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RESUMO 
O cancro representa um significativo encargo para a saúde e a sociedade, sendo 

imperativo avaliar e desbloquear novas ferramentas de diagnóstico e terapêuticas que 

melhorem a gestão do doente. Recidivas recorrentes e disseminação tumoral continuam a 

ser as principais causas de resultados insatisfatórios para os doentes, exigindo a 

identificação de assinaturas específicas associadas a esses fenómenos. Avanços recentes 

na oncologia de precisão revelaram os papéis das glicoproteínas que transportam 

alterações na glicosilação na progressão tumoral, recidiva e metástase, e seu impacto nas 

características do cancro. Nesse contexto, esta tese foi dedicada ao estabelecimento de 

marcos necessários e da fundamentação para avaliar o impacto putativo das 

glicosignaturas associadas ao cancro na progressão e disseminação do cancro esofágico 

(EC) e do cancro colorretal (CRC), visando o direcionamento preciso do cancro. 
No contexto do EC, o foco foi colocado na exploração do antigénio sialil-Tn (STn), um 

glicano curto resultante de uma paragem prematura na O-glicosilação da proteína. O 

antigénio STn é prevalente em tumores de EC e células tumorais circulantes (CTCs) 

derivadas de EC, correlacionando-se com recidiva e redução da sobrevivência. 

Adicionalmente, células de EC glicosiladas que expressam STn mostraram o processo de 

invasão aumentado, mas o de proliferação reduzido. O O-glicoproteoma identificou o 

transportador de glicose tipo 1 (GLUT1) como um biomarcador de mau prognóstico, com 

glicoformas GLUT1-STn evidenciando a especificidade do cancro, sugerindo assim o seu 

potencial para estratificação e direcionamento de formas agressivas de EC. 
No CRC, o foco foi nos antigénios Lewis silialados (sLe), que são mediadores bem 

conhecidos de metástases de células cancerígenas, através da ligação à E-selectina. 

Descobrimos que mais de 70% dos tumores colorretais sobrexpressam sLeA/X, 

incentivando uma exploração mais profunda do sialoglicoproteoma de tumores 

metastáticos. O enriquecimento de afinidade para E-selectin e a espectrometria de massa 

permitiu a identificação de quase 600 glicoproteínas, ampliando a nossa compreensão das 

potenciais glicoproteínas relacionadas com metástases. Notavelmente, o recetor da 

secretina (SCTR) emergiu como uma glicoproteína de classificação superior, mostrando 

associações com prognóstico desfavorável e metástases, sugerindo um papel inesperado 

na metástase e potencial como glicobiomarcador e ligante de E-selectina. 
Estas descobertas sublinham a ligação entre as glicoformas GLUT1-STn e SCTR-sLe e a 

agressividade do EC e do CRC, respetivamente. Adicionalmente, estabelecem as bases 

para o futuro desenvolvimento de terapias direcionadas contra essas malignidades. 

Finalmente, demonstram o potencial dos glicoproteomas de EC e CRC como fonte de 

novos biomarcadores na oncologia de precisão.
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ABSTRACT 
 

Cancer poses as a significant healthcare burden on society, being imperative to assess and 

unlock novel diagnosis and therapeutics tools that improve patient management. Recurrent 

relapses and tumour dissemination remain the main causes for poor patient outcomes, 

urging the identification of specific signatures linked to these phenomena. Recent advances 

in precision oncology have unveiled the roles of glycoproteins carrying changes in 

glycosylation in tumour progression, relapse and metastasis, and their impact on cancer 

hallmarks. On this scope, this thesis was dedicated to establishing the necessary 

milestones and rationale to assess the putative impact of cancer-associated 

glycosignatures on esophageal (EC) and colorectal cancer (CRC) progression and 

dissemination, envisaging precise cancer targeting. 

