entire human proteome using the GO Consortium for enrichment analysis (Figure 2.9). 
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2.14.1 Chemical Glycoproteomics Enrichment using Click 

Chemistry 

The first part of the platform protocol applied in this study represents a method used to 

metabolically label glycoproteins in cell culture, as described in [1]. Briefly, cells were 

separately labeled with Ac4GalNAz and Ac4GalNAc (Figure 2.7). We started by isolating 

and enriching glycoproteins from different biological fractions, including proteins secreted 

into the media (conditioned media fraction), as well as proteins enriched in the cytosolic 

and nuclear and fractions (soluble and insoluble fractions respectively), as shown in [1]. 

The next step of the protocol was the chemical glycoproteomics enrichment procedure, 

which included tagging glycoproteins with Click Chemistry (Figure 2.7). The Copper-

Catalyzed Azide-Alkyne Cycloaddition (CuAAC) enrichment was performed, as previously 

described [9, 10]. GalNAz and GalNAc labeled cell fractions were divided into aliquots, 

each containing 3 mg of protein. Click-chemistry reagents (200 µM alkynyl biotin probe, 

300 µM copper sulfate, 600 µM BTTP, and 2.5 mM sodium ascorbate) were pre-mixed and 

added, and the reaction was incubated for 3.5 h at 24°C. Proteins were precipitated, 

resuspended and then solubilized as previously described [9, 10]. Briefly, protein pellets 

were resuspended in 400 µl 1% RapiGest/PBS and solubilized by probe sonication. 

Streptavidin-agarose resin was first washed with PBS and then added to the samples, and 

the resulting mixture was incubated for 12 h at 24°C with rotation. The beads were then 

pelleted by centrifugation, and the supernatant containing uncaptured proteins was removed 

as a separate fraction (Figure 2.7). The beads were then washed with 1% Rapigest, 6 M 

urea and PBS; beads were then pelleted by centrifugation and resuspended in PBS. Samples 

were subjected to reduction and alkylation, as previously described [9, 10]. Briefly, proteins 

were reduced by the addition of 5 mM DTT followed by alkylation completed by the 

addition of 10 mM iodoacetamide. Trypsin was then added to the slurry of beads and the 

resulting mixture was incubated for 12 h at 37ºC. The beads were pelleted and the 

supernatant digest was collected (Figure 2.7). The trypsin fraction was concentrated to 

dryness using a Speedvac set to 40ºC. Samples were desalted by ZipTip P10 for subsequent 

MS analysis (Figure 2.7).  
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2.14.2 Western Blot Analysis 

Western blot analyses were performed on protein lysates collected from both the control 

and GALNT3 KD A2780s EOC cells. Whole-cell lysates labeled with 100 µM Ac4GalNAz 

were incubated with a biotinylated bioorthogonal probe. Biotinylated glycoproteins were 

enriched from the supernatant by affinity-capture with streptavidin–agarose beads. To each 

aliquot collected during the enrichment procedure, 3 µl of 4X SDS buffer was added and 

the aliquots were loaded to 5% polyacrylamide gels. Proteins were then transferred to 

nitrocellulose membranes, which were consecutively incubated with Ponceau stain (Figure 

2.8). The membranes were then blocked with 2% bovine serum albumin in Tris-buffered 

saline with 0.1% Tween-20 for 1 h at 24ºC with gentle shaking and washed 3x with PBS-

Tween. The blots were stained with streptavidin–HRP (1:1000) (Pierce, Streptavidin Poly-

HRP) overnight at 4ºC with gentle shaking. Upon washing with PBS-Tween, the 

membranes were developed using the ECL Chemiluminescent Substrate (OriGene). Figure 

2.8 shows a Western blot demonstrating the incorporation of GalNAz into glycoproteins 

from protein lysates collected from the three fractions (conditioned media fraction, soluble 

and insoluble fractions). Anti-biotin signal was checked before affinity-capture (Load) and 

after affinity-capture on the fraction not bound to the beads (Supernatant) and on the 

fractions that included the bead after washing (Capture), as performed in [9] (Figure 2.8). 

2.14.3 Database searching and Label Free Quantification 

The released glycopeptides were consecutively analyzed by reversed-phase nanoflow liquid 

chromatography coupled to a Thermo Linear Trap Quadrupole (LTQ)–Orbitrap fusion mass 

spectrometer, as described in [1] (also see Figure 2.7). Spectra were searched against a 

human proteins database (Uniprot Complete Proteome – taxonomy Homo sapiens – 69165 

sequences) using the Andromeda module of MaxQuant software v. 1.5.2.8 [6, 11]. 

Trypsin/P enzyme parameter was selected with two possible missed cleavages. 

Carbamidomethylation of cysteins was set as fixed modification, and methionine oxidation 

and acetylation of protein N-terminus were set as variable modifications, similar to that 

applied in [12]. Search mass tolerances were defined at 5 ppm and 0.6 Da for MS and 

MS/MS respectively. For protein validation, a maximum false discovery rate of 1% at 
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peptide and protein level was used based on a target/decoy search. MaxQuant was also 

applied for Label Free Quantification (LFQ), as shown in [13]. The ‘match between runs’ 

option was used with a 20 min value as the alignment time window and 3 min as match 

time window. Only unique and razor peptides were used for quantification. The LFQ 

intensity values (normalized values) extracted by MaxQuant for each protein in each 

sample replicate were used to calculate a ratio between two samples to compare as well as a 

p-value based on a Welch’s test similar to that applied in [14]. When LFQ intensity values 

were missing, they were replaced either by the average of the values of the two other 

replicates, or, if less than two replicate values were present, by a noise value corresponding 

to the first percentile of LFQ values of all proteins of the sample replicate, as described in 

[14]. A protein was considered as quantifiable only if at least two of the replicate values in 

one of the two samples to compare were present before performing the missing values 

replacement. 

Differentially regulated proteins between GALNT3 KD and control A2780s cells were 

defined based on the following selection criteria: 2-fold change in expression level and t-

test p-value cutoff of ≤ 0.05, as described [15-18]. A z-score was also calculated for each 

protein based on the statistical approach described in [16], where z-score = {(Welch t-test 

difference) - Median (Welch t-test difference) for all quantified proteins}/Standard 

deviation (Welch t-test difference) for all quantified proteins as described in [16]. 

To classify proteins as variant, different combinations of stringent filtering criteria were 

tested: 

1. Filtering 1 (Welch p-value ≤ 0.05 and fold change of ≥ 2) 

2. Filtering 2 (Welch p-value ≤ 0.05 and z-score > 1) 

2.14.4 Bioinformatic annotation & analysis 

Glycoprotein prediction analysis: The NetOGlyc 4.0 server 

(http://www.cbs.dtu.dk/services/NetOGlyc-4.0/) was used to identify the O-glycosylated 

proteins identified from our control and GALNT3 KD A2780s EOC cells, (using G-score > 

0.5), as described in [5].  
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The NetNGlyc 1.0 server (http://www.cbs.dtu.dk/services/NetNGlyc/) was used to find the 

N-glycosylated proteins identified from our control and GALNT3 KD A2780s EOC cells. 

Sequences having N-glycosylation potential > 0.5 were considered as cut-off value [19].  

An additional prediction approach used in our study was essentially focused on reviewing 

recent literature for previously identified glycoproteins. 

Protein enrichment analysis: GO enrichment analysis of the cellular localization of the 

identified differentially regulated proteins was performed using information from AmiGO 

(http://amigo.geneontology.org). The GO term enrichment tool was used to determine the 

observed level of annotations for the set of proteins from our study and determine the 

significance in the context of all proteins annotated in the human proteome [20]. Data was 

presented as percent of enrichment. The GO terms found to be over/under represented by a 

two-tailed Fisher Exact test with a p-value ≤ 0.05 were presented, p-values were corrected 

using Bonferroni statistics correction (See Figure 2.3). P-values were additionally 

transformed to scores (–log10 (p-value)), to determine whether the fold enrichment is 

significant based on the relative abundance of each GO term in our data sets (p ≤ 0.05 is 

considered significant) (see Figure 2.9). The GO terms based on the gene list of our study 

were compared to the background distribution of annotation based on the genes in the 

whole genome that are annotated to the GO Term similar to that applied in [20] (see Figure 

2.9). 
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2.17 Figure legends 

Figure 2.7 Schematic overview of the glycoproteomic workflow used. 

 

Figure 2.8 Western blot analysis of glycoproteins enrichment in control and GALNT3 KD 

A2780s cells. Whole-cell lysates labeled with 100 µM Ac4GalNAz were incubated with 

biotinylated bioorthogonal probe. Anti-biotin signal was checked before affinity-capture 

(Load) and after affinity-capture on the fraction not bound to the beads (Supernatant) and 

on the fractions that included the bead after washing (Capture). 

 

Figure 2.9 GO cellular component analysis of significantly enriched proteins found upon 

GALNT3 KD. Bar graphs showing the cellular component GO terms that are significantly 

enriched from the differentially regulated proteins in our study, compared to the entire 

human proteome. Data were submitted to the GO Consortium for enrichment analysis [20]. 

The analysis was performed on the differentially regulated proteins identified from each of 

the three fractions: Conditioned media fraction (blue bars), Soluble fraction (red bars) and 

Insoluble fraction (green bars). All identified proteins annotated with GO cellular 

component terms were compared against the annotated human proteome. The enrichment 

p-value (≤ 0.05) of each term was transformed to a –log10 (p-value). 
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2.18 Figures 

 

 

Figure 2.7. Schematic overview of the glycoproteomic workflow used 
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Figure 2.8. Western blot analysis of glycoproteins enrichment in control and GALNT3 
KD A2780s cells 
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Figure 2.9. GO cellular component analysis of significantly enriched proteins found 
upon GALNT3 KD
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3.2 Résumé en français 

Le cancer épithélial de l’ovaire (CEO) est une pathologie hautement métastatique et la 

principale cause de décès parmi toutes les tumeurs malignes gynécologiques. Les taux 

élevés de létalité du CEO découlent principalement de notre incapacité à détecter la 

maladie à un stade précoce ou à un stage où l’atteinte est confinée à l’organe primaire  et 

aussi au manque de traitements efficaces pour la maladie à des stades avancés. Ainsi, la 

gestion des stades avancés représente un problème crucial pour un traitement efficace du 

CEO et l'identification de nouvelles voies et molécules pro-métastatiques pourrait améliorer 

le diagnostic précoce de cette pathologie. 

La glycosylation des protéines est une modification post-traductionnelle (PTM) hautement 

hétérogène et omniprésente, attachée aux chaînes latérales de l'asparagine (N-linked), de la 

serine ou de la thréonine (O-linked). La glycosylation aberrante dans le cancer est 

fréquemment attribuée à l'expression modifiée des GalNAc-Transférases polypeptidiques - 

les enzymes initiant l'O-glycosylation de type mucine. Jusqu'à présent, vingt membres de la 

famille humaine de gènes GalNAc-Ts ont été identifiés. Ce chapitre traite de l'examen de 

plusieurs membres de cette famille de gènes et de leur rôle dans la progression du CEO. Ce 

chapitre présente principalement des données cliniques du profil d'expression de cinq 

membres de la famille de gènes GalNAc-Ts dans les différents types de cancer de l'ovaire. 

Les données de ce chapitre fournissent plus de preuves sur l'implication de l’O-

glycosylation aberrante dans les mécanismes de progression du CEO, ce qui pourrait 

identifier de nouveaux biomarqueurs glycosylés du CEO et / ou des cibles thérapeutiques 

pour un traitement plus efficace du CEO. 
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3.3 Abstract 

Protein glycosylation perturbations are implicated in a variety of diseases, including cancer. 

Aberrant glycosylation in cancer is frequently attributed to altered expression of 

polypeptide GalNAc transferases (GalNAc-Ts) - enzymes initiating mucin-type O-

glycosylation. Previous work from our group demonstrated that one member of this family 

(GALNT3) is overexpressed in epithelial ovarian cancer (EOC), and GALNT3 expression 

correlated with shorter progression-free survival (PFS) in EOC patients with advanced 

disease. As considerable degree of redundancy between members of the GalNAc-Ts gene 

family has been frequently observed, we decided to investigate whether other members of 

this family are essential in EOC progression. 

In silico analysis based on publically available data was indicative for altered expression of 

five GalNAc-Ts (GALNT2, T4, T6, T9 and T14) in ovarian high-grade serous carcinoma 

(HGSC) samples compared to non-tumoral ovarian tissue. We analyzed protein expression 

of these GalNAc-Ts in EOC cells and tumors by Western blots, followed by 

immunohistochemical (IHC) evaluation of their expression in EOC tumor and control 

samples using tissue microarrays (TMAs). Western blot analyses were indicative for low 

expression of GALNT2 and strong expression of GALNT6, T9 and T14 in both EOC cells 

and tumors. These observations were confirmed by IHC. GALNT2 displayed significantly 

lower expression, while GALNT6, GALNT9 and GALNT14 showed significantly higher 

expression in HGSC tumors compared to control tissue. Importantly, GALNT6 and 

GALNT14 expression correlated with poor prognosis of serous EOC patients. Moreover, 

our results suggest for overlapping functions of some GalNAc-Ts, more specifically 

GALNT3 and GALNT6, in directing EOC progression. 

Our results are indicative for a possible implication of different members of the GalNAc-T 

gene family in modulating EOC progression, and the potential use of GALNT6 and 

GALNT14 as novel prognostic EOC biomarkers. These data warrant future studies about 

the role of members of the GalNAc-Ts gene family in ovarian tumorigenesis. 
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3.4 Introduction 

Epithelial ovarian cancer (EOC) accounts for 4% of all cancers in women and is the leading 

cause of death from gynecologic malignancies (1). Despite medical and surgical 

improvements, long-term survival rates for EOC patients with advanced disease remain 

disappointing, primarily due to its asymptomatic nature and the lack of reliable methods for 

early diagnosis (2, 3). Indeed, most women are diagnosed with EOC when micro- and 

macro-metastases are already present and currently, the 5-year EOC survival rate is less 

than 40% (1). Thus, the identification of novel pro-metastatic EOC molecules and 

associated pathways could provide additional therapeutic targets for improved management 

of this deadly disease. 

There are many documented studies investigating different post-translational modifications 

(PTMs) and their association with cancer; among these, aberrant glycosylation has 

important roles in cancer progression (4, 5), including EOC dissemination (6, 7). Mucin-

type O-glycosylation of proteins represents the most diverse PTM form, and is considered 

to be a conserved type of glycosylation found in many species and organ types (8). This 

type of PTM is complex and involves the transfer of different monosaccharides to each of 

the six O-linked glycans (9). O-glycosylation is initiated by 20 GalNAc-Transferases, a 

family of enzymes known as the UDP N-acetylgalactosamine: polypeptide N-acetyl 

galactosaminyl transferases (GalNAc-Ts) (9), which are responsible for the transfer of the 

monosaccharide GalNAc from UDP-GalNAc to the hydroxyl group of the serine, threonine 

or tyrosine residues found in the target protein substrate (10). Interestingly, the genes 

comprising this family of enzymes show tissue-specific expression (11, 12), but also have 

overlapping substrate specificities, suggestive for redundancy in their function (11). Several 

in vitro studies have shown that GalNAc-Ts are differentially expressed in cells and tissues 

during development (9). Aberrant GalNAc-Ts expression patterns have been frequently 

observed in cancer (13), which warrants further studies on the possible implications of 

these enzymes in tumor progression and their potential use as therapeutic targets and/or 

prognostic markers (14). 

We have previously identified the GalNAc-T3 (GALNT3) gene as a potential EOC 

oncogene, highly expressed in advanced disease, as GALNT3 expression was significantly 

associated with poor outcome (15). We also demonstrated that in EOC cells, GALNT3 
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might direct altered biosynthesis and/or aberrant glycosylation of different O-glycoproteins 

that could play an essential role in EOC dissemination (15-17). However, to date, no other 

studies have comprehensively assessed the implications of other members of the GalNAc-

Ts gene family in EOC dissemination. We thus decided to examine the role of some of the 

GalNAc-Ts known to play essential roles in the etiology of different cancer types. Five 

members of this gene family (GALNT2, T4, T6, T9 and T14) display significant alterations 

in their expression in different cancer types, as reviewed in (7). In silico analysis of the 

GalNAc-Ts expression profiles from publicly available data were also indicative for 

overexpression of some of these GalNAc-Ts (including GALNT4, T6, and T14), as well as 

GALNT3, in ovarian HGSC samples. 

The above data prompted us to investigate the expression levels of these five GalNAc-Ts 

(GALNT2, T4, T6, T9 and T14) in EOC cells and EOC tumor tissues, and to correlate their 

expression with the corresponding clinicopathological characteristics. To our knowledge 

this is the first report that comprehensively examines the expression profiles of several 

GalNAc-Ts in EOC with the perspective of identifying novel prognostic factors for this 

deadly disease. We show that most of the GalNAc-Ts analyzed (including GALNT2, T6, T9 

and T14) displayed altered expression in EOC cells and tumors and more importantly, our 

data are indicative for a significant association of two GalNAc-Ts (GALNT6 and T14) with 

progression-free survival (PFS) values of EOC patients, suggestive for oncogenic functions 

of these two enzymes in EOC, and their potential use as novel EOC prognostic biomarkers. 
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3.5 Material and Methods 

3.5.1 Patient cohort 

Patients included in this study were operated between January 1998 to December 2015 for 

advanced ovarian cancer at the CHUQ Hôtel-Dieu Hospital in Quebec City, Canada. 

Inclusion criteria were: serous papillary carcinoma histology, FIGO Stages II, III or IV and 

chemotherapy received after the surgery (see Table 3.1 for detailed clinicopathological 

characteristics). All tumors were histologically classified according to the criteria defined 

by the World Health Organization (18). Disease progression was evaluated following the 

guidelines of the Gynecology Cancer Intergroup (18). PFS was defined as the time from 

surgery to the first observation of disease progression, recurrence or death. The follow-up 

was available until death or to the date the study was closed (30 December 2016). Nineteen 

non-tumoral (control) ovarian samples were derived from women undergoing hysterectomy 

with oophorectomy due to non-ovarian pathologies. 

3.5.2 Cell culture 

The EOC cell lines SKOV3 and CaOV3 were purchased from the American Tissue Type 

Collection; OV-90, OV2008, TOV-112 and TOV-21 cell lines were a kind gift from Dr. 

Anne-Marie Mes-Masson (Montreal University), A2780s and A2780cp cell lines were a 

kind gift from Dr. Benjamin Tsang (Ottawa University), the OVCAR4 cell line was a kind 

gift from Dr. Stephan Gobeil (Laval University), and the two human ovarian surface 

epithelial (HOSE) cell lines; HOSE 6.3 and 17.1 were a kind gift from Dr. Francis Jacob 

(University Hospital Basel). The cell lines were passaged in different culture media 

supplemented with 10% fetal bovine serum, and 1% Penicillin Streptomycin or 50µg/ml of 

gentamicin as described previously (15). 

3.5.3 Western blotting 

Western blot analysis was performed as previously described (15). Briefly, protein lysates 

of the EOC and HOSE cell lines, were prepared by suspending cell pellets in Laemmli 
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sample buffer containing 5% β-mercaptoethanol. While ovarian tumor tissue and non-

tumoral tissues were homogenized and sonicated in RIPA buffer (50 mM Tris (pH 7.4), 

150 mM NaCl, 0.5% Sodium deoxycholate, 0.1% SDS, 1% Triton X-100) containing 

protease and phosphatase inhibitors, samples were then incubated on ice for 15 min. Protein 

samples from cells and tissues were measured using a BCA protein assay kit (Thermo 

Scientific Pierce, Rockford, IL, USA). BSA standard or samples (20 µl) were transferred to 

a 96 well plate to which 200 µl working reagent was added (working reagent 50:1 ratio of 

assay reagents A and B). The plate was incubated for 30 min at 37°C, the plates were then 

analyzed with a spectrophotometer at 560 nm (iMARK microplate reader (Bio-Rad) 

Hercules, CA, USA). After centrifugation at 13,300 rpm for 15 min at 4°C, the supernatant 

was taken and 20-30 µg of the protein were used for sample preparation. Protein lysates 

were separated by 6–12% Tris-glycine gel electrophoresis and transferred onto a 

polyvinylidene difluoride membrane using a semidry apparatus (Bio-Rad Laboratories, 

Mississauga, ON). The membrane was blocked with 4% nonfat dry milk in TBST (20 

mmol/l TRIS-HCl, 0.5 M NaCl and 0.1% Tween 20), and the membranes were incubated 

overnight with the primary antibody at 4°C or 1 h at RT  (For a list of all the antibodies 

used in this study refer to Table 3.3). After 3× 15 min washes with TBST (20 mmol/l TRIS-

HCl, 0.5 M NaCl and 0.1% Tween 20) at room temperature, the membranes were incubated 

with horseradish peroxidase-conjugated secondary antibody and detected with ECL 

solution (Thermo Fisher Scientific, Waltham, MA). 