In the context of EC, focus was set on exploring the sialyl-Tn (STn) antigen, a short glycan 

resulting from a premature stop in protein O-glycosylation.The STn antigen was prevalent 

in EC tumours and EC-derived circulating tumour cells (CTCs), correlating with recurrence 

and reduced survival. Additionally, glycoengineered EC cells expressing STn displayed 

increased invasion but reduced proliferation. O-glycoproteomics identified glucose 

transporter type 1 (GLUT1) as a poor prognosis biomarker, with GLUT1-STn glycoforms 

enhancing cancer specificity, suggesting their potential for stratification, and targeting of 

aggressive EC forms.  

In CRC, the focus was on sialylated Lewis (SLe) antigens, which are well known mediators 

of cancer cells metastasis through binding to E-selectin. We found that over 70% of 

colorectal tumours overexpress sLeA/X, prompting deeper exploration of the 

sialoglycoproteome of metastatic tumours. Employing E-selectin affinity enrichment and 

mass spectrometry, nearly 600 glycoproteins were identified, broadening our understanding 

of potential metastasis-related glycoproteins. Notably, the secretin receptor (SCTR) 

emerged as a top-ranked glycoprotein, showing associations with poor prognosis and 

metastasis, suggesting an unforeseen role in metastasis and potential as a biomarker and 

E-selectin ligand.  

These findings underscore the connection between GLUT1-STn and SCTR-SLe 

glycoproteoforms and the aggressiveness of EC and CRC, respectively. Furthermore, they 

lay the groundwork for future development of targeted therapies against these life-

threatening malignancies. Finally, they shed light on the potential of the EC and CRC 

glycoproteomes as a source of novel biomarkers precision oncology.  

 



 
 

 

 



 

xix 
 

GRAPHICAL ABSTRACT

G
R

AP
H

IC
AL

 A
B

ST
R

AC
T 



 

 
 



xxi 
 

TABLE OF CONTENTS 
 

  
NOTA PRELIMINAR .......................................................................................................................... ix 

AGRADECIMENTOS ....................................................................................................................... xiii 

RESUMO .............................................................................................................................................. xv 

ABSTRACT .......................................................................................................................................xvii 

GRAPHICAL ABSTRACT............................................................................................................... xix 

TABLE OF CONTENTS .................................................................................................................. xxi 

LIST OF FIGURES ......................................................................................................................... xxiii 

LIST OF TABLES.......................................................................................................................... xxvii 

ABBREVIATIONS & ACRONYMS ............................................................................................ xxix 

INTRODUCTION ...................................................................................................................................1 

OUTLINE ...................................................................................................................... 1 

INTRODUCTION – PART I .................................................................................................................5 

The Tumour Microenvironment and Circulating Tumour Cells: A partnership 
driving metastasis and glycan-based opportunities for cancer control .................. 7 

Abstract .................................................................................................................... 7  

Introduction .............................................................................................................. 7 

Tumour microenvironment promotion of EMT and tumour invasion................. 10 

Tumour microenvironment promotion of hematogenous metastasis ............... 13 

Tumour microenvironment promotion of CTC colonization ............................... 15 

Tumour secreted soluble factors .......................................................................... 16 

Tumour-derived exosomes ................................................................................... 18 

Adaptation of CTC to foreign site microenvironments ....................................... 21 

Glycosylation: A key post-translational modification driving metastasis and its 
potential for targeted therapeutics ....................................................................... 23 

Concluding Remarks ............................................................................................. 28 

Ongoing challenges and future perspectives ...................................................... 31 

INTRODUCTION – PART II ............................................................................................................. 53 

The Role of Glycosylation in Esophageal and Colorectal Cancer: Clinical Implications 
and Biomarker Discovery .............................................................................................................. 55 

Decoding Esophageal and Colorectal Cancer: Insights into Diagnosis, Treatment, Risk 

Factors, and Histology ................................................................................................. 55 

Glycosylation patterns in esophageal and colorectal cancers: exploring general features.

 .................................................................................................................................... 56 



xxii 
 

Unravelling the significance of STn and sLeA antigen expression in esophageal and 

colorectal cancers .................................................................................................... 59 

Clinical relevance of STn and sLeA in esophageal and colorectal cancers: emerging 

potential in the circulating tumour cells. ................................................................... 60 

Multiomics on the Precision Oncology Era: Glycoproteomic Insights on the Cancer 

Biomarker Discovery ................................................................................................ 63 

AIMS & STUDY OUTLINE ............................................................................................................... 77 

CHAPTER I .......................................................................................................................................... 81 

GLYCOBIOMARKERS DISCOVERY IN ESOPHAGEAL CANCER ..................................... 81 

Target Score—A Proteomics Data Selection Tool Applied to Esophageal Cancer 

Identifies GLUT1-Sialyl Tn Glycoforms as Biomarkers of Cancer Aggressiveness ...... 83 

Abstract ................................................................................................................... 84 

Graphical Abstract ................................................................................................... 85 

1. Introduction...................................................................................................... 87 

2. Results and discussion ........................................................................................ 88 

3. Material and methods ........................................................................................ 109 

4. Conclusions ....................................................................................................... 115 

References ............................................................................................................ 117 

Supporting Information........................................................................................... 123 

CHAPTER II ...................................................................................................................................... 127 

GLYCOBIOMARKERS DISCOVERY IN COLORECTAL CANCER .................................. 127 

E-selectin Affinity Glycoproteomics Reveals Neuroendocrine Proteins and the Secretin 

Receptor as a Poor Prognosis Signature in Colorectal Cancer .................................. 129 

Abstract ................................................................................................................. 130 

Graphical Abstract ................................................................................................. 131 

Introduction ............................................................................................................ 133 

Material and Methods ............................................................................................ 134 

Results .................................................................................................................. 139 

Discussion and Concluding Remarks ..................................................................... 155 

References ............................................................................................................ 160 

Supporting Figures ................................................................................................ 165 

CONCLUDING REMARKS & FUTURE PERSPECTIVES.................................................... 177 

 

 
 
 



xxiii 
 

LIST OF FIGURES 
  

INTRODUCTION 
 

 

 
Figure 1. A) Tumour infiltrating immune cells, including macrophages and mast cells as well 

as mature cancer-associated adipocytes secrete proteolytic enzymes responsible for 

extracellular matrix (ECM) remodelling. Moreover, these pro-tumoral immune infiltrates 

secrete increasing amounts of growth factors and cytokines, ultimately creating a 

concentration gradient that chemoattracts tumour cells towards the tortuous and leaky tumour 

neovasculature. Hypoxic tumour cells undergo epithelial-to-mesenchymal transition and 

dedifferentiation towards stem-like phenotypes, acquiring more motile and invasive 

phenotypes. Concomitantly, CAFs form heterocellular contacts with tumour cells inducing 

migration, while platelets facilitate metastasis. B) Perivascular macrophages CAFs and 

neutrophils stablish paracrine loops with tumour cells to stimulate tumor cell invasion towards 

blood vessels. CTC also cluster with platelets and form fibrin crosslinks to overcome sheer 

stress and avoid immune recognition. Of note, platelets transfer major histocompatibility 

complex I (MHC-I) molecules to CTC promoting NK cell surveillance escape. C) Primary 

tumour and stoma cells produce chemokines, soluble factors and exosomes capable of 

attracting immune cells to distant PMN, while upregulating pro-inflammatory and angiogenic 

molecules. For instance, granulocyte colony stimulating factor (G-CSF) promotes myeloid 

cell mobilization to the PMN, while CCL2 chemoattracts several CCR2 expressing immune 

precursors. Tumour hypoxia represents one of the main microenvironmental factors busting 

exosome release. Besides contributing to PMN formation, exosomes contribute to systemic 

immunosuppressive effects. D) To overcome cell dormancy and achieve successful 

colonization DTC require mitogenic stimulation by growth factors and cytokines that may be 

either pre-existent in the PMN or synthetized de novo. Subsequent recruitment of supporting 

stroma cells, ECM remodelling and neovascularization are also 

essential……………………………………...……………………………………………………...… 

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

12 

 