3.5.4 Tissue Micro arrays (TMAs) and immunohistochemistry 

(IHC) 

TMAs were constructed as previously described (15). Briefly, one representative block of 

each ovarian tumor and control ovarian tissue was selected for the preparation of the tissue 

arrays. Three 0.6mm cores of tumor were taken from each tumor block and placed, 0.4mm 

apart, on a recipient paraffin block using a commercial tissue arrayer (MTA-II arrayer) 

(Beecher Instruments, Silver Spring, MD, USA). The cores were randomly placed on one 

of three recipient blocks to avoid evaluation biases. 
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IHC analyses were performed, as previously described (15). Briefly, 4 µm tissue sections 

were deparaffinised and rehydrated in graded alcohols, then incubated with blocking serum 

for 20 min. Following treatment with 3% H2O2 for 10 min to quench the endogenous 

peroxidise activity, sections were incubated with the primary antibody overnight at 4°C. 

(For a list of all the antibodies used in this study refer to Table 3.3). Incubation and 

detection with SignalStain 3,3′-diaminobenzidine (DAB) Substrate Kit (IDetect Universal 

Mouse Kit HRP – DAB, IDLABS, Buffalo NY) were done according to the manufacturer’s 

manual. Sections were then counterstained with Hematoxylin. Images were acquired using 

a Leica Confocal Scope (TCS SP5 X (Leica Microsystems, Exton, PA) and analyzed via 

the Leica Application Suite Software (Leica Microsystems, Exton, PA). 

3.5.5 Scoring and Statistical analysis 

Protein expression was scored according to intensity (value of 0 for absence, 1 for low, 2 

for moderate, and 3 for high) of staining based on manual visualization. A composite score 

was defined as the product of staining intensity (nuclear, cytoplasmic, or membranous 

depending on the expected staining). All slides were independently scored in a blind 

manner by 2 observers, and the integration was greater than 85%. In case of differences 

between the 2 scorings, the core was re-evaluated to reach a consensus. The relationship 

between the protein expression of the listed genes in HGSC and LMP tumors, and control 

ovarian tissues was evaluated by the Wilcoxon two-sample test. A significant association 

was considered when p-values were less than 0.05. 

Multiple Correspondence Analyses (MCA) was used to produce 2-dimensional displays of 

similarities of the relative expression patterns amongst the five GalNAc-Ts staining 

intensity in the different patient samples. MCA statistical analyses were carried out using 

(SPSS software, version 13.0). Survival analysis results were visualized using Kaplan-

Meier survival curve analysis (SPSS software, version 13.0). A Kaplan Meier curve and the 

log-rank test were performed based on PFS values to test the effect of the intensity of the 

gene (3, 2 vs. 0, 1) on disease progression. The relationship between the GalNAc-Ts 

staining intensity and PFS was determined by the non-parametric Mantel-Cox log rank test 

to compare survival distributions (SPSS software, version 13.0). Bivariate and Multivariate 

analyses, taking into account standard or strongly associated prognostic variables, were 
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performed to identify independent prognostic factors and a statistic test p-value less than 

0.05 was considered significant. 

3.6 Results 

3.6.1 Analyses of the expression profiles of different members of 

the GalNAc-Ts family in both ovarian HGSC tumors and EOC 

cell lines 

Initially, we investigated GalNAc-Ts expression profiles from publicly available data 

generated from samples found in the independently derived Affymetrix GeneChip Human 

Genome U133 Plus 2.0 [HG-U133_Plus_2] (19). The in silico data examined were based 

on global gene expression analysis of differentially expressed candidate mRNAs in 21 

moderately differentiated (MD) and poorly differentiated (PD) serous ovarian carcinomas 

(SOC) (MD/PD SC), 13 serous ovarian borderline (SOBT), and seven superficial scrapings 

from normal ovaries (SNO) samples (19). These analyses showed significant correlation 

and high fold change in the overexpression of several GalNAc-Ts in the SOC samples 

compared to both the SBOT and SNO samples including: GALNT3, GALNT4, GALNT6, 

and GALNT14. Based on the above in silico analyses, as well as on literature data (see 

Introduction), we decided to further proceed with investigating the expression levels of five 

GalNAc-Ts (GALNT2, T4, T6, T9 and T14) in EOC specimens by Western blot. The 

protein expression levels of these GalNAc-Ts were initially analyzed in nine EOC cell lines 

and in two HOSE cell lines (see Figure 3.1A). As seen from Figure 3.1A, GALNT2 

displayed lack of expression in seven EOC cell lines studied and weak expression in 

SKOV3 and TOV112 EOC cells, compared to strong expression in the two control HOSE 

cell lines, indicative for a suppression of this enzyme in EOC cells. GALNT4 showed very 

weak, or lack of expression in all (both EOC and HOSE) cell lines analyzed. Strong 

GALNT6 expression was observed in three EOC cell lines (TOV21, CAOV3 and 

OVCAR4) while no, or weak expression was observed in the two HOSE cell lines. Finally, 

both GALNT9 and GALNT14 displayed very high expression in all EOC cell lines and 

almost undetectable expression in the HOSE cell lines (Figure 3.1A). 
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Further analyses of the protein expression levels of the selected GalNAc-Ts in four ovarian 

HGSC tumor samples and four control ovarian tissue samples were confirmed (see Figure 

3.1B). Indeed, GALNT2 showed relatively high expression in all control samples, while no 

expression was observed in the HGSCs, and GALNT4 showed an analogous pattern of 

weak or no expression between control tissues and HGSC tumors. Correspondingly, 

GALNT6 showed relatively high expression in the HGSCs tumor samples compared to 

control tissues, and GALNT9 and GALNT14 displayed the strongest overexpression levels 

in HGSCs, relative to the controls (Figure 3.1B). 

3.6.2 IHC analysis of the expression patterns of five GalNAc-Ts 

in numerous EOC tumors using TMAs 

We next proceeded with evaluating the GalNAc-Ts expression levels by IHC in TMAs 

comprising triplicate cores of 131 HGSCs and 13 LMP tumors, and including 18 control 

ovarian tissue specimens Table 3.1 shows the major clinical characteristics of these patients 

for whom extensive follow-up clinical data were available. The age ranged from 38 to 91 

years (median: 60 years). HGSC tumors were grade 3 (126 patients (96%) and grade 2 (5 

patients (4%)). Grade 3 tumors included stage III (70%) and stage IV (26%) tumors, while 

grade 2 tumors included stage II (4%). Most patients (92%) received standard treatment of 

cytoreductive surgery followed by platinum/taxane chemotherapy regimens. The median 

baseline CA-125 was approximately 800. Forty three percent of the patients had a 

progression or a recurrence within the first 6 months of follow-up; for 35% of the patients 

the PFS interval was in the range of 7 to 24 months, and 22% of the patients displayed PFS 

values higher than 25 months. The mean score for expression was defined by the extent and 

intensity of immunohistochemistry staining for GALNT2, T4, T6, T9 and T14 (Figure 3.2). 

As expected, GALNT2 displayed highly significant expression (strong cytoplasmic 

granular staining) in control tissues compared to negative staining in both LMP (p < 

0.0001) and HGSC tumors (p < 0.0001) (Figure 3.2A). As shown previously, GALNT4 

was not expressed in all cases (tumor samples and control tissues), despite repeated 

attempts with various retrieval systems, antibody concentration, incubating time, or signal 

enhancements systems (Figure 3.2B). GALNT6 showed a strong diffuse cytoplasmic 
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staining which was exclusively present in HGSCs compared to control tissues (p = 0.0001) 

and LMP tumors (p < 0.0001) (Figure 3.2C). A similar expression pattern was also 

observed for GALNT9 and GALNT14, as both these GalNAc-Ts were significantly 

overexpressed in HGSC tumors, when compared to control tissues (p < 0.0001), and (p < 

0.0001) respectively  (see Figure 3.2D and 2E); however, GALNT9 also displayed 

significant overexpression in LMP tumors compared to control samples (p = 0.0146) 

(Figure 3.2D), while no significant difference in GALNT14 protein expression was 

observed between LMP tumors and control tissues (p = 0.0859) (Figure 3.2E). 

The above results, as well as data from our previous study (15) are indicative for the 

simultaneous overexpression of several GalNAc-Ts in EOC cell lines and tumor tissues 

(including GALNT3, T6, T9 and T14). Since a considerable degree of redundancy between 

the different members of the GalNAc-Ts gene family has been frequently observed (20), we 

decided to apply the MCA approach in order to more deeply investigate the extent of 

overlapping expression of these GalNAc-Ts among the EOC tumor samples included in 

this study. Two quantitative variables are included in the analysis based on staining 

intensity; (1) for positive staining in patient samples, and (2) for negative staining in patient 

samples. The two dimensions of the MCA explained 42.27% (Dimension 1) and 19.32% 

(Dimension 2) of the total data variability, respectively (Figure 3.3A). These analyses were 

indicative for a strong and a highly overlapping relationship between GALNT3 and 

GALNT6, as additionally, some overlapping relationship between GALNT6 and GALNT9 

cannot be excluded (Figure 3.3A). GALNT14 showed the highest diversity between 

staining 1 and 2, with no observed overlap with the other 4 genes (Figure 3.3A). GALNT2 

confirmed our previous data showing a complete inverse relationship to the other 4 genes, 

as GALNT2 staining expression 1 and 2 showed a high inverse correlation to expression 

pattern observed for GALNT14, and overall differential expression to those of GALNT3, 

T6 and T9 (Figure 3.3A). The MCA-suggested GALNT3/T6 redundancy was further 

confirmed by examining protein expression profiles of GALNT6, T9 and T14 in the 

GALNT3 knockdown (KD) clone, previously generated in the EOC cell line A2780s (15). 

As shown in Figure 3.3B, we observed a clear upregulation in GALNT6 protein expression 

in the GALNT3 KD clone, while no expression alterations were observed for both 

GALNT6 and T14. 
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3.6.3 Association of GalNAc-Ts expression with 

clinicopathological data 

We further proceeded to investigate the prognostic values of the four differentially 

expressed GalNAc-Ts (GALNT2, T6, T9 and T14) in EOC patients, as we evaluated the 

relationship between the TMA immunostaining of the 4 GalNAc-Ts and patients’ PFS data 

using Kaplan–Meier survival curve analyses. PFS follow up data were available for 124 

patients (see Table 3.1). The analyses were based on the staining intensities: low (includes 

staining levels of < 2) and high (includes staining levels of > 2) (Figure 3.4). No significant 

differences were observed between GALNT2 and T9 expression levels and patients’ PFS 

values (log rank = 2.715, p = 0.099) and (log rank =0.995, p = 0.319) respectively (Figure 

3.4A and 4C), which suggests that staining intensities for both GALNT2 and T9 in pre-

treatment surgical EOC specimens are not predictive of PFS. However there was a 

significant association between PFS and the expression of the two GalNAc-Ts T6 and T14 

(log rank = 5.119, p = 0.024) and (log rank = 5.770, p = 0.016) respectively (Figure 3.4B 

and 4D). 

Bivariate and multivariate analyses to predict PFS were also performed on all the 4 genes. 

Multivariate analyses taking into account standard or strongly associated prognostic 

variables (age, grade, stage, and initial CA-125) were performed to identify independent 

prognostic factors. Multivariate analyses showed a significant association for both 

GALNT6 and GALNT14 and the higher risk of progression (HR: 1.672; CI: 1.043–2.682; p 

= 0.033) and (HR: 2.163; CI: 1.032–4.534; p = 0.041) respectively (Table 3.2), but not for 

GALNT2 and GALNT9 (HR: 0.339; CI: 0.103–1.119; p = 0.076) and (HR: 1.470; CI: 

0.939–2.300; p = 0.092) respectively (Table 3.2). Taken together, our findings indicate that 

GALNT6 and T14 may represent useful markers to predict PFS of women with high grade 

serous EOC. 
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3.7 Discussion 

Accumulating data are indicative for the important role of glycosylation perturbations in 

cancerogenesis, including also the abnormal expression of glycans, exclusively involved in 

embryonic development under normal conditions (21). Glycan alterations can be associated 

with cancer cell signaling and communication, tumor cell dissociation, migration and 

invasion, cell–matrix interactions, tumor angiogenesis, immune modulation and metastasis 

formation (22, 23), and can serve as important biomarkers and/or therapeutic targets (24). 

Altered expression of glycans in cancer is frequently attributed to aberrant expression of 

different members of the GalNAc-Ts family in malignant tumors compared to non-tumoral 

tissue (7, 14). The deregulation in the expression of the different GalNAc-Ts allows them to 

play diverse roles in cancerogenesis (14). We have previously reported that one member of 

these GalNAc-Ts (GALNT3) represents a potential EOC oncogene, as its expression 

significantly correlated with shorter PFS intervals in EOC patients with advanced disease 

(15); however, data concerning the implication of other members of the GalNAc-Ts gene 

family in EOC dissemination were scarce. Indeed, only one study was suggestive for a 

possible role of GALNT14 in mediating the malignant behavior of EOC cells (25). 

Otherwise, some of the most extensively studied GalNAc-Ts in cancer include GALNT2, 

GALNT4, GALNT6, GALNT9 and GALNT14 (7), which represent the transferases included 

in the present study. Thus, concerning GALNT2, only one study is suggestive for a possible 

oncogenic role of this transferase in oral cancer (26), while other studies in different cancer 

types, including neuroblastoma, liver and gastric cancer, are strongly supportive for a role 

of GALNT2 in suppressing tumorigenesis (27-29). GALNT4 has also displayed discrepant 

roles in different cancers, as an implication of GALNT4 in breast cancerogenesis has been 

repeatedly demonstrated (30-32); however low GALNT4 expression was associated with 

poor PFS and overall survival of clear cell renal cell carcinoma patients (33). GALNT6 has 

been extensively studied for its implication in the malignant transformation and metastasis 

of epithelial cancers (34-37), and especially in breast cancer (38-40), where GALNT6 has 

been suggested as a novel marker for breast cancer detection and potential therapeutic 

target (41-44). Similarly to GALNT2 and GALNT4, literature data for the role of GALNT9 

in cancerogenesis is contradictory, since a protective role of GALNT9 was suggested in 

neuroblastoma and breast cancer dissemination (45, 46), while a recent publication was 
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indicative for an oncogenic function of this enzyme in colorectal cancer (47). Interestingly, 

GALNT9 was among the genes identified as potentially hypomethylated and overexpressed 

in advanced EOC  (48). Finally, GALNT14 has been characterized as an oncogene in breast 

and lung cancer (49-51); moreover, recent data are strongly indicative for a role of this 

transferase in mediating chemotherapy resistance in different cancer types (52-58). 

These reports are indicative for tumorigenic roles of the different GalNAc-Ts in cancer, 

suggesting a highly complex and specific O-glycosylation pattern of glycoproteins in the 

different cancer types. In this study we initially analyzed the expression levels of the 

selected five members of the polypeptide GalNAc-Ts family in EOC cell lines and EOC 

tumor samples (HGSCs) by Western blot. Similar, if not identical patterns of expression 

were observed for these GalNAc-Ts in both EOC cell lines and EOC tumors, as GALNT2 

displayed very low or lack of expression in all EOC specimens studied, compared to 

control samples (including HOSE cells and non-tumoral ovarian tissues), while the 

expression levels of GALNT6, GALNT9 and GALNT14 were significantly higher in EOC 

cells and EOC tumors, as compared to very low/lack of expression in the corresponding 

controls (1). Only GALNT4 showed very subtle, or absence of any expression in all EOC 

and control specimens analyzed, indicative for no implications of this enzyme in EOC 

progression (Figure 3.1). These observations were further confirmed by performing IHC 

examination of the expression levels in numerous EOC tumors and control tissues, using 

TMAs. Indeed, GALNT6, GALNT9 and GALNT14 exhibited very strong staining in 

HGSC tissues and very weak/no staining in the LMP tumors and control tissues, while 

GALNT2 displayed an inverse staining pattern indicative for a subtle or no expression in 

both HGSC and LMP tumors, compared to relatively strong expression in control tissues 

(Figure 3.2). Again, lack of any staining was observed for GALNT4 in all (EOC tumor and 

control) tissue samples analyzed (Figure 3.2). With the exception of GALNT4, our data are 

in accordance with previous studies for the roles of these GalNAc-Ts in different carcinoma 

types as summarized above, and suggest for a possible correlation of GALNT6, GALNT9 

and GALNT14 expression with EOC progression, while a putative protective role of 

GALNT2 in EOC dissemination cannot be excluded. 

Moreover, Kaplan–Meier survival curves and consecutive cox-regression analyses revealed 

that the expression levels of two of the GalNAc-Ts analyzed (GALNT6 and T14) were 
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significantly related with poor PFS in the studied cohort of HG serous EOC patients (see 

Figure 3.4B and 3.4D and Table 3.2), which suggest the putative use of these two 

transferases as novel prognostic serous EOC biomarkers.  These results, as well as data 

from our previous study (15), are indicative for the significant inverse association of three 

members of the GalNAc-Ts gene family (GALNT3, T6 and T14) with disease progression 

in serous ovarian adenocarcinoma patients. 

Furthermore, the simultaneous overexpression of four GalNAc-Ts (GALNT3, T6, T9 and 

T14) in advanced EOC raises the question about the specific and/or redundant functions of 

the members of this gene family in cancers, including EOC. Notably, it is known that the 

different GalNAc-Ts do have partially overlapping but distinct substrate specificities, 

which may result in these GalNAc-Ts having partial functional redundancy (59). So far, 

twenty members of the human GalNAc-Ts gene family have been identified (20), as such 

an abundance of GalNAc-Ts could provide substantial biosynthetic back-up. Although 

different GalNAc-Ts are differentially expressed within tissues, between cells within a 

single tissue, and in different patterns at different stages in the development and 

differentiation, it is now becoming clear that a subset of the GalNAc-Ts display both 

distinct and overlapping substrate specificities (11, 13). Some of the mammalian GalNAc-

transferase isoforms have been grouped into subfamilies based on their high homology (11, 

20). One such example is the human subfamily comprised of GALNT3 and GALNT6, 

displaying 65% homology in their coding sequence, although this homology does not 

provide complete functional redundancy (59). Interestingly, GALNT6 displayed quite 

similar oncogenic functions in breast cancer (modulating aberrant O-glycosylation and 

MUC1 stabilization) (39), as those found by us for GALNT3 in EOC (15). Increased 

GALNT3 and GALNT6 co-expression has been detected in pancreatic (60) and renal (61) 

carcinomas, suggestive for GALNT3/T6 complementary correlations. As shown (60, 61), 

the upregulation of GALNT3 within the malignant transformation and progression of these 

cancers could partly depend on that of GALNT6 in both synergistic and compensatory 

ways. Moreover, not a separate GALNT3 or GALNT6 KD, but only double GALNT3/T6 KD 

was shown to inhibit TGF-β-induced epithelial-to-mesenchymal transition (EMT) in 

prostate cancer cells (35). Similarly, our Western blot and consecutive MCA analyses 

described herein (see Figure 3.3) are strongly suggestive for a possible functional overlap 
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and redundancy of GALNT3 and GALNT6 in EOC. Based on the above considerations we 

can suggest that different GalNAc-Ts be performing redundant and/or overlapping 

functions in disease progression of women with HGSC. We believe that these relationships 

need to be examined further, both in vitro and in vivo to better understand how do these 

transferases function together in initiating the biosynthesis of specific target glycoproteins, 

and if they can demonstrate compensatory methods that may enhance their implication in 

disease progression. 

In conclusion, we have shown that four members of the GalNAc-Ts gene family are 

differentially expressed in EOC specimens, as GALNT6, GALNT9 and GALNT14 were 

significantly overexpressed in both EOC cell lines and HGSCs, while GALNT2 displayed 

an inversed expression pattern indicative for very weak or no expression in both EOC cells 

and EOC tumors, compared to relatively strong expression in HOSE cells and control 

tissues. Importantly, GALNT6 and GALNT14 expression significantly correlated with poor 

prognosis of EOC patients with advanced disease. These data and our previously published 

data are indicative for a possible implication of different members of the GalNAc-Ts gene 

family (including GALNT2, T3, T6, T9 and T14) in modulating EOC progression, as 

GALNT6 and GALNT14, together with the previously characterized GALNT3, could 

represent novel prognostic EOC biomarkers. Moreover, our results are suggestive for 

overlapping functions of some GalNAc-Ts, and especially GALNT3 and GALNT6, in EOC, 

in conformity with GALNT3/T6 functional redundancy described in other cancer types. 