Figure 2. Sialyl-Tn overexpressing cells frequently acquire more motile and invasive 

phenotypes by weakly interacting with ECM components and stablishing poorly cohesive 

tumours. STn overexpression itself is though to be largely dependent on microenvironmental 

cues as low oxygen tension within the tumour bulk. Furthermore, STn overexpression 

induces activation of EGFR and ErbB2 tyrosine kinase receptors (RTK), consequently 

initiating oncogenic pathways. STn also has impact on cell recognition by the immune system, 

 

 

 

 

 

 



xxiv 
 

namely by inducing a tolerogenic and immature phenotype of dendritic cells and by 

interacting with sialic acid-binding immunoglobulin-type lectins (SIGLEC), such as siglec 15 

in antigen presenting cells and NK cells to modulate inhibitory responses. In turn, tumour cell 

sLeA/X are specific ligands for E- and P-selectins on endothelial cells, ultimately mediating 

intravasation of tumour cells into circulation and extravasation to distant organs. Moreover, 

these glycoepitopes may decisively contribute to CTC survival in circulation by enabling 

attachment to P-selectin in activated platelets, forming protective clusters. ………….………… 

 

 

 

 

 

 

27 

 

Figure 3. In the first steps of the metastatic cascade, stromal cells and hypoxia-mediated 

factors promote tumour cell invasion by supplying the tumour microenvironment with pro-

metastatic factors, favouring EMT, promoting ECM remodelling and vascular leakage. 

Subsequently, tumour cell intravasation into the tumour microvasculature is supported by 

soluble factors provided by active stromal cells as tumour-associated macrophages, 

fibroblasts, neutrophils and platelets. Once in the bloodstream, single CTC or small CTC 

groups form protective clusters with neutrophils, platelets and ECM components. These 

cooperative crosslinks protect CTC from sheer stress and immune recognition, while priming 

them for proliferation upon successful dissemination. CTC also stablish clusters with 

activated CAFs, determining a more favourable colonization step by bringing their own 

supporting stroma to distant locations………………………………….…………………………… 

 

 

 

 

 

 

 

 

 

 

31 

 

Figure 4. A) Liquid biopsies are starting to evolve to multiparametric settings, exploiting CTC, 

exosomes, circulating nucleic acids (ctDNA) and other biomolecules to provide more 

comprehensive models for patient stratification and to guide clinical decisions towards 

personalized medicine. B) Several glycan-based therapeutic strategies and 

immunotherapies have emerged. Namely, inhibitors of glycosyltransferases catalytic activity, 

glycoengineered antibodies capable of inducing increased antibody-dependent cellular 

cytotoxicity (ADCC), glycan-based antibodies to guide nanotherapies or improve the cancer 

specificity of chimeric antigen receptors (CAR) of genetically modified T cells, as well as 

anticancer multicomponent glycoconjugate vaccines. C) Several therapeutic strategies 

targeting the tumour microenvironment have already been proposed. These include: i) ECM 

deconstructing agents as heparanases iii) MMP inhibitors; iii) HIF-1α and HIF-1α targets 

inhibitors; iv) proton exchanger and carbonic anhydrase inhibitors (mainly vacuolar ATPase 

(V-ATPase) Na+/H+ exchanger (NHE), monocarboxylate transporters (MCTs), and carbonic 

anhydrases (CAs); v) antiangiogenic drugs; vi) multireceptor tyrosine kinase (RTK) inhibitors; 

vii) immune checkpoint inhibitors; viii) chemical agents targeting exosome biosynthesis and 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxv 
 

specific stromal cells as myeloid-derived suppressor cells (MDSC), tumor-associated 

macrophages (TAM) and CAF targeting agents...………………………………………………… 

 

35 

  

 
CHAPTER I. 

 

  
 
Figure 1. The STn antigen is overexpressed in esophageal squamous cell carcinomas 

(ESCC) and CTCs, being associated with recurrence and decreased disease-free 

survival………………………………………………………………………………………………… 

 

 

 

92 

 

Figure 2. The stable transfection of ST6GALNAC1 leads to STn expression in Kyse-30 cells 

without inducing profound glycome remodeling and induces a massive decrease in 

proliferation and a significant increase in invasion.…………………………………………......... 