Further functional studies are warranted to more completely elucidate in vitro and in vivo 

the individual and/or synergistic implications of the members of the GalNAc-Ts gene 

family in ovarian tumorigenesis.  
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3.10 Figure and table legends 

Figure 3.1. GalNAc-Ts expression in EOC cells and EOC tumors. (A) Western blot 

analysis of endogenous GALNT2, T4, T6, T9 and T14 protein expression in different EOC 

cell lines and the HOSE cell lines. (B) Western blot analysis of endogenous GALNT2, T4, 

T6, T9 and T14 protein expression in 4 HG ovarian samples (OG1-OG4) and 4 non-

tumoral ovarian tissue (Control tissue) samples (NOV1-NOV4). β-actin was used as a 

loading control.  EOC: Epithelial ovarian cancer, HOSE: Human ovarian surface epithelial, 

NOV: normal ovarian, OV: ovarian tumor. 

 

Figure 3.2. GalNAc‑Ts protein expression in HG samples compared to LMP and non-

tumoral ovarian samples. (A) a, GALNT2 staining patterns in representative cores in 

control ovarian tissues, LMP tumors and HG tumors. b, Box-plot presentation of GALNT2 

protein expression levels in control ovarian tissues, LMP tumors and HG tumors. (B) a, 

GALNT4 staining patterns in representative cores in control ovarian tissues, LMP tumors 

and HG tumors. b, Box-plot presentation of GALNT4 protein expression levels in control 

ovarian tissues, LMP tumors and HG tumors. (C) a, GALNT6 staining patterns in 

representative cores in control ovarian tissues, LMP tumors and HG tumors. b, Box-plot 

presentation of GALNT6 protein expression levels in control ovarian tissues, LMP tumors 

and HG tumors. (D) a, GALNT9 staining patterns in representative cores in control ovarian 

tissues, LMP tumors and HG tumors. b, Box-plot presentation of GALNT9 protein 

expression levels in control ovarian tissues, LMP tumors and HG tumors. (E) a, GALNT14 

staining patterns in representative cores in control ovarian tissues, LMP tumors and HG 

tumors. b, Box-plot presentation of GALNT14 protein expression levels in control ovarian 

tissues, LMP tumors and HG tumors. All p-values were derived from log-rank tests. Error 

bars denote standard deviation of each mean calculation. HG, high-grade; LMP, low-

malignant potential. 

 

Figure 3.3. (A) Multiple Correspondence Analyses (MCA) of the relationship of the 

GalNAc-Ts expression in the HG ovarian tissue samples. Two major groups, separated by 

the first and second components, are observed. The first group includes the genes 

GALNT6 and T9 showing a somewhat overlapping expression pattern in the cohort of 
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patients examined in the study. The second group indicates the inverse correlation 

observed between GALNT2 and GALNT14. For each analysis, the percentage of variance 

explained by the first two dimensions is indicated in parenthesis. (B) Western blot analysis 

of GALNT3, T6, T9 and T14 expression in control (Ctrl) and GALNT3 knockdown (KD) 

A2780s clones. β-actin was used as a loading control. HG: High-grade. 

 

Figure 3.4. Kaplan-Meier progression-free survival curves showing the association 

between GalNAc-Ts expression patterns and prognosis in HG ovarian cancer. Kaplan–

Meier survival curve analysis of HG cases for progression free survival (PFS), presented as 

survival probability, of patients whose tumors show a defined staining pattern. 

For evaluation of GalNAc-Ts staining, HG ovarian cancer subjects were divided into two 

groups, those with positive staining (3 or 2 gene staining intensity) defined here as (1,00) 

on the Kaplan-Meier curves and those with negative staining (1 or 0 gene staining intensity) 

defined here as (,00) on the Kaplan-Meier curves. The staining pattern for (A) GALNT2 

protein: negative (n = 101), and positive (n = 15). (B) GALNT6 protein: negative (n = 60), 

and positive (n = 56). (C) GALNT9 protein: negative (n = 52), and positive (n = 64). (D) 

GALNT14 protein: negative (n = 19), and positive (n = 97).  All p-values were derived 

from log-rank tests. HG: High-grade. 
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3.11 Tables 

Table 3.1. Detailed patients’ clinicopathological characteristics 

    

 
1All patients were subjected to adjuvant therapy. 
2 Extended follow-up, including CA-125 values, were available for 118 patients. CA-125 

values correspond to the baseline serum concentrations of EOC patients. 
3 Extended follow-up, including progression-free survival (PFS) values, were available for 

124 patients. PFS is defined as the time from surgery to the first observation of disease 

progression, recurrence or death. The follow-up was available until death or to the date the 

study was closed. LMP: Low-malignant potential. 
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Table 3.2. Cox regression analysis to predict progression-free survival (PFS) 

 
aNote: adjusted for age, stage, grade, and baseline CA-125. The hazards models were 

applied to adjust for the baseline patients’ characteristics. 
bNote: The confidence interval was based on the arithmetic mean of the gene expression 

values of the selected cases from this study. 

HR: Hazard Ratio; CI: confidence interval. 
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Table 3.3. Dilution and technique used for each antibody in IHC and Western blot 
analyses. 

 

IHC: Immunohistochemistry; TMA: Tissue microarray; WB: Western blot. 
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3.12 Figures 

 

 

 

Figure 3.1 GalNAc-Ts expression in EOC cells and EOC tumors 
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Figure 3.2 GalNAc-Ts protein expression in HG samples compared to LMP and non-
tumoral ovarian samples 
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Figure 3.3. Multiple Correspondence Analyses (MCA) of the relationship of the 
GalNAc-Ts expression in the HG ovarian tissue samples, and Western blot analysis of 
GALNT3, T6, T9 and T14 expression in control (Ctrl) and GALNT3 knockdown (KD) 
A2780s clones
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Figure 3.4 Kaplan-Meier progression-free survival curves showing the association 
between GalNAc-Ts expression patterns and prognosis in HG ovarian cancer
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4.2 Résumé en français 

Jusqu'à présent, vingt membres de la famille des gènes GalNAc-Ts ont été identifiés et ce 

grand nombre de GalNAc-Ts pourrait fournir un soutien substantiel à la biosynthèse des 

protéines. Bien que différentes GalNAc-Ts soient différentiellement exprimées au sein des 

tissus, entre les cellules d'un même tissu et dans différents modèles à des stades variés de 

développement, il est aujourd’hui admis que quelques GalNAc-Ts ont des spécificités de 

substrats particulières mais également redondantes. Certaines des isoformes de GalNAc-Ts 

chez les mammifères, ont été regroupées en sous-familles en fonction de leur grande 

homologie. Par exemple, la sous-famille composée de GALNT3 et GALNT6 présente une 

homologie de 65% dans leur séquence codante. Fait intéressant, GALNT6 a montré des 

fonctions oncogènes assez similaires dans le cancer du sein (modulant l'O-glycosylation 

aberrante et la stabilisation de MUC1), comme celles que nous avons trouvées pour 

GALNT3 dans le CEO. L'augmentation de la co-expression de GALNT3 et -T6 a été 

détectée dans de multiples carcinomes, suggérant des effets complémentaires des GALNT3 

et -T6. La régulation positive de GALNT3 dans la transformation maligne et la progression 

de ces cancers pourrait dépendre en partie de celle de GALNT6 à la fois de manière 

synergique et compensatoire. Cela nous a incité à vérifier si la déplétion de GALNT3, dans 

les cellules CEO, induit une régulation compensatoire des autres gènes GalNAc-Ts, y 

compris GALNT6. Nous avons constaté que, en effet, la perte de GALNT3 dans les cellules 

CEO A2780s était associée à une forte induction de l'expression de GALNT6 à la fois in 

vitro et in vivo. Dans ce chapitre, nous avons voulu voir si la déplétion simultanée en 

GALNT3 et en GALNT6 a un effet profond in vivo correspondant à une suppression de 

l'expansion tumorale et des métastases du CEO et à une amélioration du taux de survie dans 

le modèle de souris xénogreffé. Les données ont montré des résultats positifs in vitro et in 

vivo en soutenant le concept de redondance fonctionnelle entre les deux gènes dans le CEO. 
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4.3 Abstract 

Epithelial ovarian cancer (EOC) is the most lethal gynecologic malignancy, thus 

understanding molecular changes associated with EOC metastasis could lead to the 

identification of essential therapeutic targets. Glycosylation is a post-translational 

modification (PTM) that participates in major pathophysiology events during tumor 

progression. Aberrant glycosylation in cancer is frequently attributed to altered expression 

of different polypeptide N-acetylgalactosaminyltransferases (GalNAc-Ts) - the enzymes 

initiating mucin-type O-glycosylation. Our lab has identified the N-

acetylgalactosaminyltransferase 3 (GALNT3) gene as a potential EOC oncogene, highly 

expressed in advanced disease. We demonstrated that GALNT3 contributes to EOC 

dissemination through aberrant glycosylation of O-glycoproteins. Interestingly, the 

GalNAc-Ts family of isoenzymes reveal genetic and functional redundancy. The GalNAc-

Ts exhibit overall sequence similarity of around 45%, while GALNT3 and GALNT6 display 

65% homology. Redundancy has been suggested as a mechanism of cooperation amongst 

these genes. We hypothesized that the GALNT6 gene may be providing biosynthetic backup 

in cells ablated for the GALNT3 gene. Our results show that when knocking out the 

GALNT3 gene in A2780s cells, an upregulation of the GALNT6 expression occurs. We 

consecutively demonstrated that GALNT6 provides functional redundancy when knocking 

out the GALNT3 gene. Cell migration, invasion, proliferation and cell cycle analysis were 

significantly reduced in double GALNT3/T6 gene KO cells compared to single GALNT3 

gene KO. These observations were supported when examining the expression pattern of 

fibronectin (FN1), a suggested glycoprotein substrate of GALNT6, which displays a 

significant increase in GALNT3 KO clones as a result of the observed induction of 

GALNT6 expression. Furthermore, MUC1 expression was downregulated in both GALNT3 

KO and GALNT3/T6 KO, with a more prominent decrease observed in the double KO 

clone. In vivo studies supported the observed functional redundancy imposed by GALNT6, 

as animals injected with double GALNT3/T6 KO EOC cell clones displayed a significant 

increase in survival rates compared to those injected with the control and the GALNT3 KO 

clones.  
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Our study is the first to report a significant positive effect on mice survival upon knocking 

out two GalNAc-Ts genes, showing great promise in using both of these genes as EOC 

markers and/or therapeutic targets. Collectively our data provide strong evidence for the 

possible genetic redundancy of the two polypeptide GalNAc-Ts (GALNT3 and T6) in EOC. 
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4.4 Introduction  

Epithelial ovarian cancer (EOC) is a highly aggressive disease, and is responsible for more 

cancer deaths among women in the Western world than all other gynecologic malignancies 

(1, 2). EOC lethality primarily stems from the difficulty in detecting the disease at an early, 

organ-confined stage, and the lack of effective therapies for the advanced-stages of the 

disease, which represent the challenges associated with abrogating the spread of EOC (1). 

Thus, there is an urgent need for new therapeutic targets and a better understanding of the 

mechanisms involved in the spread of ovarian carcinoma. EOC is histologically classified 

into different carcinoma subtypes, including low-grade serous, high-grade serous, 

endometrioid, mucinous and clear cell carcinoma (3). EOC treatment includes the 

combination of surgery and platinum based chemotherapy (4); these approaches in addition 

to hormonal therapy have been associated with up to 80% responsiveness in patients, but 

unfortunately more than 50% of EOC patients eventually relapse. In order to improve the 

survival rates of EOC patients, research on the mechanism of EOC pathogenesis is 

essential. 

It is well established that cancer invasion and metastasis represent the two major causes of 

the failure of cancer treatment (1). Thus, management of the metastatic disease is a major 

problem for the treatment of EOC. One possible way to resolve this problem is to target 

metastasis-specific pathways with novel therapies. Hence, focused identification of novel 

pro-metastatic mechanisms, target pathways and molecules could help identify new 

effective therapies. 

Protein O-glycosylation is a highly heterogeneous enzymatic process that allows for the 

proper assembly of glycan sugars to proteins and lipids. Glycoproteins are involved in 

many biological functions, such as intercellular communication (5), intracellular signaling 

(6), and protein stability (7). Glycosylation perturbations such as aberrant glycosylation of 

the glycan sugars affect cellular processes such as cell proliferation, differentiation, 

migration, invasion, cell cycle and drug sensitivity (8, 9). The most commonly examined 

type of O-glycosylation is the mucin type, and this type of glycosylation is mediated by the 

family of 20 N-acetylgalactosaminyltransferases (GalNAc-Ts) (10). Altered expression of 

glycans in cancer is frequently attributed to under- or overexpression of 
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glycosyltransferases (11-14), and these studies denote the important role these GalNAc-Ts 

play in the regulation of cancer-associated cellular characteristics. Interestingly, very few 

studies have examined the role of GalNAc-Ts in EOC. We have previously identified the 

GalNAc-T3 (GALNT3) gene as a potential EOC oncogene, highly expressed in advanced 

disease, as GALNT3 expression was significantly associated with poor outcome (15). We 

also demonstrated that GALNT3 might contribute to EOC dissemination through aberrant 

glycosylation of different O-glycoproteins, including the MUC1 oncogene (15). 

Subsequently, we analyzed the altered expression of glycoproteins following GALNT3 gene 

knockdown (KD) in EOC cells by using a metabolic labeling strategy for enrichment and 

glycoprotein analysis, coupled with MS characterization of enriched glycoproteins (16, 17). 

This glycoproteomics approach led to the identification of numerous O-glycoproteins 

differentially expressed upon GALNT3 KD, including O-glycoproteins implicated in 

mechanisms of cellular metabolism, PTMs and EOC dissemination and which could 

represent novel EOC biomarkers/therapeutic targets (16, 17). Furthermore, another study 

has suggested that GALNT14 plays a role in modulating MUC13 glycosyaltion by 

promoting ovarian cancer cell migration. Moreover, one recent study has examined the role 

of GALNT6 expression levels and its association with the negative prognosis in EOC 

patients, which has been suggested to be linked with the role GALNT6 plays in modifying 

EGFR O-glycosylation contributing to the observed malignant behavior of EOC cells (18).  

Although different GalNAc-Ts are differentially expressed within tissues, between cells, 

within a single tissue, and in different patterns at different stages in the development and 

differentiation, it is now becoming clear that a subset of the GalNAc-Ts display both 

distinct and overlapping substrate specificities (11, 19). For instance, the GALNT3 and 

GALNT6 gene members display 65% homology in their coding sequence (20). 

Interestingly, GALNT6 exhibited very similar oncogenic functions in breast cancer 

(modulating aberrant O-glycosylation and MUC1 stabilization) (21), as those found from 

our previous work examining the role of GALNT3 in EOC dissemination (15).  

Understanding the role that the GALNT3 gene plays in the aberrant glycosylation of MUC1 

was briefly elaborated in our previous study (15). Some of the mammalian GalNAc-T 

isoforms have been grouped into subfamilies based on their high homology (69). 
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Evolutionary studies cannot predict why the GalNac-T family is so diverse and if this 

diversity can be linked to some degree of redundancy between the genes. Data from our 

previous study examining the expression of GalNac-Ts in high-grade serous carcinomas 

(HGSC) showed that there is simultaneous overexpression of four GalNAc-Ts (GALNT3, 

T6, T9 and T14) in advanced EOC (Chapter 3). Our study also strongly suggested for a 

possible functional overlap and redundancy of GALNT3 and GALNT6 in EOC (Chapter 3). 

When examining protein-protein interactions of GALNT3 and GALNT6 using the 

STRING database (http://string-db.org) (Figure 4.1), it is clear that GALNT3 and GALNT6 

have a direct interaction in their role in glycosylating MUC1.  

Additionally, multiple in vitro studies of the GalNAc-T isoenzymes suggest that this 

enzyme family has a wide variety of roles in the process of proteins’ glycosylation, but 

their regulation and specified role in normal development and cancer biology have not been 

examined. Moreover, in vivo examination of deficiencies in the GalNAc-Ts genes appears 

to cause moderate or subtle phenotypic alterations in animal models when examining 

cancer development or metastasis (19). This is related to the seemingly broad and partly 

overlapping roles of the different GalNAc-Ts in the protein glycosylation, since many 

GalNAc-Ts can serve to fine-tune protein functions as observed in development and 

different pathologies, including cancer. A report by Bennett et al. (1999), demonstrated the 

genetic redundancy of the GalNAc-transferases (GALNT3 and GALNT6), but suggested that 

this genetic overlap does not provide full functional redundancy (20). In this study, we 

showed that GALNT6 provides functional redundancy when knocking out (KO) the 

GALNT3 gene. This was observed when performing functional analyses comparing the 

effect of a single gene GALNT3 KO versus a double gene KO for both GALNT3 and 

GALNT6. Cell migration, invasion, proliferation and cell cycle analysis were significantly 

reduced in the double GALNT3/T6 gene KO cells compared to the single GALNT3 gene 

KO, which suggested that GALNT6 expression compensates for the lack of GALNT3 in the 

single GALNT3 gene KO clones. This genetic activity was supported when examining the 

expression pattern of fibronectin (FN1). Our protein expression analysis showed a 

significant increase in FN1 expression in the GALNT3 KO clones, supporting the 

stabilizing effect of GALNT6 expression on FN1. Furthermore, MUC1 protein expression 

was more strongly downregulated in the GALNT3/T6 KO cells compared to GALNT3 KO 
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clones and controls. Finally, in vivo studies very well supported the observed functional 

redundancy of GALNT6, as animals injected with the double GALNT3/T6 gene KO clones 

showed significant increase in survival rates compared to those injected with the single 

GALNT3 gene KO or the control clone, respectively. Our study is the first to report a 

positive effect on mice survival upon knocking out two GalNAc-Ts genes, showing great 

promise in using both these genes as EOC markers/therapeutic targets.  

4.5 Results 

4.5.1 Overexpression of GALNT6 in GALNT3 KO EOC cells 

Our previously published data (Chapter 3), in addition to available information mined from 

the literature are strongly indicative for a possible functional overlap of GALNT3 and 

GALNT6 genes in cancer. We thus wanted to examine the role these two genes play in EOC 

dissemination. GALNT3 KO clones were generated in A2780s cells using the 

CRISPR/Cas9 system (Figure 4.2A). Interestingly, around 80% of the GALNT3 KO clones 

showed an increase in GALNT6 protein expression as observed using Western blot (Figure 

4.2A). These protein expression data confirm the contribution of the GALNT6 gene in 

compensating for GALNT3 absence in this EOC cell line. Western blots analysis was 

performed to check if other GalNAc-T members could also compensate for the loss of the 

GALNT3 gene in the A2780s cells. We have previously presented data examining protein 

levels of GALNT9 and GALNT14 in several EOC cell lines (Chapter 3), and both of these 

GalNAc-T members show relatively high expression in the A2780s cell line (Chapter 3), 

while GALNT2 does not show any expression in the A2780s cell line (Chapter 3). 

However, protein expression analyses did not show any significant overexpression in the 

levels of GALNT2, GALNT9 or GALNT14 in the GALNT3 KO clones (Supplementary 

Figure 4.1A). Subsequently, double gene GALNT3/T6 KOs were generated in the A2780s 

cell line, as short hairpin (shRNA) approach was used to target GALNT6 in the GALNT3 

KO clones. CaOV3 is one of the cell lines that show high expression of GALNT6 (Chapter 

3), and we thus sought to test the efficiency of shRNA targeting GALNT6 in this EOC cell 

line. Protein expression analysis showed very high downregulation in the expression of 

GALNT6 in the CaOV3 cell line following shRNA KD (Supplementary Figure 4.1B). 
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Similarly qPCR data confirmed the absence of expression of GALNT6 after shRNA KD 

(Supplementary Figure 4.1C). However, no differences in GALNT3 expression were 

observed both at the gene or protein expression levels upon GALNT6 KD (Supplementary 

Figure 4.1B and 4.1C). The GALNT3 protein levels show relatively strong expression in 

the CaOV3 cell line (Supplementary Figure 4.1D), and we hypothesize that the genetic 

redundancy of the GALNT6 gene was a result of the loss of function of the GALNT3 gene. 

These results may indicate that this type of compensation is not required by the GALNT3 

gene in the CaOV3 cell line.  

In support of this data, we looked to confirm if GALNT6 is not only overexpressed but is 

also activated in our studied GALNT3 KO clones. We examined the expression pattern of 

fibronectin (FN1). Earlier studies showed FN1 to be glycosylated by GALNT3 (77), but 

more recent studies disproved the specificity of GALNT3 to the glycosylation site of FN1 

and showed FN1 as a candidate substrate of GALNT6 (70, 78). A significant increase in 

FN1 expression in the GALNT3 KO clones was observed (Figure 4.2B), supporting the 

stabilizing effect of GALNT6 expression on FN1. Collectively our data provide strong 

evidence for the possible genetic redundancy of the two polypeptide GalNAc-Ts (GALNT3 

and T6) in EOC. 

We next created double GALNT3/T6 KO clones in the A2780s cell line by using the 

shRNA targeting GALNT6 to abolish its gene expression in GALNT3 KO A2780s clones. 

We were able to establish such clones in the A2780s cell line and our protein expression 

data show a very strong KD for the GALNT6 gene in the A2780s GALNT3 KO clones 

referred to hereinafter as GALNT3/T6 double KO clones (Figure 4.2B).  

4.5.2 GALNT3 and T6 KO reduced cell proliferation rate, 

migration, invasion and cell cycle in EOC cells 

To verify the observed compensatory role of GALNT6 in the absence of GALNT3, multiple 

functional assays were employed in order to examine what kind of cancer related 

phenotypic changes maybe acquired upon knocking out the two members of the GalNAc-T 

family in EOC. It is well established that O-glycosylation plays a very important role in 
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regulating cell migration and the level of cellular invasiveness. These functional 

characteristics are dependent on the expression of members of these GalNAc-Ts, where 

inhibition of one or multiple GalNAc-Ts have been shown to either induce or reduce the 

level of invasion and metastasis formation in different cancer cells (22-25). One GALNT3 

KO A2780s clone (GAL3 KO) and one GALNT3/T6 double KO (GAL3/6 KO) A2780s 

clone were selected for further functional analyses (Figure 4.3), as the impact of the 

GALNT3 KO and the double GALNT3/T6 depletion was investigated on A2780s migration, 

invasion, cell proliferation, and cell cycle control. Knocking out the GALNT3 gene 

inhibited both migration and invasion of A2780s cells (Figure 4.3A and 5.3B), but 

interestingly, as shown in Figure 4.3A (migration) and Figure 4.3B (invasion), the numbers 

of A2780s cells that passed through the filter in the double GALNT3/T6 KO A2780s clones 

were remarkably smaller when compared to both the single GALNT3 KO clone and the Ctrl 

clone (Figure 4.3). Moreover, the GALNT3 gene ablation led to a sharp decrease in the 

number of viable adherent A2780s cells (represented by cell index), compared to Ctrl cells 

(Figure 4.3C), and interestingly a stronger decrease was observed between the Ctrl and the 

double GALNT3/T6 KO clone (Figure 4.3C); these observations were further supported by 

the reduced number of colony formation upon double GALNT3/T6 suppression compared to 

GALNT3 KO and controls (Figures 4.3D). Finally, the GALNT3 depletion also induced G1 

cell cycle arrest (Figure 4.4), and this observation was similarly more prominent when 

examining cell cycle analysis in the double GALNT3/T6 KO clones. The observed 

reduction in the G1 phase was evident starting from time 0h, where the percentage of cells 

accumulating at time 0h for the A2780s Ctrl cells were at 41.5%, compared to 34.8% and 

32.8% for the GALNT3 KO and GALNT3/T6 KO clones (Figure 4.4). The most evident 

differences were observed at 6h, the percentage of cells accumulating at time 0h for the 

A2780s Ctrl cells were at 32.3.5%, compared to 25.4% and 18.4% for the GALNT3 KO and 

GALNT3/T6 KO clones (Figure 4.4).  

4.5.3 Evidence of full functional redundancy in protein 

glycosylation by GALNT6 in GALNT3 KO EOC cells 
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To further understand the biologic function of GALNT3 and GALNT6 and the effect of their 

ablation in the A2780s cells, we focused on studying MUC1 and FN1 as substrates of these 

two enzymes, since as previously discussed, MUC1 has been reported to be a candidate 

substrate of GALNT6 in breast cancer, and we have also previously supported that GALNT3 

has a similar capacity to glycosylate MUC1 in EOC. In order to better examine 

glycosylation of MUC1 and FN1 by both GALNT6 and GALNT3, protein expression of 

both MUC1 and FN1 were evaluated by Western blot. Data presented a large but not 

complete reduction in MUC1 protein expression in the GALNT3 single KO clone, while 

MUC1 protein expression was interestingly completely reduced in the GALNT3/T6 double 

KO clones (Figure 4.5A), and as previously demonstrated FN1 was highly upregulated in 

the GALNT3 KO clone while absent in both the control and GALNT3/T6 KO clone (Figure 

4.2B and 4.5A). Moreover, we complemented this data by performing VVA lectin pull 

down assays, and interestingly we detected a glycosylated band of MUC1 protein by VVA-

lectin Western blot in the Ctrl clone, which was slightly reduced in the GALNT3 KO clone, 

but completely absent in the double GALNT3/T6 clone (Figure 4.5B). MUC1 has been 

suggested as a direct substrate of GALNT6, and it appears that the compensation level of 

GALNT6 in the A2780s EOC cell line was relatively sufficient to contribute in the O-

glycosylation and stabilization of MUC1 (Figure 4.5B). Moreover, the VVA lectin blots 

also showed a slight increase in the FN1 glycosylated band in the GALNT3 KO clone, 

which was not observed in either the Ctrl or the GALNT3/T6 double KO clone (Figure 

4.5B). Collectively this data confirms the activity and compensatory role that GALNT6 

plays in the GALNT3 KO clone, proving the functional redundancy imposed by GALNT6 in 

the A2780s EOC cell line. We also examined the level of MUC1 and FN1 at the gene 

transcript level in both KO clones, and no differences were observed in the mRNA levels 

between Ctrl, GALNT3 KO and GALNT3/T6 KO clones (Figure 4.5C), which confirms that 

alterations of MUC1 and FN1 protein expression are due to glycosylation modifications.  

4.5.4 Molecular mechanisms of GALNT3 and GALNT6 action in 

EOC cells 
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To better understand the molecular mechanisms of GALNT3 and GALNT6 action in EOC 

cells, we employed the Agilent Whole Human Genome 4x44K microarrays (containing 44, 

000 genes) to identify global gene expression changes upon GALNT3 KO and GALNT3/T6 

KO in A2780s cells. The gene expression patterns of the selected clones were compared 

against the corresponding Ctrl clone. All microarray experiments were performed in 

duplicates, as two hybridizations were carried out for each of GALNT3 and GALNT3/T6 

KO clones against the corresponding Ctrl, using a fluorescent dye reversal (dye-swap) 

technique. For all comparisons, a subset of common differentially expressed genes was 

selected by initial filtering on confidence at p-value ≤ 0.05, followed by filtering on 

expression level (≥ 1.5 fold). Using these selection criteria, we found 417 genes to be 

upregulated and 868 genes to be downregulated in A2780s cells following GALNT3 KO, 

while a much larger number of differentially regulated proteins were detected the 

GALNT3/T6 double KO clone, where 2503 genes were found to be upregulated and 4553 

genes were found to be downregulated.  

Canonical, functional and network analyses generated through the use of the Ingenuity 

Pathway Analysis (IPA) software reflected the cancer-related phenotypic changes observed 

in A2780s and when comparing the GALNT3 KO clone to the GALNT3/T6 double KO 

clone. The top downregulated canonical pathways observed when comparing the double 

gene KO to the single gene KO were related to BRCA1 role in DNA damage response, 

molecular mechanisms of cancer, TGF-β signaling, p-53 signaling, serine biosynthesis, cell 

cycle regulation, in addition to major cancer related signaling pathways such as (AMPK 

signaling, Protein Kinase A signaling, EIF2 signaling, and the mTOR signaling pathway) 

(Figure 4.6A), while upregulated canonical pathways were predominantly associated with 

regulation of epithelial-mesenchymal transition (EMT) pathway, interferon signaling, 

protein regulation pathways such as unfolded protein response, and protein ubiquitination 

pathway, in addition to an upregulation in the antigen presentation pathway (Figure 4.6B). 

Collectively this data confirms that the suppression of two members of the GalNAc-T 

family has a stronger and a more profound effect on many of the functional characteristics 

of EOC cells. The above data support our in vitro observations about the role these two 

genes play in regulating numerous pathways such as cell cycle regulation and other major 

pathways that have shown strong implication in cancer cell migration and invasion. 
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Furthermore, functional pathway analysis was also confirmative of the observations we 

have made in vitro in addition to some of the major canonical pathways listed above 

(Figure 4.6 and 4.7). The top downregulated functional pathways observed when 

comparing the double GALNT3/T6 gene KO to the single GALNT3 gene KO were related to 

cell cycle, DNA replication, recombination and repair, gene expression, post-translational 

modification and protein synthesis (Figure 4.7A), while interestingly when comparing the 

GALNT3 gene KO to the double GALNT3/T6 gene KO it is clear that there is a predominant 

donwregulation in metabolic pathways related to carbohydrate metabolism, lipid 

metabolism and amino acid metabolism (Figure 4.7A), all confirmative of the role the 

GALNT3 gene has shown to play in regulating metabolic pathways in EOC which was 

pointed in our previous studies (17, 26). Moreover, when examining upregulated functional 

pathways upon comparing the double GALNT3/T6 gene KO to the single GALNT3 gene 

KO, our data show that the major upregulated pathways are related to cell death and 

survival, cell morphology, cell signaling, cellular compromise, and post-translational 

modification (Figure 4.7B). Collectively this data emphasizes and complements initial 

canonical pathways observations in these KO clones in the A2780s EOC cell line. 

Common IPA networks, obtained upon merging the five top-scoring networks following 

both GALNT3 suppression and GALNT3/T6 suppression were indicative for important 

gene nodes linked to the suppression of these GalNAc-Ts enzymes in EOC cells, as most of 

these substantiate and/or complement the functional data obtained. As shown in Figure 4.8, 

GALNT3 KO in A2780s cells led to a strong downregulation in several gene nodes known 

to be implicated in EOC tumorigenesis including VEGF, PI3K complex, members of the 

PRC2 complex including EZH2, and EED. Moreover, a noted upregulation in some 

homeobox gene members, such as HOXD10, was observed (Figure 4.8) as these genes play 

role in reducing cancer cell invasiveness including EOC spreading (27). Likewise, the top 5 

common IPA networks following GALNT3/T6 suppression were indicative for the 

downregulation of major gene nodes known to have major implications in EOC, such as 

members of the PRMT family, BMI-1 and its multiple documented functions in enhancing 

the progression of EOC, in addition to other gene nodes showing great promise as EOC 

therapeutic targets, such as CUL1, EEF2, PTN, UCHL1, CBX5 and USP14 (Figure 4.9).  
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To validate microarray results, we arbitrarily selected several differentially expressed genes 

from each of the two experimental conditions (GALNT3 KO and GALNT3/T6 KO in 

A2780s cells) and quantified their expression by qPCR upon comparison to the 

corresponding controls. Supplemental Figure 4.2 summarizes the gene expression 

measurements of all validated genes. We found that both methods (microarray analysis and 

qPCR) detected similar patterns for the up- and down-regulated genes selected for 

validation. 

4.5.5 Double GALNT3 GALNT6 gene KO reduces EOC 

metastasis in vivo 

Our in vitro studies provided evidence for a strong oncogenic capacity of GALNT3 and 

GALNT6 in EOC, including their potential role in EOC cell proliferation, cell cycle control 

and cell migration/ invasion. Several studies have focused on performing genetic 

approaches to understand the roles of GalNac-Ts in mammalian O-glycosylation, and many 

found that the loss or KD of one GALNT gene may not be enough to produce detectable 

phenotypic changes or affect the survival of experimental animals. Synthetic deficiencies of 

the GalNac-Ts have been produced for animal model studies, and only a few have showed 

signs of effects on animal survival or development. These studies confirm that redundancy 

may exist amongst the big GalNac-T family. By performing in vivo studies we aimed to 

investigate if the demonstrated redundant oncogenic function of the GALNT3 and GALNT6 

genes can be confirmed in vivo, and thus help emphasize their strong implication in EOC 

tumorigenesis. EOC spreads by intraperitonial (IP) sloughing, lymphatic invasion, and 

hematogenous dissemination (28). IP dissemination takes place by malignant cells evading 

from the ovarian capsule (29). Several reports have demonstrated that inoculation of tumor 

cells through IP injection can best mimic EOC metastasis (30). Hence, IP injection of 

cancer cells in animal models can accurately model advanced disease, as EOC metastases 

frequently appear disseminated throughout the peritoneum (31). We used a similar in vivo 

approach; thus, Ctrl, GALNT3 KO and GALNT3/T6 KO A2780s clones were IP injected in 

SCID mice (n=8 Ctrl group, n=7 GALNT3 KO group, and n=7 GALNT3/T6 KO group; two 

animals were consecutively removed from the experiment since the cause of death was not 
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related to the experimental treatment). Mice injected with Ctrl cells displayed a 

significantly shorter survival (p = 0.0193) than those injected with GALNT3 KO cells, 

reaching endpoint on average 31 (+/- 4.80 SEM) and 38 (+/- 4.35 SEM) days post injection 

respectively (Figure 4.10A). However, the double GALNT3/T6 KO cell line resulted in a 

more significant difference in survival when compared to mice injected with the Ctrl cells, 

as well as those injected with the GALNT3 KO cells (p = 0.0005) and (p = 0.0010) 

respectively, reaching endpoint on average 57 (+/- 8.16) days post injection (Figure 4.10A). 

There were no significant differences in the tumor burden between mice injected with 

GALNT3 KO cells and those injected with the Ctrl cells (p = 0.2343) reaching an average 

tumor mass of (7.9g +/- 2.53), compared to (6.18g +/- 1.95) respectively (Supplementary 

Figure 4.3A). In comparison, mice injected with the GALNT3/T6 KO cells displayed 

significantly smaller tumor masses when compared to both the Ctrl and GALNT3 KO 

groups (p = 0.0012) and (p = 0.0411) respectively, having tumor mass of (3.66g +/-0.73) at 

endpoint (Supplemental Figure 4.3A).  

Consistent with our previous in vitro data, tumor specimens derived from GALNT3 KO and 

GALNT3/T6 KO cells showed very low IHC staining intensity for the GALNT3 protein 

(Figure 4.10B). Moreover, tumors injected with the GALNT3 KO cells showed strong 

staining for GALNT6 and FN1, and low staining for MUC1 when compared with Ctrl 

A2780s derived tumors (Figure 4.10B). Whereas GALNT3/T6 KO clones showed no, or 

reduced staining intensity for all of GALNT6, FN1 and MUC1 when compared to the Ctrl 

and GALNT3 KO cells (Figure 4.10B). These data sustain our in vitro findings for the role 

of GALNT3 and GALNT6 in glycosylating and stabilizing protein substrates in EOC cells. 

The IHC results were further supported by Western blot data (see Supplemental Figure 

4.3B).  
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4.6 Discussion 

So far, twenty members of the human GalNAc-Ts gene family have been identified (32), as 

this abundant number of GalNAc-Ts could provide substantial biosynthetic back-up. 

Although different GalNAc-Ts are differentially expressed it is now becoming clear that a 

subset of the GalNAc-Ts display both distinct and overlapping substrate specificities (11, 

19). Some of the mammalian GalNAc-T isoforms have been grouped into subfamilies 

based on their high homology (19, 32). One such example is the human subfamily 

comprised of GALNT3 and GALNT6 (20). GALNT3 has been often suggested as a possible 

therapeutic target in multiple cancer types, and in recent years more studies have examined 

its role in cancer such as in pancreatic (33, 34), gastric (35, 36), colorectal cancers (37). 

Similarly, GALNT6 has been also extensively studied for its role in the development of 

different cancers such as breast (21, 38, 39), pancreatic (40, 41) and gastric cancer (42). 

Moreover, some recent studies have examined the expression of GALNT6 in ovarian 

cancer, where one study suggested that GALNT6 overexpression in EOC is associated with 

poor prognosis and outcome of ovarian cancer, and this is accomplished through the 

regulation of EGFR glycosylation (18). Interestingly, the expression of GALNT6 has also 

been suggested to be dependent on the type and stage of ovarian cancer, since one study has 

correlated improved long-term survival with GALNT6 expression in low-grade serous 

carcinoma (43). These studies suggest that these GalNAc-Ts do indeed show differential 

expression between cancer types and even between different cancer stages. 

Importantly, increased GALNT3 and GALNTT6 co-expression has been detected in 

pancreatic (41) renal (44), prostate carcinomas (45). Furthermore, showed a strong 

correlation between the expression of both GALNT3 and GALNT6 in different stages of 

EMS (46). Overall, these data suggest that the upregulation of GALNT3 within the 

malignant transformation and progression of cancer could partly depend on that of 

GALNT6 in both synergistic and compensatory ways. Such hypotheses are supported by 

studies documenting that GALNT6 displays quite similar oncogenic functions in breast 

cancer (modulating aberrant O-glycosylation and MUC1 stabilization) (21), as those found 

by us for GALNT3 in EOC (15).  
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Multiple in vitro studies on different GalNAc-Ts suggest that these enzymes display a wide 

variety of roles in the process of proteins’ glycosylation, but their regulation and specified 

role in normal development and cancer biology and have not been suggested. In this study 

we closely examined the possible compensatory role of GALNT6 upon knocking out the 

GALNT3 gene in the A2780s EOC cell line. Data gathered here indicate the presence of an 

overexpression in GALNT6 when ablating GALNT3 in A2780s cells. This was further 

supported when performing functional analyses comparing the effect of a single gene 

GALNT3 KO versus a double gene KO for both GALNT3 and GALNT6. Cell migration, 

invasion, proliferation and cell cycle analysis were significantly reduced in the double 

GALNT3/T6 gene KO cells compared to the single GALNT3 gene KO, which was 

suggestive that GALNT6 expression provides a strong backup genetic activity in the single 

GALNT3 gene KO clones. This genetic functionality was supported when examining the 

expression pattern of FN1, a glycoprotein that is synthesized within the cell matrix 

surrounding tumors and fetal tissue (47). A significant increase in FN1 expression was 

observed in the GALNT3 KO clones, which was evidently associated with the 

compensatory GALNT6 expression in these clones. This was further proven by VVA lectin 

pull down assays, confirming the activity of GALNT6 in the GALNT3 KO cells. 

Furthermore, MUC1 expression was also shown to be relatively downregulated in the 

GALNT3 KO, but displayed much strongert downregulation in the GALNT3/T6 KO cells, 

when examined using both protein expression analysis and VVA lectin pull down assays. 

The above experimental data were further confirmed upon analyzing global gene 

expression variations observed upon knocking out GALNT3, or both GALNT3 and GALNT6 

in the A2780s EOC cell line. Thus, canonical and functional pathways analysesd were 

strongly confirmative of the major effects the GALNT3 and GALNT6 double KO had on 

cancer related pathways. Moreover, network analyses further supported the implication 

these GalNAc-Ts had in modulating EOC tumorigenesis. Major gene nodes were shown to 

be affected when examining GALNT3 KO A2780s cells, The VEGF gene node, which is a 

gene known for its role in the dissemination of ovarian cancer was shown to be 

downregulated (48-51). The PI3K complex was also shown to be affected by the GALNT3 

gene KO, and in ovarian cancer PI3K is a relevant pathway to target (52-54). EZH2 was 

also downregulated, and is another gene known to promote ovarian cancer dissemination 



 

 

 

178 

(55-58). Likewise IQGAP1 and HOXD10 were two other gene nodes differentially 

regulated upon GALNT3 KO, and studies have also documented their implication in ovarian 

cancer progression (59-61). Similarly, multiple gene nodes were also affected by the 

GALNT3/T6 double KO in A2780s cells, some include members of the PRTM family, 

previously shown to be implicated in cancer development (62-64). Also a major gene node 

affected was the BMI-1 gene, as this gene has been extensively examined for promoting 

aggressive EOC phenotypes (65-70). Other gene nodes also included perturbations in 

CUL1 (71), EEF2 (72), PTN (73), UCHL1 (74), CBX5 (75) and finally USP14 (76), all 

involved in EOC progression.  

In vivo examinations of deficiencies in the GALNT genes cause moderate or subtle 

phenotypic alterations in animal models when examining cancer development or metastasis 

(19). This has been possibly related to the seemingly broad and partly overlapping roles of 

the different GalNAc-Ts in the protein glycosylation. The concept of genetic and functional 

redundancy has been explored in many biological systems, and this phenomenon has been 

examined in genetic variants ranging from isoenzymes to transcription factors (77). The 

term genetic redundancy can also be referred to as functional redundancy and is defined as 

partial or complete overlap in function that occurs upon deleting or knocking out a gene 

from a genome. In this case, this ablation shows minimal impact on phenotype due to 

functional compensation that has been conferred by one or more genes with often-similar 

function (78, 79). Genetic studies of gene redundancy in S. cerevisiae (80-82) have shown 

that about 25% of redundant gene duplicates are metabolic enzymes (77). Interestingly, the 

GalNAc-Ts family of isoenzymes has been reported for their genetic and functional 

redundancy, as examined through their high sequence similarity and their evolutionary 

identity (19). Nonetheless, explanations behind the preservation of functional redundancy 

may stem from the fact that system biology favours synthetic backup by these genes in case 

of mutations that may have occurred in other members of the GalNAc-Ts throughout 

evolution (19). The GalNAc-Ts exhibit overall sequence similarity of around 45%, while 

the GALNT3 and GALNT6 display around 65% homology in their coding sequence (19, 

20). Genomic sequencing studies have shown that although the genomic structures of 

GALNT3 and GALNT6 are highly homologous, these genes are localized at different locus 

(2q31 and 12q13, respectively (19, 20)). Additionally, studies have shown that they have 
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both similar and different substrate acceptor specificities (20). Nevertheless, redundancy 

has also been suggested as a mechanism of cooperation amongst these two genes, since 

glycosylation of specific acceptor sites in the MUC1 tandem repeat by one of them is 

required before other sites can be glycosylated by the other enzyme (20).  

Several studies have focused on performing genetic approaches to understand the roles of 

GalNac-Ts in mammalian O-glycosylation. Importantly, a number of synthetic deficiencies 

of the GalNac-Ts have been produced in animal model studies, and only few have shown 

signs of effects on animal survival or development. The lack of presentable phenotypic 

differences is most likely not a result of very subtle changes in the genome, but is the 

outcome of effective mechanisms that have allowed decreasing any major perturbations 

that may have been acquired from a single gene knockout or deletion. We thus 

hypothesized that the GALNT6 gene may be providing biosynthetic backup in those cells 

ablated for the GALNT3 gene, and we proposed that it might occur through a feedback 

mechanism. We suggest that when one isoenyzme (GALNT3) is knocked out, the functional 

pathway of GALNT3 gets reduced, which in turn triggers an increase in theexpression of its 

closest homolog GALNT6 allowing for the reprograming of GALNT3 pathway in these 

EOC cells. Our results show that when knocking out the GALNT3 gene in A2780s cells, an 

upregulation of the GALNT6 expression occurs. We consecutively demonstrated that 

GALNT6 provides functional redundancy when knocking out the GALNT3 gene. Cell 

migration, invasion, proliferation and cell cycle analysis were significantly reduced in 

double GALNT3/T6 gene KO cells compared to single GALNT3 gene KO. Moreover, our in 

vivo studies very well supported the observed functional redundancy imposed by GALNT6 

in EOC cells, as animals injected with the double GALNT3/T6 gene KO clones showed 

significant increase in survival rates compared to those injected with the single GALNT3 

gene KO or the control clone, respectively. Our study is the first to report a positive effect 

on mice survival upon knocking out two GalNAc-Ts genes, showing great promise in using 

both these genes as EOC markers/therapeutic targets. Collectively our data provide strong 

evidence of the possible genetic redundancy of the two polypeptide GalNAc-Ts (GALNT3 

and GALNT6) in EOC and highlight the importance of integrating and examining multiple 

members of the GalNAc-T family into providing some prognostic information for EOC 
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patients. Moreover, screening for GALNT3 and GALNT6 inhibitors could be valuable for 

the development of novel therapeutic modalities against EOC. 

 

4.7 Materials and methods 

4.7.1 Cell culture 

The EOC cell lines OVCAR4, CaOV3 and SKOV3 were purchased from American Tissue 

Type Collection (Manassas, VA); OV90, OV2008, TOV-112 and TOV-21 cell lines were a 

kind gift from Dr. Anne-Marie Mes-Masson (Montreal University), while A2780s and 

A2780cp cell lines were a kind gift from Dr. Benjamin Tsang (Ottawa University). The cell 

lines were passed in different culture media supplemented with 10% fetal bovine serum, as 

described previously (83, 84). 

4.7.2 CRISPR/Cas9 mediated GALNT3 KO in EOC cells 

CRISPR/Cas9 mediated GALNT3 KO in A2780s cells was done according to the 

manufacturer's guidelines (Santa Cruz Biotechnology, Inc). Briefly, 1.5 × 105 cells were 

plated onto 6 × 30-mm well plates and allowed to grow to 70% confluence. Five microliters 

of UltraCruz Transfection Reagent (sc-395739) were added to 2 µg of GALNT3 

CRISPR/Cas9 KO Plasmid (sc-407682) and 2 µg GALNT3 HDR Plasmid (sc-407682-

HDR). The complexes were incubated at room temperature for 20 min and then overlaid 

onto the cells. The plates were then incubated at 37°C, 5% CO2 for 48 h. Stably transfected 

clones were selected by adding puromycin (1 µg/ml). Selected clones were transfected with 

Cre vector (sc-418923) for the removal of genetic material flanked by LoxP sites. The 

control CRISPR/Cas9 Plasmid (sc-418922) contained a non-targeting 20 nt scramble guide 

RNA (gRNA) designed as a negative control. Thus, the Cas9/gRNA complex does not 

recognize any DNA sequence and will not bind or cleave genomic DNA. 

4.7.3 Short hairpin RNA (shRNA) - mediated GALNT6 

knockdown in EOC cells 
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The shRNA-mediated GALNT6 KD in EOC cells was done, as previously described (84). 

Briefly, two GALNT6 shRNAs cloned into the pLKO.1-puro vector targeting the GALNT6 

mRNA sequences were retrieved from the Sigma Mission TRC human 1.5 shRNA library 

(clone numbers TRCN035450 and TRCN035489). Viral supernatants were generated by 

transfecting 293T cells with the shRNA constructs and the packaging vectors psPAX2 and 

pMD2.G (Addgene, Cambridge, MA). The high-titer lentiviral supernatants in the presence 

of 8 mg/ml polybrene were used to infect A2780s, and CaOV3 cells. Two days later, 

infected cells were treated with puromycin (1 µg/ml) for the selection of stably-transduced 

clones. The pLKO.1-puro vector encoding a scramble sequence not matching any 

mammalian sequence was used for the generation of mock-transduced (control) clones. 

Stable clones with inhibited GALNT6 expression were evaluated and validated by 

quantitative RT-PCR, semi-quantitative PCR and Western blot. 

4.7.4 Western blotting 

Western blot analyses were performed as previously described (83, 84). Briefly, protein 

lysates were prepared by resuspending cell pellets in Laemmli sample buffer containing 5% 

β-mercaptoethanol. Protein lysates were separated by 6 to 12% Tris-glycine gel 

electrophoresis and transferred onto a polyvinylidene difluoride membrane. The 

membranes were blocked with 4% non-fat dry milk in TBST (20 mmol/l Tris-HCl, 0.5 M 

NaCl, and 0.1% Tween 20), incubated with the appropriate primary antibody at 4oC 

overnight: anti-GALNT3 (abgent), anti-MUC1, anti-FN1, anti-β-actin (Santa Cruz 

Biotechnology), anti-GALNT6 (abcam). After 3 x 15 min washes with TBST at room 

temperature, the membranes with the corresponding secondary antibody in TBST 

containing 4% non-fat dry milk for 1-2 h at room temperature. Upon washing, the signal 

was visualized using ECL solution (Thermo Fisher Scientific, Waltham, MA) and detected 

on blue sensitive autoradiography film (Marsh Bio Products, Rochester, NY). 

4.7.5 Functional assays  

Cell proliferation (cell index) was checked by the xCELLigence Real-Time Cell Analyzer 

(RTCA) instrument, as previously described (84). Colony formation assay was performed 
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as previously described (15). Cell migration and invasion assays were performed as 

previously described (15, 83, 84). Cell cycle flow cytometry analysis was performed as 

previously described (83), while the cell cycle phase distribution was calculated from the 

resultant DNA using the FlowJo software (v10). All statistical data were determined by a 

Student’s t-test, where p < 0.05 was considered significant. 

4.7.6 Semi-quantitative RT-PCR (sqRT-PCR) 

Analysis of gene expression in stably transfected GALNT3 and GALNT3/T6 KO clones and 

the corresponding mock-transfected clone (Ctrl) was performed by sqRT-PCR as 

previously described (15). The GUSB gene was used as an internal standard. Primers were 

designed for these loci with the sequences freely available from the Entrez Nucleotide 

database and the Primer3 algorithm for primer design (http://www-genome.wi.mit.edu/cgi-

bin/primer/primer3_www.cgi).  

4.7.7 Quantitative PCR (qPCR) 

Quantitative PCR was performed as previously described (15). Briefly, total RNA was 

extracted by RNeasy Plus Mini Kit (QIAGEN) and cDNA was obtained by qScript™ 

cDNA SuperMix (Quanta BioSciences, Inc.). Primers were designed for these loci with the 

sequences freely available from the Entrez Nucleotide database and the Primer3 algorithm 

for primer design (http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi). 

PerfeCTa® SYBR® Green FastMix® (Quanta BioSciences, Inc.) was used according to 

manufacturer’s instructions. PCR reactions were performed on Rotor-Gene RG-3000 Real 

Time PCR System (Qiagen), with 18S ribosomal RNA used as endogenous control. PCR 

volume was 20 µl, and conditions were as follow: initial cycle 50°C, 2 min, 95°C, 15 min; 

45 cycles at 95°C, 20 s, 60°C, 20 s and 72°C, 20 s; final cycle 72°C, 30 s. Data were 

analyzed by the Rotor-Gene software using the comparative ΔΔCt method. The relative 

copy number was calculated based on the target gene/18S RNA ratio. 

4.7.8 VVA lectin pull-down assay for O-glycosylated (GalNAc-

conjugated) proteins 
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VVA lectin pull-down assay was performed as briefly described (15). Briefly: 600 µg of 

cell lysate protein was incubated for 3 h at 4oC with 4 µg of biotinylated lectin VVA (EY 

Laboratories). Twenty µl of streptavidin-agarose (Sigma) was then added, and samples 

were incubated for an additional 2 h at 4°C with rotation. Lectin/glycoprotein complexes 

were collected by brief centrifugation (1400 rpm, 5 min), and washed three times with lysis 

buffer, followed by one wash with phosphate-buffered saline (PBS). Glycoproteins were 

released from the complexes by boiling in 30-50 µl SDS–PAGE sample buffers (5 min). 

The glycoproteins were resolved by SDS–PAGE, then immunoblotted to detect MUC1 and 

FN1 or GalNAc-conjugated proteins. 

4.7.9 Gene expression profiling and data analysis 

Gene expression analysis was carried out as previously described (84). Briefly, total RNA 

was extracted from the GALNT3 KO clone, GALNT3/T6 KO clone and their corresponding 

controls (Ctrl). The quality of the RNA samples was examined by capillary electrophoresis 

using the Agilent 2100 Bioanalyzer (Agilent). Fluorescently labeled cRNA targets were 

generated from 0.5 µg of total RNA from each corresponding cell line clone, using the 

Fluorescent Linear Amplification Kit (Agilent) and 10 mM Cyanine 3- or 5-labeled CTP 

(PerkinElmer), following the user’s manual. Cyanine labeled cRNA from the clone 

suppressing GALNT3 and GALNT3/T6 in the A2780s cells were mixed with the same 

amount of reverse-color cyanine-labeled cRNA from their corresponding control (Ctrl) 

clone and hybridized on the Agilent Whole Human Genome microarrays, containing 

44,000 genes. Array hybridization, washing, scanning, data extraction and analyses were 

performed as previously described (84). Network analysis of the microarray data was 

completed using the Ingenuity Pathway Analysis (IPA) software (see 

http://www.Ingenuity.com).  

4.7.10 Peritoneal tumor formation in mice 

Control A2780s cells, as well as cells from the GALNT3 KO and GALNT3/T6 KO clones (1 

× 107 cells in 500 µl of PBS), were IP injected into 8 × 8 week old CB17 SCID female 

mice (CB17/Icr-Prkdcscid/IcrIcoCrl strain code 236, Charles River) using a 25G5/8 needle, 
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as previously describe (84). Mice were monitored daily by staff blinded to the cell type 

injected and euthanized when they reached a loss of wellness endpoint that was most often 

respiratory distress associated with ascites accumulation. The animals had free access to 

food and water and experiments were done in accordance with the Canadian Council on 

Animal Care's Guidelines for the Care and Use of Animals. Protocols were approved by the 

University of Ottawa Animal Care Committee. 
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4.10 Figure legends 

 
Figure 4.1. Protein-protein interaction network of GALNT3 and GALNT6. The figure 

displays protein-protein interactions of the human GALNT3 and GALNT6 enzymes as 

illustrated by the confidence view of the STRING 8.3 server. The nodes of the graph 

represent human proteins and the connections illustrate their known or predicted, direct and 

indirect interactions. The connection between these two protein-nodes is based on the 

available information mined from relevant databases and literature. The network includes 

protein interactions of GALNT3 and GALNT6 to MUC1. These interactions have .0.9 

estimated probability.  

 

Figure 4.2. Western blot protein expression analysis of GALNT3 KO and GALNT3/T6 KO 

clones. A. The CRISPR/Cas9 system was used to generate GALNT3 KO (GAL3 KO) 

clones in the A2780s cell line. For confirmation of protein KOs, we used both positive and 

negative controls, those that highly express GALNT3 and those cells that do not express 

GALNT3 (+ve control (A2780s cells), -ve control (OV2008 cells)). Seven clones show 

complete protein ablation upon GALNT3 KO. Similarly Western blots confirm the 

compensation by GALNT6 in the GALNT3 KO clones, likewise we used both positive and 

negative controls, those that highly express GALNT6 and those cells that do not express 

GALNT3 (+ve control (CaOV3 cells), -ve control (A2780s cells)). B. Western blot analysis 

of the double KO clones (GAL3/6 KO) generated using the CRISPR/Cas9 system followed 

by the shRNA system, A2780s cell were used as the control clone (A2780s Ctrl). FN1 was 

also evaluated in these clones, confirming the activity of GALNT6 in the single GALNT3 

KO clone. β-Actin was used as the loading control.  

 

Figure 4.3. Effect of GALNT3 and GALNT6 double KO on A2780s cell proliferation 

migration, invasion and cell cycle. A. Cell migration of GAL3 KO clone GAL3 KO and 

GAL3/6 KO clones was compared to the control clone (Ctrl). Migration was assessed using 

Boyden-chamber assay. C. Cell invasion of GAL3 KO clone GAL3 KO and GAL3/6 KO 

clones was compared to the control clone (Ctrl). The bar graphs represent quantitative 

determinations of migration and invasion data obtained by selecting 10 random fields per 
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filter under phase contrast microscopy and results are expressed as number of cell change 

(migration and invasion) of the GAL 3 KO and GAL3/6 KO clone compared to the Ctrl 

clone. C. Cell proliferation of GAL3 KO and GAL3/6 KO clone was compared to the 

control clone (Ctrl). Differences between the GAL 3 KO and GAL3/6 KO clones and 

vehicle- transfected A2780s cells were determined by a Student's t-test; error bars denote 

mean ± SEM; (p < 0.05). D. Representative images of colony forming assays following 

GAL3 KO in the A2780s cell line. Representative quantitative determinations of colony 

formation assay obtained by determining the colony area which focuses on adjusting for the 

percentage of the area covered by crystal violet stained cell colonies, and the intensity of 

the staining of the colonies per plate. Results are expressed as number of colony differences 

between the GAL3 KO and GAL3/6 KO clones compared to the Ctrl clone. Differences in 

colony numbers were determined by a Student's t-test; error bars denote mean ± SEM; 

*indicates statistical significance (p < 0.05). 

 

Figure 4.4. Cell-cycle profiling of GALNT3 and GALNT3T/6 double KO clones. Cell cycle 

was examined by flow cytometry and percentages of cells in G0/G1, S, and G2/M phase in 

the GAL3 KO, GAL3/6 KO clones were compared to the mock-transfected control (Ctrl) 

clone. Propidium iodide staining shows a decreased fraction of cells in the G1-phase and a 

at 0 hr, and especially at 6hr and 12hr post hydroxyurea removal in the GAL3 KO clone, 

and more strongly in the GAL3/6 KO clone when compared with the control clone (Ctrl). 

 

Figure 4.5. Western blot analysis of FN1 and MUC1 in the GALNT3 KO and GALNT3/T6 

KO clones. A. Western blot protein expression data against FN1 and MUC1 in both GAL3 

KO and GAL3/6 KO clones compared to Ctrl. A band of FN1 was observed in the GAL3 

KO clone which was absent in the Ctrl and the GAL3/6 KO clones, additionally a MUC1 

band was observed in the Ctrl clone which was diminished in the GAL3 KO clone and was 

completely abolished in the GAL3/6 KO clones. B. VVA-lectin-mediated immunoblot 

analysis of GalNAc-conjugated proteins in protein lysates of the Ctrl, the GAL3 KO and 

the GAL3/6 KO A2780s clones following VVA lectin pull-down assay (pull-down). The 

arrow indicates bands corresponding to possible GalNAc-conjugated FN1 and MUC1 

peptides. β-actin was used as a loading control. C. Semi-quantitative RT-PCR analysis of 
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MUC1 and FN1 mRNA levels in the Ctrl clone, GAL3 KO and GAL3/6 KO clones; the 

GUSB gene was used as an internal control.  

 

Figure 4.6. Canonical pathway analysis for a dataset of differentially expressed genes (≥ 

1.5-fold) following GALNT3 KO and GALNT3/T6 KO in the A2780s cells. A. Canonical 

analysis of downregulated genes; B. Canonical analysis of upregulated genes. Top 

functions that meet a Bonferroni-Holm multiple testing correction p-value of 0.05 are 

displayed.  

 

Figure 4.7. Functional pathway analysis for a dataset of differentially expressed genes (≥ 

1.5-fold) following GALNT3 KO and GALNT3/T6 KO in the A2780s cells. A. Functional 

analysis of downregulated genes; B. Functional analysis of upregulated genes. Top 

functions that meet a Bonferroni-Holm multiple testing correction p-value of 0.05 are 

displayed.  

 

Figure 4.8. Network analysis of dynamic gene expression in A2780s cells based on the 1.5-

fold gene expression list obtained following GALNT3 KO. The five top-scoring networks of 

up- and down-regulated genes were merged and are displayed graphically as nodes 

(genes/gene products) and edges (the biological relationships between the nodes).  

 

Figure 4.9. Network analysis of dynamic gene expression in A2780s cells based on the 1.5-

fold gene expression list obtained following GALNT3/T6 double KO. The five top-scoring 

networks of up- and down-regulated genes were merged and are displayed graphically as 

nodes (genes/gene products) and edges (the biological relationships between the nodes).  

 

Figure 4.10. In vivo examination of the effect of GALNT3 and GALNT3/T6 KO in tumor 

formation and survival in immunodeficient (SCID) mice. A. Survival curves for mice 

injected with Ctrl, GAL3 KO and GAL3/6 KO cells. The median survival of mice injected 

with the Ctrl cells (31 days, n = 8). Survival of mice injected with the GALNT3 KO cells 

was significantly shorter than the vector control (38 days; p = 0.0193, Log rank test), while 

mice injected with the GALNT3/T6 KO cells was significantly shorter than the vector 



 

 

 

196 

control (57 days; p = 0.0005, Log rank test). B. Representative IHC images of GALNT3, 

GALNT6, FN1, and MUC1 expression in tumor tissues extracted from mice injected with 

the Ctrl, GAL3 KO and GAL3/6 KO cells. 

 
Supplemental figure legends 
 
Supplemental Figure 4.1. Protein analysis of GALNT3 and GALNT6 expression in 

CaOV3 cell line. A. Western blot examination of GALNT protein expression (GALNT2, 

GALNT9 and GALNT14) in GAL3 KO and GAL3/6 KO clones. B. Western blot 

confirmation of GALNT6 KD in CaOV3 cell line using shRNA, in addition to GALNT3 

protein expression analysis in GALNT 6 CaOV3 KO clones. C. Gene expression analysis of 

GALNT6 and GALNT3 mRNA expression in GALNT6 CaOV3 KD clones. D. Expression 

analysis of GALNT3 expression in nine EOC cell lines. β-Actin was used as the loading 

control.  

 

Supplemental Figure 4.2 Gene expression validation analysis of microarray data. A. 

The figure shows bar graphs presentation of the differential expression of the selected 

genes in A2780s cells following GALNT3 KO compared to control A2780s cells. B. The 

figure shows bar graphs presentation of the differential expression of the selected genes in 

A2780s cells following GALNT3/T6 KO compared to control A2780s cells. The relative 

copy number was calculated based on the target gene/18S ribosomal RNA ratio. Values 

more than or equal to 1 represent gene upregulation and less than 1 display gene 

downregulation. 

 

Supplemental Figure 4.3. In vivo analysis of GALNT3 and GALNT3/T6 double KO in 

SCID mice. A. Tumor weight in SCID mice were measured. Data shown are the tumor 

weight averages with SD from 8 mice in Control and 7 mice in GALNT3 KO and 

GALNT3/T6 KO injected mice. B. Western blot analysis of protein expression of 

(GALNT3, GALNT6, FN1, and MUC1) from tumor tissue of the SCID mice used in the 

study. β-Actin was used as the loading control. 
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4.11 Figures 

 

Figure 4.1. Protein-protein interaction network of GALNT3 and GALNT6 
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Figure 4.2. Western blot protein expression analysis of GALNT3 KO and GALNT3/T6 
KO clones 
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Figure 4.3. Effect of GALNT3 and GALNT6 double KO on A2780s cell proliferation 
migration, invasion and cell cycle 
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 Figure 4.4. Cell-cycle profiling of GALNT3 and GALNT3/T6 double KO clones 
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Figure 4.5. Western blot analysis of FN1 and MUC1 in the GALNT3 KO and 
GALNT3/T6 KO clones  
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Figure 4.6. Canonical pathway analysis for a dataset of differentially expressed genes 
(≥ 1.5-fold) following GALNT3 KO and GALNT3/T6 KO in the A2780s cells 
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Figure 4.7. Functional pathway analysis for a dataset of differentially expressed genes 
(≥ 1.5-fold) following GALNT3 KO and GALNT3/T6 KO in the A2780s cells 
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Figure 4.8. Network analysis of dynamic gene expression in A2780s cells based on the 
1.5-fold gene expression list obtained following GALNT3 KO 
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Figure 4.9. Network analysis of dynamic gene expression in A2780s cells based on the 
1.5-fold gene expression list obtained following GALNT3/T6 double KO 
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Figure 4.10. In vivo examination of the effect of GALNT3 and GALNT3/T6 KO in 
tumor formation and survival in immunodeficient (SCID) mice 
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4.12 Supplemental figures 

 
 
 

Supplemental Figure 4.1. Protein analysis of GALNT3 and GALNT6 expression in 
CaOV3 cell line 
 

 

Supplemental Figure 4.2 Gene expression validation analysis of microarray data 
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Supplemental Figure 4.3. In vivo analysis of GALNT3 and GALNT3/T6 double KO in 
SCID mice 
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Chapter 5: General Discussion 
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5.1 Discussion 

Epithelial Ovarian Cancer (EOC) is a disease that is responsible for more cancer deaths 
among women in the Western world than all other gynecologic malignancies (400). EOC 
lethality primarily stems from the inability to detect the disease at an early, organ-confined 
stage, and the lack of effective therapies for the advanced-stages of the disease. It is well 
established that cancer invasion and metastasis still represent the two major causes of the 
failure of cancer treatment (400). Thus, management of the metastatic disease becomes a 
crucial problem for the treatment of EOC. One possible way to resolve this problem is to 
target metastasis-specific pathways with novel therapies. Hence, focused identification of 
novel pro-metastatic mechanisms, target pathways and molecules could help identify new 
effective therapies. 

Research in molecular biology is highly focused in understanding the paradigm of how 
information flows from DNA to RNA to protein. The major difficulty that lies in 
understanding this biological information flow is the ability to understand how small 
numbers of genes can develop large complexities during organisms’ development. PTMs of 
proteins such as phosphorylation, ubiquitination and glycosylation are some of the major 
modifications that are involved in explaining the complexity of protein products. 
Glycosylation is the most complex form of PTM and is defined by the regulated process of 
adding lipids and carbohydrates to proteins, as this regulation depends on enzymes and 
proteases that allow for the diversification of protein function (401). Glycans are mostly 
found attached to the outer surface of cells or on secreted molecules, allowing them to 
mediate various events such as cell to cell and cell to molecule interactions, which are 
crucial for the development of multicellular organisms (166).  

Glycosylation is defined by the regulated process of adding lipids and carbohydrates to 

proteins (165). Many theories have been developed to improve the understanding of the 

major roles of these glycans. However, no existing evidence can accurately explain glycan 

roles or functions, and this is mainly due to their enormous diversity. Increasing numbers of 

studies have investigated the implication of PTMs in cancer progression, notably the role of 

aberrant glycosylation in various cancer types (402-404). Cancer cells are characterized by 

rapid growth, adherence and invasion of neighboring cells; and these cellular changes are 

linked to alterations in the cell’s glycosylation profiles (164). Tumors associated with 

different mucin families show complex alterations in protein glycosylation (such as 

premature termination, reductions in glycan number, increased branching, and terminal 
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modifications such as sialylation as fucosylation) when compared to normal cells (164). 

Different members of the GalNAc-Ts glycotransferases family have displayed aberrant 

expression in cancer, indicative for their potential implication in tumorigenesis (305, 405-

418). Several mucins have been used as biomarkers for different cancers. (419). More 

glycoproteins are emerging as biomarkers for EOC, as changes associated with the 

progression of EOC from primary to metastatic disease have been shown to affect the 

expression of certain tumor-associated antigens (TAA) (420). Altered expression of 

specific glycosyltransferases leads to the formation of glycan structures that play a role in 

cancer growth and metastasis. Work from our lab has previously identified the GALNT3 

gene as a potential EOC oncogene, highly expressed in advanced disease, as GALNT3 

expression was significantly associated with poor outcome (305). This study also 

demonstrated that GALNT3 might contribute to EOC dissemination through aberrant 

glycosylation of different O-glycoproteins, including the MUC1 oncogene (305). Overall, 

these data provide evidence that the post-translational regulation of glycogens can 

contribute to cancer progression and metastasis in different tissue types and can potentially 

be used for identifying new EOC biomarkers. Work from this thesis project was focused to 

on characterizing the role of the GALNT3 enzyme and other members of the GalNAc-T 

family in aberrant O-glycosylation of mucin-like targets in EOC cells. We hypothesized 

that GALNT3 overexpression contributes to EOC dissemination through aberrant mucin O-

glycosylation. We addressed this hypothesis by analyzing altered expression of 

glycoproteins following GALNT3 gene KD in EOC cells, using a metabolic labeling 

strategy for enrichment and glycoprotein analysis, coupled with MS characterization of 

enriched glycoproteins, as presented in chapter 2. This glycoproteomics approach led to the 

identification of numerous O-glycoproteins differentially expressed upon GALNT3 KD, 

including O-glycoproteins implicated in mechanisms of cellular metabolism, PTMs and 

EOC dissemination and which could represent novel EOC biomarkers/therapeutic targets, 

as shown in chapter 2. 

Moreover, we extended our studies to examine the role of other members of the GalNAc-T 
family in aberrant glycosylation in ovarian cancer. This objective was addressed, as 
discussed in chapter 1, evolutionary studies are not able to predict why the GalNAc-Ts 
family is so diverse, and if their diversity can be linked to some degree of redundancy 
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between the different GalNAc-Ts members. It is believed that their large number may 
reflect an essential functional requirement of the different GalNAc-Ts isoforms. This PhD 
project also investigated the expression pattern and prognostic value of 5 members of the 
GalNAc-T family in EOC, and explored the idea that there may be some redundancy 
observed between the GALNT3 transferase and other members of the GalNac-T family, as 
presented in chapter 3. Results from chapter 3 of this thesis, demonstrated that there is 
simultaneous overexpression of four GalNAc-Ts (GALNT3, T6, T9 and T14) in advanced 
EOC, which raised the question about their specific and/or redundant functions in EOC. 
Although different GalNAc-Ts are differentially expressed within tissues, between cells, 
within a single tissue, and in different patterns at different stages in the development and 
differentiation, it is now becoming clear that a subset of the GalNAc-Ts display both 
distinct and overlapping substrate specificities (316, 421). The GALNT3 and GALNT6 gene 
members display 65% homology in their coding sequence (422). Interestingly, GALNT6 
exhibited quite similar oncogenic functions in breast cancer (modulating aberrant O-
glycosylation and MUC1 stabilization) (408), as those found by us for GALNT3 in EOC 
(305). Based on the above considerations we can suggest that different GalNAc-Ts may be 
performing redundant and/or overlapping functions in disease progression of women with 
HGSC. 

5.1.1 The application of glycoproteomics studies in EOC 

Glycosylation changes have become more important targets for therapeutic intervention 

(423); and thus, glycoproteomics is now a very promising field for glycoprotein-based 

biomarker discovery in EOC. Over the last 10-15 years, there were numerous publications 

focused on identifying novel EOC biomarkers and on examining their possible application 

for EOC diagnostics and prognosis. Table 5.1 summarizes the different studies focused on 

identifying and examining protein and glycoprotein biomarkers in EOC. 

Table 5.1. PubMed search output of proteomics studies and ovarian cancer 

Keyword search Number of publications 

Protein biomarkers and ovarian cancer 12,234 

 

Glycoprotein and ovarian cancer 8,985 
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As demonstrated from Table 5.1, huge efforts have been put towards the identification of 

new EOC biomarkers, and recent efforts have been focused on the application of 

glycoproteomics in studying and understanding the EOC metastatic cascade (363, 424-

432). Research in cancer biology has identified biomarkers as tools that can indicate disease 

progression, treatment response, or malignant transformation; all these biomarker discovery 

approaches have shown great success in multiple cancer types including EOC, and as data 

shows glycoproteomics has offered a hupe leap in the identification of these markers (433-

436). The goal in biomarker discovery in cancer is the identification of a measurable 

biomolecule that shows significant level and expression changes in a specific type of cancer 

and during the cancer progression (437). Despite the major efforts put to identify potential 

biomarkers in EOC research, there are only a few studies using glycoproteomic approaches 

aiming at the identification of EOC glycoprotein markers (Table 5.1). When reviewing 

these studies, the data demonstrates that glycoproteomics could be an important tool for 

glycoprotein-based marker discovery in EOC. These studies apply a number of advanced 

proteomic techniques, in addition to the use of different types of samples, for identifying 

potential glycoprotein markers. Thus, Li et al. (2017) studied changes in glycoproteins 

expression and their glycosylation occupancy in both in HGSC and serous cystadenoma 

(424), using sophisticated glycoproteomic approaches for studying glycosylation changes 

in EOC tissue samples. Their work has shed light on the importance of glycosylation 

occupancy changes, and its importance in examining these differences between malignant 

(HGSC) and benign EOC tumors (424). One of the glycoproteins identified in their study 

included the folate receptor (FOLR), a receptor that has been detected in more than 78% of 

HGSC (438). Additionally, they identified changes in the protein expression levels of ADP-

ribosyl cyclase/cyclic ADP-ribose hydrolase 1, an enzyme shown to be implicated in the 

Prognostic glycoproteins and ovarian cancer 736 

 

Predictive glycoproteins and ovarian cancer 685 

 

Ovarian cancer and glycoproteomic 13 
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regulation of cancer cell invasion (439). Another research team by Y. Ji et al. (2017), 

examined glycosylation changes and their role in EOC acquired chemoresistance by 

applying another glycoproteomic technique referred to as hydrophilic interaction liquid 

chromatography (HILIC)-based enrichment, in combination with Stable isotope labeling 

with amino acids in cell culture (SILAC) labeling (425). Using this approach, they were 

able to compare N-glycosylation changes between EOC sensitive vs. EOC resistant cell 

lines (425). They identified significant changes in glycoproteins and their corresponding 

glycosites, which suggests for possible glycoproteins’ implication in EOC multidrug 

resistance (425). For example, they found that ABCC5, which is an N-glycoprotein playing 

a role in multidrug resistance (also known as multidrug-resistance-associated protein 5), 

was significantly upregulated in EOC resistant cell lines (425). A study by Miyamoto et al. 

(2016), has examined glycoprotein changes in ascites fluids using lectin enrichment 

followed by analysis using nanoHPLC-chip-time of flight (TOF) coupled with protein 

identification by Tandem Mass Spectrometry (LC–MS/MS) (426). This study has identified 

different N-glycan groups and proteins, quite enriched of large, fucosylated and sialylated 

glycan structures (426). Some of the most abundant glycoproteins identified in the ascites 

samples included haptoglobin, fibronectin, lumican, fibulin, hemopexin, ceruloplasmin, 

alpha-1-antitrypsin, and alpha-1-antichymotrypsin (426). They also performed a more 

extensive glycopeptide analysis of ascites fluids and identified N- and O-glycans in 

clusterin, hemopexin, and fibulin glycopeptides, which were suggested to be implicated in 

EOC tumorigenesis (426). Moreover, a study by Everest-Dass et al. (2016) applied a 

unique approach for investigating tissue-specific N-linked glycans using matrix-assisted 

laser desorption/ionization (MALDI) mass spectrometry imaging (MSI) on formalin-fixed 

paraffin-embedded (FFPE) tissue sections from EOC patients, as they were able to 

profile N-glycan compositions released from proteins from tissue samples (440). This 

technique can differentiate tumor from non-tumor tissue regions by using only N-glycan 

structure masses, as diverse and unique N-glycan structures can serve as signatures to 

differentiate between the tissues across biological samples and between necrotic, tumor, 

adipose and stromal tissue regions (440). Similarly, Kuzmanov et al. (2013) discovered 13 

novel sialoglycopeptides in ovarian cyst and ascites fluids of EOC patients using 

electrospray ionization-LTQ Orbitrap tandem mass spectrometry (441). Abbott et al. 
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examined tumor-specific glycan changes between EOC tumor and normal ovarian tissue by 

performing lectin-binding assays followed by MS analysis (442). This study identified 

glycoprotein markers such as periostin and thrombospondin that show tumor-specific 

glycosylation changes in ovarian tissue and serum samples (442). A distinct set of N-linked 

sialylated glycopeptides were identified by Shetty et al. (2012), which displayed be 

significant upregulatation in serum samples of EOC patients (443). Another report by Li et 

al. (2008) also examined glycoprotein changes present on proteins from conditioned media 

of ovarian cancer cell lines, and in sera obtained from ovarian cancer patients and normal 

controls using high resolution Fourier transform ion cyclotron resonance MS (444), 

showing glycosylation changes in several proteins such as apolipoprotein B-100, 

fibronectin, and immunoglobulin A1, as observed between cancer and normal samples 

(444). Finally our work presented in chapter 2 represents the most recent data examining 

changes in O-glycosyaltion following GalNAc-Ts KD in ovarian cancer cell lines, as our 

study focused on the application of a metabolic labeling strategy for enrichment and mass 

spectrometry-based characterization of glycoproteins following GALNT3 gene KD in 

A2780s EOC cells. We identified a total of 589 differentially expressed glycoproteins upon 

GALNT3 KD, and interestingly most of these identified proteins were involved in 

mechanisms of cellular metabolic functions, post-translational modifications, and some  

implicated in EOC etiology (427, 428). To the best of our knowledge, our study is the first 

to make use of metabolic labeling to identify the impact of a GalNAc-T inhibition on 

altering the glycoproteins pattern in an EOC cell line. As reflected by the low percentage of 

glycoprotein entries annotated in SWISS-PROT (168), in this study we decided to use a 

developed prediction analysis system. Results from our data estimated that more than 88% 

of the identified proteins might be O-glycosylated. Additional prediction analysis were 

performed to compare our list of annotated proteins to previously published studies, and 

results indicated that more than 30% of the identified proteins are O-glycosylated 

Additionally, by using cellular fractionation, glycoprotein enrichment and high resolution 

LC/MS-based quantitative proteomics, we quantified over 2000 proteins. Among these 

proteins, we found several hundreds to be differentially expressed (≥ 2 fold, p-value ≤ 0.05) 

between the control and GALNT3 KD A2780s EOC cells. GO cellular component 

classifications revealed that these differentially regulated proteins were predominantly 
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mapped to membrane, extracellular, cytoplasmic and intracellular organelle compartments. 

Furthermore, IPA functional pathway analyses of our proteomics data indicated that 

the GALNT3 gene suppression resulted in reduced expression of essential pathways related 

to lipid, carbohydrate and amino acid metabolism, also demonstrating that changes in 

glycogen metabolism can provoke crucial alterations in various EOC metabolic pathways. 

This was further confirmed by IPA canonical pathway analyses, as the top five canonical 

pathways (PTM, cardiovascular and inflammatory disease, lipid metabolism, embryonic 

development and cell morphology, and cellular assembly) were significantly perturbed 

upon GALNT3 KD. Our data also support others' findings for the implication of members of 

the GalNAc-Ts gene family in controlling cellular metabolism (445). 

Additionally, GALNT3 KD was associated with the down-regulation of the metabolism 

related gene nodes SOD2 and MTHFD2, previously shown to be overexpressed in different 

cancer types, including EOC (446, 447). Our findings suggest that metabolic pathways 

regulated via genes of the oxidative stress and/or mitochondrial enzymes might be 

controlled by PTMs such as glycosylation. Moreover, two oligosaccharyltransferases 

(OST) were found to be down-regulated upon GALNT3 KD. The main function of OSTs is 

the transfer of lipid-linked oligosaccharides to selected asparagine residues within the 

consensus sequence Asn-Xaa-Ser/Thr on nascent polypeptides (448). The OST subunits 

examined from our network analysis include DDOST and STT3B, which were found to be 

significantly down-regulated upon GALNT3 KD in EOC cells. Network analysis also 

demonstrated that GALNT3 KD directs the down-regulation of several major gene nodes 

and corresponding pathways previously shown to be associated with EOC etiology, 

including TGF-β, MAPK and NF-kappa-B. Accordingly, some members of the NF-kappa-B 

pathway (MTDH, ANXA4 and RRM2) were found to be significantly suppressed 

in GALNT3 KD EOC cells.  Moreover, several gene nodes implicated in EOC 

chemoresistance (including TUBB3, MAP1B and ATG5), displayed a significant decrease 

upon GALNT3 KD. Indeed, augmented expression of TUBB3 and MAP1B has been 

associated with worse prognosis and paclitaxel resistance in EOC patients (449, 450). 

Finally, the lipid kinases PI3K complex, known to be highly activated in human 

cancers (451), was up-regulated upon GALNT3 KD. Another gene node B4GALT1, 

previously reported as an oncogene, was also found to be up-regulated 
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following GALNT3 KD. B4GALT1 synthesizes Galβ1-4GlcNAc (N-acetyllactosamine) by 

transferring galactose from UDP-Gal to an acceptor sugar molecule, and thus represents a 

key enzyme in glycobiology (452). Several studies suggested that B4GALT1 could play an 

essential role in the EOC dissemination (453, 454). The observed up-regulations of the 

PI3K complex and the B4GALT1 gene may be due to the frequently observed redundancy 

associated with overlapping functions of other GalNAc-Ts enzymes (175), partially 

compensating for the KD of GALNT3 in EOC cells. These findings reflect on the 

importance of the regulation of glycosylation on EOC-related gene expression. Suggesting 

that the detection of glycosylation-related genes could be of major importance in the 

characterization of the effect of GalNAc-Ts inhibition on the progression and invasivness 

of EOC cells.  

This study has led to the identification of novel glycoproteins expressed in EOC and more 

importantly, sets of glycoproteins whose expression is altered by GALNT3 KD, indicative 

for a potential role of GALNT3 in modulating PTMs and metabolism pathways in EOC 

cells, which could significantly impact disease development. The concept of redundancy 

amongst the family of GalNAc-Ts has been well documented. Furthermore, changes in 

glycosylation patterns in cancer are associated not only with differential expression of 

glycoproteins (455, 456), but also with alterations in their glycan structures (457), as a 

common feature of tumors is the overexpression of truncated O-glycans. We have further 

expanded our analyses by applying a targeted O-glycoproteomic strategy that does not 

reduce O-glycan structures (see General conclusions and perspectives); thus information 

about the site and glycan structures can be studied simultaneously (354, 365, 366, 399). 

The application of such an innovative approach will allow for a better comprehension of the 

role of the GALNT3 enzyme and other members of the GalNAc-T isoforms in aberrant 

EOC glycosylation, associated with disease dissemination. 

The above-mentioned studies, including ours, highlight the importance in analyzing 
glycoprotein signatures and defined changes in EOC cell lines, tissues and serum samples. 
Such gathered information at the glycoproteomic level can provide critical information for 
the discovery of novel tumor-associated EOC glycoproteins. More importantly, and as the 
above reports suggest, glycoproteins’ alterations in EOC may be a result of changes in 
glycoprotein concentrations and/or protein glycosylation occupancy; thus, it seems 
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necessary to expand on protein profiling strategies and improve on current methods for 
examining glycoprotein changes in EOC. 

5.1.2 Expression level analysis of different GalNAc-Ts in EOC 

and correlation with disease progression 

The GalNAc-T family of enzymes provide cells with the functionality of differentially 

regulating the O-glycoproteome, thus allowing them to modulate multiple protein functions 

responsible for normal development in addition to the their role in cancerogenesis (316, 

344). Multiple in vitro studies of the GalNAc-T isoenzymes suggest that this enzymes 

family has a wide variety of roles in the process of proteins’ glycosylation, but their 

regulation and specified role in normal development and cancer biology have not been 

studied. Moreover, in vivo examination of deficiencies in the GalNAc-T genes appears to 

cause moderate or subtle phenotypic alterations in animal models when examining cancer 

development or metastasis (316). This is possibly related to the seemingly broad and partly 

overlapping roles of the different GalNAc-Ts in protein glycosylation, since many GalNAc-

Ts can serve to fine-tune protein functions as observed in development and different 

pathologies, including cancer.  

A frequently raised question is why evolution gave rise to this large family of isoenzymes: 

is due to a) an evolutionary requirement for multiple GalNAc-Ts which is important for 

efficiently regulating the glycosylation of a diverse subset of peptide and protein substrates; 

or b) a need for differential regulation of these multiple isoenzymes for the proper 

refinement of the distinct biological functions of their protein substrates. Several studies are 

indicative for non-redundant biological functions of these isoenzymes in human diseases 

such as cancer (458). Nonetheless, the challenge remains in properly identifying the 

individual contribution of each of these GalNAc-Ts in regulating protein function, and 

cellular processes in normal and pathological conditions. 

Reports indicate for tumorigenic roles of the different GalNAc-Ts in cancer, suggesting a 

highly complex and specific O-glycosylation pattern of glycoproteins in the different 

cancer types. Work examining the implication of members of the GalNAc-Ts gene family 

in EOC dissemination is scarce. Indeed, only one study was suggestive for a possible role 
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of GALNT14 in mediating the malignant behavior of EOC cells (418). In general, the most 

extensively studied GalNAc-Ts in cancer include GALNT2, T4, T6, T9 and T14 (459), 

which represent the transferases included in the study presented in chapter 3. In this study, 

we analyzed the expression levels of the selected five members of the polypeptide GalNAc-

Ts family in EOC cell lines and EOC tumor samples (HGSCs). Similar, if not identical 

patterns of expression were observed for these GalNAc-Ts in both EOC cell lines and EOC 

tumors, and these protein expression analyses were also compared to normal ovarian cell 

line and tumors.  Our data shows that GALNT2 displays a very low or lack of expression in 

all EOC specimens studied, compared to control samples, while the expression levels of 

GALNT6, T9 and T14 were significantly higher in EOC cells and EOC tumors, as compared 

to very low/lack of expression in the corresponding controls. Only GALNT4 showed very 

subtle, or absence of any expression in all EOC and control specimens analyzed, which is 

indicative for no implications of this enzyme in EOC progression. These observations were 

further confirmed by performing IHC examination of their expression levels in numerous 

EOC tumors and control tissues, using TMAs. Indeed, GALNT6, T9 and T14 exhibited 

very strong staining in HGSC tissues and very weak/no staining in the LMP tumors and 

control tissues, while GALNT2 displayed an inverse staining pattern indicative for a subtle 

or no expression in both HGSC and LMP tumors, compared to relatively strong expression 

in control tissues. Our data suggest for a possible correlation of GALNT6, T9 and T14 

expression with EOC progression, while a putative protective role of GALNT2 in EOC 

dissemination cannot be excluded. Kaplan–Meier survival curves and consecutive cox-

regression analyses revealed that the expression levels of two of the GalNAc-Ts analyzed 

(GALNT6 and GALNT14) were significantly associated with poor PFS in the studied cohort 

of HG serous EOC patients, suggesting the putative use of these two transferases as novel 

prognostic EOC markers.  These results, as well as data from our previous study (305), are 

indicative for the significant inverse association of three members of the GalNAc-Ts gene 

family (GALNT3, T6 and T14) with disease progression in serous ovarian adenocarcinoma 

patients. 

Furthermore, the simultaneous overexpression of four GalNAc-Ts (GALNT3, T6, T9 and 

T14) in advanced EOC raises the question about the specific and/or redundant functions of 

the members of this gene family in normal and pathological conditions, including EOC, and 
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also empahsizes on the importance of examining how these GalNAc-Ts are regulated in 

this cancer type. Our data shows an increase in the GALNT3/T6 co-expression suggestive 

for GALNT3/T6 possible complementary correlations, and thus for a possible functional 

overlap and redundancy of GALNT3 and GALNT6 in EOC. Based on the above 

considerations we presume that different GalNAc-Ts can be performing redundant and/or 

overlapping functions in disease progression of women with HGSC. We believe that these 

relationships need to be examined further, both in vitro and in vivo, to better understand 

how these transferases function together in initiating the biosynthesis of specific target 

glycoproteins, and if they do demonstrate compensatory functions that may enhance their 

implication in disease progression. 

Data from chapter 3 demonstrate that four members of the GalNAc-Ts gene family are 

differentially expressed in EOC specimens. Importantly, GALNT6 and GALNT14 

expression levels significantly correlated with poor prognosis of EOC patients with 

advanced disease. These results and our previously published data are indicative for a 

possible implication of different members of the GalNAc-Ts gene family (including 

GALNT2, T3, T6, T9 and T14) in modulating EOC progression. Moreover, our results are 

suggestive for overlapping functions of some GalNAc-Ts, and especially GALNT3 and 

GALNT6, in EOC, in conformity with GALNT3/T6 functional redundancy described in 

other cancer types. Our studies highlight the neoplastic context of members of the GalNAc-

Ts gene family in EOC, emphasizing the potential clinical importance in detecting their 

aberrant expression for use in diagnostic and prognostic purposes. Our data also presents 

the range of effects deficiencies in the proper glycosylation mechanism any of these 

GalNAc-Ts can have on proetin processing and thus enhancing neoplastic phenotypes 

observed in EOC. We believe that further studies focused on understanding the role of one 

or multiple GalNAc-Ts genes and the availability of biochemical characterization of these 

transferases will provide the possibility of assigning individual or multiple transferases to 

specific clinical contexts in EOC or other cancer types, and help in identifying a subset of 

transferases that could be therapeutically targeted. 
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5.1.3 Examining the concept of functional redundancy amongst 

members of the GalNAc-Ts in EOC 

The concept of genetic and functional redundancy has been explored in many biological 

systems, and this phenomenon has been examined in genetic variants ranging from 

isoenzymes to transcription factors (460). Evolutionary studies have been helpful in 

understanding the need for such systems for the survival and fitness of organisms (461). 

The term genetic redundancy can also be referred to as functional redundancy and is 

defined as partial or complete overlap in function that occurs upon deleting a gene from a 

genome. This ablation shows minimal impact on phenotype due to compensation conferred 

by one or more genes with similar function (461, 462). Genetic studies of redundancy in S. 

cerevisiae (463-465) have shown that about 25% of gene duplicates are metabolic enzymes 

(460). Interestingly, the GalNAc-Ts family of isoenzymes are known for their genetic and 

functional redundancy, as examined through their high sequence similarity and their 

evolutionary identity (316). It has been suggested that these enzymes have been generated 

by genetic duplications, despite the fact that they display differences in their protein 

sequences (316). The twenty members of these GalNAc-Ts, all catalyze the same 

biochemical reaction defined by the addition of the first GalNAc sugar to a Ser/Thr residue 

on glycoproteins (175). The GalNAc-Ts functionality has been shown to vary both at the 

tissue and the cell type level, suggesting that these GalNAc-Ts isoenzymes differ in their 

spatial and temporal patterns of expression during development (175, 316). The GalNAc-Ts 

exhibit overall sequence similarity of around 45%, while the GALNT3 and GALNT6 display 

around 65% homology in their coding sequence (316, 422). Studies have shown that 

although the genomic structures of GALNT3 and GALNT6 are highly homologous, these 

genes are localized at different locus (2q31 and 12q13, respectively (316, 422)). 

Additionally, studies have shown that they have both similar and different substrate 

acceptor specificities (422). Initial in vitro studies examined in the lab provided evidence 

for a strong oncogenic capacity of the GALNT3 gene in EOC, including its potential role in 

EOC cell proliferation, cell cycle control and cell migration/ invasion (305). In addition, 

gene expression profile analysis demonstrated a strong downregulation of major gene nodes 

implicated in EOC tumorigenesis (305). Several studies have focused on performing 
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genetic approaches to understand the roles of GalNac-Ts in mammalian O-glycosylation. 

Importantly, a number of synthetic deficiencies of the GalNac-Ts have been produced in 

animal model studies, and only few have shown signs of effects on animal survival or 

development (316). The lack of phenotypic differences is most likely not a result of subtle 

changes in the genome, but is the outcome of effective mechanisms that have allowed 

decreasing any major perturbations that may have been acquired from a single gene 

knockout or deletion. We thus hypothesized that the GALNT6 gene may be providing 

biosynthetic backup in those cells ablated for the GALNT3 gene, and we proposed that it 

may occur through a feedback mechanism. We suggested that when one isoenyzme 

(GALNT3) is knocked down or out, the functional pathway of GALNT3 gets reduced, 

which in turn triggers an increase in the expression of its closest homolog GALNT6 

allowing for the reprograming of GALNT3 pathway in these EOC cells. Indeed, our results 

show that when knocking out the GALNT3 gene in the A2780s cells, an upregulation of the 

GALNT6 protein expression occurs. These data were suggestive for a mechanism of 

feedback regulation between these two genes. A report by Bennett et al. (1999), has 

demonstrated the existence of genetic redundancy of the GalNAc-transferases (GALNT3 

and GALNT6), but suggested that this genetic overlap does not provide full functional 

redundancy (422). This was observed when performing functional analyses comparing the 

effect of a single gene GALNT3 KO versus a double gene KO for both GALNT3 and 

GALNT6. Cell migration, invasion, proliferation and cell cycle analysis were significantly 

reduced in the double GALNT3/T6 gene KO cells compared to the single GALNT3 gene 

KO, which was suggestive that GALNT6 expression provides backup genetic activity in the 

single GALNT3 gene KO clones. This genetic activity was supported when examining the 

expression pattern of oncofetal fibronectin (FN1), an extracellular matrix (ECM) 

glycoprotein that is synthesized within the cell matrix surrounding tumors and fetal tissue 

(466). Earlier studies specified FN1 to be glycosylated by GALNT3 (467), but more recent 

findings disproved the specificity of GALNT3 to the glycosylation site of FN1 and showed 

FN1 as a candidate substrate of GALNT6 (422, 468). The hypothesis was supported by 

several studies examining the role of GALNT6 overexpression in mammary carcinogenesis 

(408, 468). Similarly, our protein expression analysis showed a significant increase in FN1 

expression in the GALNT3 KD and KO clones, properly supporting the stabilizing effect of 
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GALNT6 expression on FN1. This was further confirmed by VVA lectin pull down assays, 

confirming the activity of GALNT6 in the GALNT3 KO cells. Furthermore, MUC1 

expression was downregulated in both GALNT3 KO and GALNT3/T6 KO cells when 

examined using protein expression analysis and VVA lectin pull down assays. More 

interestingly, in vivo studies very well supported the observed functional redundancy 

imposed by GALNT6, as animals injected with the double GALNT3/T6 gene KO clones 

showed significant increase in survival rates compared to those injected with the single 

GALNT3 gene KO or the control clone, respectively. Our study is the first to report a 

positive effect on mice survival upon knocking out two GalNAc-Ts genes, showing great 

promise in using both these genes as EOC markers/therapeutic targets. Collectively our 

data provide strong evidence of the possible genetic redundancy of the two polypeptide 

GalNAc-Ts (GALNT3 and T6) in EOC. Nonetheless, the possible concept of functional 

redundancy between these two genes needs to be further validated to better confirm if these 

two genes carry cooperative or redundant functions in our model of EOC. We need to 

validate the possibility of functional complementation to confirm if these two genes are 

actually redundant in function, and as defined “Two genes are considered to be redundant if 

they can fully or partially substitute each others functions” (469). Further experiments 

examining the role of these two genes independently can help in confirming their individual 

roles, and thus understand if they do play redundant roles in different cancers such as EOC. 

To make a final conclusion on the extent of genetic redundancy between GALNT3 and 

GALNT6 in EOC requires a larger-scale analyses, but the observations we have acquired so 

so far have shed light on the possible role one or two of these genes play in the phenotypic 

complexity of EOC progression.  
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General Conclusions and Perspectives 

Protein glycosylation is the most common PTM in mammalian cells, and it is involved in 

many biological pathways and molecular functions. Glycosylation is also suggested to be 

an excellent target for proteomics-based disease investigations, such as studies in cancer, 

neurodegenerative diseases, and metabolic related disorders. This is highly due to the fact 

that aberrant glycosylation has been associated with different pathologies including cancer. 

Hence, glycoforms of glycoproteins may serve as potential biomarkers for the early 

detection/treatment response of the disease and/or as putative therapeutic targets. 

Mucin type O-glycosylation is a highly regulated process dependent on the enzymatic 

activity of GalNAc-Ts. The family of GalNAc-Ts plays a very important role in controlling 

sites of O-glycan attachments (470). This family of isoenzymes displays characteristics that 

are important in normal development and in cancer progression. These characteristics 

include: a) their sequence similarity, with some members showing higher similarities such 

as (GALNT3 and GALNT6) (471), b) their genomic localization/organization with members 

sharing some of common genomic features (471, 472), and c) their substrate specificities 

with a certain level of overlap (471, 473). Collectively these features show that each 

GalNAc-T may have a different or unique function, without eliminating the possibility of 

functional overlap. Thus, as shown also by us, it appears to be necessary to gain more 

insight on the role of the different members of these GalNAc-Ts in EOC. We believe it 

would be important to better examine their specified expression pattern, their glycan 

structure alterations in tumor development, as well as their own potential changes in cancer 

(including EOC) progression. Thus far, studies on the specificities of the GalNAc-Ts have 

not properly defined their specified acceptor peptide sequence motifs, which would allow 

predicting the O-glycosylation capacity of each of these enzymes in different cancer types. 

This scientific delay is largely due to the experimental constraints/complexities that come 

in analyzing peptide and protein specificities of these transferases. We have applied an 

innovative approach focused on examining both the peptide and protein sequences affected 

by the aberrant expression of these GalNAc-Ts. This PhD project studied the effect of 

ablating the expression of one of this GalNAc-Ts (GALNT3) in EOC. We were able to 

show differential regulation of a plethora of glycoproteins affected by the KD of the 
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GALNT3 gene, some of which could represent new potential EOC biomarkers and/or 

therapeutic targets. This application demonstrates how advances in glycoproteomic analysis 

is an important part of proteomics, since as shown by us, it has helped reveal very 

important biological changes in terms of disease such as EOC, and it has also made it 

possible to study glycoprotein/glycan alterations in a more defined manner. In perspective, 

we are aiming to further benefit from the IsoTag technology in order to identify glycan 

structure perturbations/changes in terms of the level of elongation, site of attachment, and 

type of terminal modification acquired from the ablation of one or several of these GalNAc-

Ts in EOC. Currently, this approach requires intense manual data processing for properly 

identifying and studying the glycan structure changes. Nonetheless, our lab and our 

collaborators are working on developing improved bioinformatics algorithms that can ease 

the way for a defined glycan identification software or database in order to help analyze 

glycoproteins and their attached glycan structures. Recently, our lab start using the Byonic 

software, which is a search engine that has been developed to identify peptides and proteins 

by tandem MS, and is now showing great promise in the field of glycoproteomics. Byonic 

has been also developed to identify glycosylated peptides, and with the use of predefined 

algorithms, it can identify glycan structures found on a specified peptide sequence. The 

application of the IsoTag platform in parallel with the use of the Byonic software has begun 

to show great promise in producing replicable results when examining glycan changes in 

different cancer cell lines as identified in studies presented by Dr. Woo (354, 365, 366, 

399). 

Moreover, we wanted to investigate for other members of the GalNAc-T family that may 

be implicated in aberrant O-glycosylation in EOC. Our focus was to examine the 

expression pattern of several GalNAc-Ts between normal and HG ovarian cancer patient 

samples. The objective of this part of the thesis was to provide a larger panel of biomarkers 

that can be potentially used for non-invasive screening of EOC patients. As previously 

mentioned, current screening methods for EOC have been based on serum tumor markers 

or ultrasound imaging of the ovaries and these approaches have shown to be not entirely 

specific for EOC. Therefore, there is a need for new biomarkers that are both sensitive and 

specific in for the different subtypes of EOC patients. In this PhD project we evaluated the 

expression of 5 members of the GalNAc-T family (GALNT2, T4, T6, T9 and T14) in EOC 
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specimens and examined their correlation with the clinicopathologic features of these 

patients. Our results indicated that high GALNT6 and GALNT14 as negative prognostic 

predictors for patients with EOC, and we suggested their overexpression could directly 

contribute to aberrant mucin type O-glycosylation in EOC. More importantly, our findings 

support future studies that can focus on examining the implication of GALNT6 and 

GALNT14 in the molecular mechanisms of the abnormal glycosylation associated with 

EOC dissemination. Furthermore, this study has also led to the identification of possible 

redundant functions of two GalNAc-Ts (GALNT3 and T6). Our preliminary analysis has 

points the need to more profoundly examine the hypothesis of synthetic redundancy of 

these two GalNAc-Ts in EOC progression and metastasis. We next provided experimental 

evidence that this may indeed be due to the compensatory role of its closest homolog 

GALNT6, which was strongly induced upon GALNT3 KD both in vitro, and in vivo. Our 

data from this work strongly supported the perception of biosynthetic backup provided by 

these GalNAc-Ts. Our double KO experiments performed in this study strongly support the 

impact of the ablation of not one member, but two members of these GalNAc-Ts in the 

functional characteristics of EOC cells, as evaluated by their decreased level of migration, 

invasion, proliferation and cell cycle progression. More importantly, the role the double KO 

had an important implication on the glycosylation state of their proposed substrate proteins 

(MUC1 and FN1). Interestingly, we were also the first to show effects on the survival of 

animals injected with double KO EOC cells, where a significant increase in the overall 

survival of animals injected with cells ablated for the gene expression of the two members 

(GALNT3 and GALNT6) was observed. Collectively, our data highlight the importance of 

integrating and examining multiple members of the GalNAc-T family into providing some 

prognostic information for EOC patients. Moreover, screening for GALNT3 and GALNT6 

inhibitors could be valuable for the development of novel therapeutic modalities against 

EOC. 

The research project is further focused on using the IsoTaG platform to analyze GALNT3 

KO and GALNT3/T6 KO mediated alteration on the expression of O-glycoproteins.  More 

importantly with the application of the IsoTaG approach, we aim to simultaneously identify 

altered expression of O-glycoproteins and/or alterations in their corresponding glycan 

structures in the EOC cell lines A2780s. It will be thus interesting to investigate the 
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implication of GALNT3 and GALNT6 in the aberrant O-glycosylation in EOC cells. 

Furthermore, the application of the glycoproteomic approach could better characterize both 

the synergistic and compensatory GALNT3/T6 correlations, which could improve our 

understandings of their individual and/or combined role in EOC dissemination.  
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Abstract 

Epithelial ovarian cancer (EOC) is the most lethal gynecologic malignancy, and 

understanding the molecular changes associated with EOC etiology could lead to the 

identification of novel targets for more effective therapeutic interventions. Glycosylation 

represents a post-translational modification (PTM) of proteins playing a major role in 

various cellular functions. Moreover, glycosylation participates in major pathobiological 

events during tumor progression, as aberrant expression of glycan structures has been 

shown to contribute in alterations of specific cellular onco-phenotypes, including tumor cell 

proliferation, migration and invasion. This review aims to describe what is currently known 

about aberrant glycosylation in EOC, and more specifically, the contribution of aberrant O-

linked glycosylation in EOC progression. We also discuss our findings about the altered 

GALNT3 overexpression in EOC and its involvement in disease dissemination through 

aberrant mucin O-glycosylation, as well as the potential to exploit the role of GALNT3 in 

understanding the general mechanisms of abnormal glycosylation implicated in EOC 

spreading. Further analyses in cancer glycobiology could significantly enhance our 

understanding of the molecular mechanisms of cancer progression, including EOC 

dissemination, and could lead to the identification of novel biomarkers/therapeutic targets 

for better management of this deadly disease. Biomed Rev 2014; 25: 83-92 Keywords: 

post-translational modification, N-linked glycosylation, O-linked glycosylation, GalNAc-

transferases, ovarian cancer metastasis, mucins 

 

Introduction 

Etiology of epithelial ovarian cancer Epithelial ovarian cancer (EOC) is a disease that is 

responsible for more cancer deaths among women in the Western world than all other 

gynecologic malignancies (1). EOC lethality primarily stems from the inability to detect the 

disease at an early, organ-confined stage, and the lack of effective therapies for advanced-

stage disease. So there is urgent need for new therapeutic targets and a better understanding 

of the mechanisms involved in the spread of ovarian carcinoma. EOC is histologically 

classified into five different carcinoma subtypes, including low-grade serous, high-grade 

serous, endometrioid, mucinous and clear cell (2); among these, serous carcinomas 
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represent the most frequent type, comprising approximately 80 % of all advanced EOC (2). 

Recent findings indicate that EOC subtypes are different diseases and suggest that future 

biomarker identification and clinical research studies should investigate each EOC subtype 

separately (3). Treatment of EOC includes the combination of surgery and platinum based 

chemotherapy (4). These approaches, in addition to hormonal therapy, show up to 80% 

responsiveness in patients, but unfortunately more than 50% of EOC patients eventually 

relapse and will need additional treatments (4). Currently, there is no effective adjuvant 

treatment for EOC patients after surgery or chemotherapy. It is well established that cancer 

invasion and metastasis represent the major cause of treatment failure. Approximately 70% 

of women with advanced-stage EOC have widespread intraperitoneal metastases, including 

the formation of malignant serous effusions within the peritoneal cavity (1, 2). Pleural 

effusions constitute the most frequent site of distant metastasis (FIGO stage IV disease). 

Unlike the majority of solid tumors, particularly at the primary site, cancer cells in 

effusions are not amenable to surgical removal, and failure in their eradication is one of the 

main causes of treatment failure. Indeed, despite advances in cytotoxic therapies (5, 6), 

only 30% of women with advanced-stage EOC survive 5 years after initial diagnosis (1). 

Thus, management of the metastatic disease becomes a crucial problem for the treatment of 

EOC. One possible way to resolve this problem is to target metastasis-specific pathways 

with novel therapies. Hence, focused identification of novel pro-metastatic mechanisms, 

target pathways and molecules could enhance our chances of discovering new and effective 

therapies. Post-translational modifications (PTM) alter the three dimensional structures of 

proteins by covalently binding small molecules to them and therefore represent a major 

diversification mechanism for altering protein function. The main PTM types include 

protein covalent modifications such as phosphorylation, acetylation, glycosylation, 

methylation, and ubiquitination, and can be classified according to the type of the amino 

acid side chain modified, the category of the modifying enzyme, and the extent of 

reversibility (7). There are many documented studies investigating different PTMs and their 

association with cancer progression; among these, aberrant glycosylation has displayed 

important role in cancer progression (8, 9), including EOC dissemination (10). 
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Protein glycosylation 

Glycosylation represents the most complex form of all PTM, and is defined by the 

regulated process of adding lipids and carbohydrates to proteins, as this regulation depends 

on various building enzymes and proteases that allow for the diversification of protein 

function. Many studies have advanced our understanding of the major roles of glycans, but 

no evidence has yet comprehensively explained their role or function under different 

normal and pathological conditions, which is mainly due to their enormous diversity. 

Glycans have been shown to play crucial roles in development, growth and the 

functionality of organisms (11). Cell surface glycans are mainly implicated in recognizing 

molecules that aid in the process of communication and adhesion (12). Analysis of the 

SWISS-PROT database showed that the majority of proteins of the sequon are 

glycosylated, as more than 50% of all proteins are characterized as glycoproteins (13). 

Glycosylation of proteins is relatively rare in prokaryotes and quite common in eukaryotes. 

Three types of glycosylation of proteins are currently known (including C-linked 

glycosylation, N-linked glycosylation, and O-linked glycosylation), but C-glycosylation, 

representing mannosylation of C2 of the indole ring of tryptophan residues is quite rare 

(14), as the major glycosylation types represent N-linked and O-linked (mucin) 

glycosylation. 

N-linked glycosylation 

N-linked-(or asparagine-type) glycosylation represents a fundamental and extensive PTM 

that results in the covalent attachment of an oligosaccharide onto asparagine residues of the 

polypeptide chains (15). The N-linked glycosylation of glycoproteins takes place in both 

prokaryotic and eukaryotic cells (15). Through the attachment of glycans at asparagine 

residues, N-linked glycosylation promotes protein folding by enhancing solubility and 

mediating interactions between nascent proteins and cellular proteins, such as chaperones. 

Three key processes in N-linked glycosylation have been identified: (i) the lipid-mediated 

assembly of monosaccharides into glycans, which is performed by various enzymes in the 

endoplasmic reticulum (ER) - Golgi complex; (ii) the acceptance of a glycan by the 

consensus sequence AsnX-Ser/Thr (X for any amino acid except proline), and (iii) the 
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oligosaccharyltransferase-catalyzed attachment of the glycan to the side chain of the 

asparagine residue (15). The initiation step of N-glycan synthesis starts with the transfer of 

GlcNAc-P from UDP-GlcNAc to membrane-bound Dol-P to form GlcNAc-P-P-Dol, and 

this process is catalyzed by the enzyme GlcNAc-1-phosphotransferase (16). See Figure 1 

for illustration of the principles of the N-glycosylation. 

O-linked (mucin) glycosylation 

O-glycosylation of proteins represents the most diverse PTM form. There are several types 

of O-glycosylation, and they have been characterized and differentiated based on their 

biosynthesis and linkage processes. These include: O-GalNAc or mucin-type, O-mannose, 

O-xylose, O-fucose, O-glucose, O-galactose and O-GlcNAc (12). The initiation process of 

O-glycosylation, except for O-GalNAc, O-Xyl and O-GlcNAc, occurs in the ER. O-

GalNAc initiation of proteins takes place in the Golgi (12) and the O-GlcNAc glycosylation 

takes place in the cytosol and the nucleus (17). O-linked glycosylation mostly happens on 

serine and threonine residues (18), although as recently demonstrated, O-glycosylation can 

also be found on tyrosine residues (19). The initiation step of O-glycosylation is more 

complex than N-glycosylation and involves the transfer of different monosaccharides to 

each of the six O-linked glycans. O-GalNAc glycosylation is more distinct as it involves 

two steps including the initiation step which is directed by 20 GalNAc-transferases, a 

family of enzymes known as the UDPN-acetylgalactosamine: polypeptide N-acetyl 

galactosaminyl transferases (GalNAcTs). Thus, the O-GalNAc initiation step involves the 

transfer of the monosaccharide GalNAc from UDP-GalNAc to the hydroxyl group of the 

serine, threonine or tyrosine residues found in the target protein substrate, which is 

followed by a processing step, where 30 or more glycosyltransferases create distinct glycan 

structures (20, 21). See Figure 2 for illustration of the principles of GalNAc O-

glycosylation. As described above, cellular glycosylation mechanisms and their 

biosynthetic pathways are very complex and have shown to be fundamental to the changes 

in glycan processing and divergence. Numerous studies have shown that alterations in 

surface glycans are linked to disease progression and most importantly in cancer, as these 

alterations play pivotal roles in cancer initiation and progression (22, 23). 
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Aberrant glycosylation in cancer 

Cancer cells have been characterized to undergo activation, rapid growth, adherence and 

invasion of neighbouring cells/issues, and these processes are also linked to changes in the 

cell’s glycosylation profiles (24). Studies have provided strong evidence for the existence 

of important link between abnormal glycosylation and tumorigenesis. Glycosylation 

changes characterized in cancer cells follow a variety of forms, as glycan alterations can be 

associated with loss or gain of expression, depending on the cell type and the specific 

glycan’s structure. Aberrant glycosylation in cancer cells could affect certain ligand-

receptor interactions and more importantly, could favour cancer cell proliferation, 

migration and invasion/metastasis. Altered N-glycosylation of proteins has been reported in 

different cancer types, which has led to the identification of biomarkers for cancer 

prediction and diagnosis (25). Notably, the branching of N-glycans is involved in various 

biological functions including signal transduction, cell adhesion, proliferation, 

differentiation, and programmed cell death (26). The alteration of the branching alters the 

activity of relevant glycosyltransferases, thus affecting the regulation of various malignant 

processes, including cancer cells invasion and metastasis (26). A number of N-

glycoproteins has been shown to be differentially expressed in different cancer types. 

Notably, differential glycosylation and increased expression of some N-linked 

glycopeptides (including apolipoprotein B-100 and alpha-1-antichymotrypsin) has been 

identified in lung cancer serum pools compared to control pools (27). Some N-glycans, 

including ceruloplasmin, alpha-1 antichymotrypsin, and multimerin-1 were identified as 

biomarkers associated with hepatocellular carcinoma (HCC) (28). In addition, a study by 

Chen et al. (2011) found substantial concentration changes in N-linked glycoproteins 

between normal and HCC serum samples, as some of these glycoproteins included galectin-

3 binding protein, insulinlike growth factor binding protein 3, and thrombospondin 1, 

previously found to be associated with HCC development (28). A strong overexpression of 

N-glycoproteins, including cathepsin L and periostin (proteins, involved in extracellular 

matrix remodeling during metastasis) was shown to be associated with aggressive prostate 

cancer (30). Similarly, O-glycans can play important role in cancerogenesis, as they could 

be in part responsible for the attachment, invasion and survival of cancer cells. Studies have 

demonstrated that O-glycan structures are truncated in many cancer types (31). Tumors 
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associated with different mucin families show complex alterations in glycosylation profiles 

compared to normal cells. Recent studies showed that the downregulation of mucins 

contributes to the alterations observed in various cancer cell lines, which is associated with 

disease progression. MUC1 is a glycoprotein integrated in the plasma membranes of 

epithelial cells as MUC1 has been repeatedly characterized as a major oncogene in different 

cancer types (32). Indeed, MUC1 is aberrantly glycosylated and overexpressed in >90% of 

breast carcinomas and in other cancer types of epithelial origin, including ovarian, lung, 

colon, and pancreatic carcinomas (33, 34). MUC4 has also been shown to be responsible 

for tumor progression (35). MUC4 expression has been associated with pancreatic cancer, 

as MUC4 is not expressed in normal pancreatic cells or tissue (35). MUC16 (or CA-125) is 

now considered to be the most effective marker for early EOC detection and the monitoring 

of EOC reoccurrence after therapy (36). The different members of the glycotransferase 

(GALNACTs) family were shown to be differentially expressed in malignant tumors 

compared to normal tissue. The deregulation in the expression of the different GalNAc-Ts 

allows them to play diverse roles in cancerogenesis. Thus, GALNT1 is highly expressed in 

bladder cancer tissues, making it a potential prognostic marker in bladder cancer (37); 

GALNT2 is overexpressed in oral squamous cell carcinoma (38) and was also found to play 

a role in modifying EGFR glycosylation in HCC, which contributes to its malignant 

phenotype (39). GALNT3 is overexpressed in pancreatic cancer, and its suppression 

significantly correlates with pancreatic cancer cell growth inhibition (40). We have recently 

demonstrated that GALNT3 is strongly overexpressed in high-grade serous EOC tumors, as 

compared to normal ovarian tissue (41). Upregulation of GALNT6 stabilizes MUC1 protein 

by aberrant glycosylation in breast cancer cells, which allows the accumulation of the 

MUC1 protein in these cancer cells (42). Further, GALNT6 is expressed in gastric 

carcinomas and its expression was shown to associate with invasive disease (43). A role of 

GALNT7 in progression of cervical cancer (44) and human melanoma (45) has been 

demonstrated. GALNT9 expression was coupled with increased survival of neuroblastoma 

cancer cells making this enzyme a potential prognostic marker for this cancer type (46). 

GALNT10 was found to be overexpressed in gastric cancer, as its expression significantly 

correlated with the histological type and degree of this cancer type (47). Overexpression of 

GALNT11 was demonstrated in chronic lymphocytic leukemia (48). Mutations in the 



 

 

 

261 

GALNT12 gene were linked to the development of colon cancer (49), and GALNT13 was 

specifically expressed in high-risk neuroblastoma (stage 4) patients, while no GALNT13 

expression was detected in healthy individuals (50). GALNT14 contributes to the 

glycosylation of MUC13, which was observed to be significantly higher in EOC cells 

compared to their normal counterparts, suggesting a role of GALNT14 in EOC 

carcinogenesis, by directing aberrant MUC13 glycosylation (51). Moreover, a positive 

correlation was demonstrated between GALNT14 expression and the pro-apoptotic factor 

TRAIL in pancreatic cancer, indicative for a protective role of the GALNT14 enzyme in this 

cancer type (52). 

Altered glycosylation implicated in EOC etiology 

N-linked glycosylation in ovarian cancer 

N-glycans play crucial roles that influence some of the glycoproteins properties and induce 

effects on the conformation, solubility, and recognition capacity of the proteins by 

glycanbinding proteins (16). Deficiencies in N-glycan synthesis has lead to a variety of 

human diseases. Aberrant N-linked glycosylation has been also described and investigated 

in ovarian cancer. Several studies have examined this association; thus a number of N-

glycans displayed aberrant expression in different EOC subtypes, as mesothelin was shown 

to be overexpressed in high-grade serous, low-grade serous, and transitional-cell 

carcinomas, while versican and periostin were overexpressed in most subtypes of ovarian 

tumors (29). Gubbels et al. (2006) demonstrated that mesothelin-MUC16 binding is N-

glycan dependent, as this interaction was shown to facilitate EOC peritoneal dissemination 

(53). Another study by Zhang et al. (2014) investigated the association between N-

glycosylation alterations in glycoproteins secreted by EOC cells and metastasis of the 

disease. By using metabolic stable isotopic labeling, they have revealed a notable decrease 

in bisecting GlcNAc structure, as this decrease was found to be associated with a higher 

EOC metastatic potential (54). Interestingly, Anugraham et al. have shown an expression of 

bisecting GlcNAc on N-linked glycoproteins, and this association was found to highly 

correlate with MGAT3 gene expression, a gene responsible for expressing the enzyme 
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implicated in the synthesis of the core of the N-glycans (55). Their data demonstrated that 

definite N-glycan substructures and their complexes are associated with specific epigenetic 

programming of synthetic enzymes in EOC (55). These studies suggest the involvement of 

N-glycosylation in EOC spreading and metastasis, which further suggests the potential use 

of N-glycans for biomarker development and targeted EOC therapy. 

O-linked (mucin-type) glycosylation in ovarian cancer 

Aberrant mucin-type O-glycosylation is one of the most abundant cancer-related PTMs, 

causing major pathological changes that in turn influence growth and survival of cancer 

cells and their ability for invasion and metastasis (31). Changes associated with the 

progression of EOC from primary to metastatic disease can affect the expression of certain 

tumorassociated antigens (TAA), subject to altered O-glycosylation. Thus, MUC1 has been 

identified as a novel TAA, and several studies have demonstrated that MUC1 is 

overexpressed and aberrantly O-glycosylated in most adenocarcinomas (34), in addition to 

being overexpressed on the cell surface of 90% of EOC tumors, including metastatic 

lesions (56). The major structural difference observed in tumor-associated MUC1 

compared to a normal MUC1 is that tumor MUC1 contains shorter and less dense O-glycan 

chains, thus exposing more regions of the MUC1 protein core (57). This feature of the 

tumorassociated MUC1 makes it a possible EOC therapeutic target, which could delineate 

novel approaches for more effective EOC therapy. MUC13 represents another mucin 

associated with EOC dissemination. Indeed, MUC13 has been overexpressed in EOC 

compared to normal tissue, and was shown to modulate various cellular functions such as 

cell adhesion and proliferation (58). A study by Wang et al. (2013) has provided evidence 

that GALNT14 contributes to the aberrant glycosylation of MUC13 in ovarian 

carcinogenesis (51). As mentioned above, MUC16 (CA-125) is strongly associated with 

EOC pathobiology, as it currently represents the only clinically recognized marker for EOC 

progression (59). A study by Robert et al. has characterized the expression of several mucin 

genes in differnet EOC histological subtypes (60). They have shown that MUC1, MUC2 

and MUC5AC were overexpressed in EOC, while advanced disease was associated with 

decreased MUC3 and MUC4 levels (60). Moreover, other studies have revealed that 

ovarian cyst fluid can be a valuable source of mucins. MUC6 is a major component in 
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ovarian cyst mucins (61) making it a good candidate to further elucidate the role of cyst 

mucins in tumorigenesis. In addition, MUC9 was also found to be highly present in the 

serum of EOC patients (62). Using an epigenomics approach, we have previously shown 

that DNA hypermethylation occurs in all (including less invasive/early) stages of ovarian 

tumorigenesis, while advanced disease was exclusively associated with DNA 

hypomethylation of a number of oncogenes, implicated in EOC progression, including 

invasion/metastasis (63). These experiments identified the GALNT3 gene as 

hypomethylated and overexpressed in high-grade EOC tumors, when compared to low-

malignant potential EOC tumors and normal ovarian tissue (41). Additionally, the GALNT3 

expression significantly correlated with shorter progressionfree survival intervals in women 

with advanced EOC (41). Consecutive short-hairpin (shRNA)-mediated GALNT3 KD 

experiments were strongly indicative for GALNT3 implication in EOC cell proliferation, 

migration, invasion and cell cycle control. Gene expression profiling and successive 

network and pathway analyses confirmed these findings, as numerous genes and pathways 

known previously to be implicated in EOC tumor invasion and metastasis were found to be 

downregulated upon GALNT3 suppression, while some tumor suppressor genes were 

induced (41). Moreover, GALNT3 KD resulted in considerable reduction of MUC1 protein 

in EOC cells, although the transcriptional level of MUC1 remained unchanged (41). A 

significantly diminished protein expression of other glycosylated proteins in EOC cells 

upon GALNT3 suppression was also observed, suggesting that GALNT3 may influence the 

posttranslational modification and stabilization of MUC1 and other O-glycosylated mucin-

like targets in EOC cells (41). Also, the GALNT3 KD-mediated MUC1 suppression 

promoted the expression of the cell adhesion molecules E-cadherin and β-catenin, 

suggesting that the involvement of the GALNT3-MUC1 pathway in EOC invasion could 

include the destabilization of the E-cadherin/ β-catenin complex formation (41). Our data 

specify some of the mechanisms of abnormal O-glycosylation in ovarian carcinogenesis 

and the identification of the GALNT3 enzyme as EOC oncogene and novel EOC 

biomarker/possible molecular target for EOC therapy. These results warrant further and 

more profound studies of aberrant O-glycosylation in EOC. 
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Conclusion and perspectives 

Glycosylation mediates various events associated with important biological expansion of 

the proteome. Aberrant glycosylation of glycan structures is now a new hallmark common 

of neoplastic transformation. Determining glycan structures is an essential step towards 

establishing a more comprehensive understanding of their roles in normal and pathological 

conditions, including cancer. In this review we focused on discussing the role of aberrant 

glycosylation in EOC. EOC is a highly metastatic disease and the leading cause of death 

from gynecologic malignancy. Hence, understanding the molecular changes associated with 

ovarian cancer metastasis could lead to the identification of targets for novel therapeutic 

interventions. Studies of disease-related alterations in glycan structures of glycoproteins 

can also lead to the discovery of new biomarkers for early EOC diagnostics and more 

efficient follow-up. Global analysis of proteins and their modifications has been majorly 

dependent on the recent advances in mass spectrometry tools for sequencing N- and O- 

glycans from cells and tissues. Progress in the field has developed strategies in performing 

both glycomic and glycoproteomic analysis. With these high-throughput technologies the 

dynamic area of N- type and mucin-type O-glycosylation can be further explored and their 

role in tumorigenesis, including that of EOC, better understood. Moreover, the discovery of 

new and efficient inhibitors that can target glycosylation biosynthetic pathways could play 

important role in the understanding of specific/molecular mechanisms of normal and 

aberrant (disease-related) glycosylation, which undoubtedly will lead to the development of 

new and improved cancer treatment strategies, including more efficient EOC therapy. 
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Figure legends 

Figure 1. Schematic depiction of N-linked glycosylation. N-linked glycosylation is mainly 

linked to asparagine residues of proteins, specifically the Asn-X-Ser/Thr motif. N-linked 

glycosylation is initiated by en bloc transfer of an assembled complex glycan to the Asn 

residue. N-glycosylation biosynthesis starts with the high-mannose structure, followed by 

the branching of glycans and the addition of a variety of monosaccharides, this process is 

mainly dependent on the glycosyltransferases present, here we show the role of GlcNAc-1-

phosphotransferase involved in the initiation process found in the ER-Golgi complex. The 

arrow indicates the transferase involved in the initiation process. The linkage of the first 

oligosaccharide is depicted with a (-). 

 

Figure 2. Schematic depiction of O-linked-(mucin type) glycosylation. O-linked 

glycosylation is mainly linked to Ser/Thr and Tyr residues. O-glycosylation is initiated by 

transfer of one of six monosaccharides; among these, the GalNAc-type-O-linked 

glycosylation pathway as depicted in the figure. GalNAc-type-O-linked glycosylation is 

uniquely controlled by the family of 20 polypeptide GalNAc-transferases located in the 

Golgi complex. The arrow indicates the genes involved in the initiation process. The 

linkage of the first oligosaccharide is depicted with a (-). 
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Figure 2. Schematic depiction of O-linked-(mucin type) glycosylation 
 