 

 

97 

 

Figure 3. Target score assisted revisitation of ESCC proteomics data identifies SLC2A1 

(GLUT1) as a potentially targetable biomarker carrying the STn antigen……………………….. 

 

99 

 

Figure 4. GLUT1-STn is widely expressed in ESCC and correspondent metastases and 

associates with decreased disease-free survival.………………………………...………………. 

 

104 

 

Figure 5. STn and GLUT1 expressions are rarely overlapping in healthy 

tissues………………………………………………………………………………………………... 
 

108 

 
  

CHAPTER II. 
 

 

 

Figure 1. Sialylated Lewis antigens exhibit high expression levels in primary tumors, as well 

as in lymph node and distant metastases in contrast to healthy organs and leukocytes. A) 

SLeA and sLeX present a diffuse expression pattern in CRC primary tumours and 

metastases. ………………………………………………….……………………………………… 

 

 

 

 

136 

 

Figure 2. CRC exhibits two distinct sLe-related glycogenes signatures linked to 

prognosis.…………………………………………………………………………………………… 

 

139 



xxvi 
 

Figure 3. E-selectin affinity glycoproteomics identifies relevant functional molecular 

signatures and targetable glycoproteins potentially carrying sialylated Lewis 

antigens.……………………………………………………………………………………………... 

 

 

143 

 

Figure 4. The SCTR is overexpressed in metastatic tumours as well as in the metastases 

and associates with poor prognosis in CRC. A-B) The SCTR is highly expressed in both 

aggressive primary tumours as well as lymph node and distant 

metastases…………………………………………………………………………………………... 

 

 

 

146 

 

Figure 5. The SCTR is a major carrier for sialylated Lewis antigens in CRC but not on 

healthy tissues………………………………………….…………………………………………… 

 

148 

 

Figure 6. SCTR-sLe glycoproteoforms associate with worst prognosis and present a very 

restricted pattern in human healthy tissues and cells…………………...……………………….. 

 

150 

  



xxvii 
 

LIST OF TABLES 
  

CHAPTER I.  

  
 
Table 1. Clinicopathological data of patients included in the sialyl-Tn (STn) analysis (n = 

48)………………………………………………………………………………………………….... 

 

 

90 

 

Table 2. Clinicopathological data of patients included in circulating tumor cells (CTCs) 

analysis (n 10) ...…………………………………………………………………………………… 

 

93 

 

Table 3. STn expression in esophageal cancer (EC) according to clinicopathological 

variables…………………………………………………………………………………………... 

 

95 

 

Table 4. GLUT1 expression in EC according to clinicopathological 

variables.………………………………………………………………………………………….. 

 

102 



 
xxviii 

 

 
 
 



xxix 
 

ABBREVIATIONS & ACRONYMS 
 

AA-PEG: Aminoethylanisamide-polyethylene glycol 
ADCC: Antibody-dependent cellular cytotoxicity 
ADCC: Antibody-dependent cellular cytotoxicity 
BBN: N-butyl-N-(4-hydroxybutyl)nitrosamine 
BBN: N-butyl-N-(4-hydroxybutyl)nitrosamine  
BMP7 : Bone morphogenetic protein 7 
BrdU: 5-bromo-20-deoxyuridine 
BSA: Bovine Serum Albumin;  
CA19-9: Carbohydrate antigen 19-9  
CA9: Carbonic anhydrase 9  
CAFs: Cancer-associated fibroblasts  
CAR: Chimeric antigen receptor 
Cas: Carbonic anhydrases 
CCL2: Chemokine C-C motif ligand 2  
CCR2: CCL2 receptor 
CD34: Cluster of differention 34 
CDK4: Cyclin-dependent kinase 4  
Chemoexosomes: Chemotherapy-induced exosomes 
Col-I: Type I collagen  
CRC: Colorectal cancer 
CSC: Cancer stem cell  
CSF1: Colony-stimulating factor-1 
CTC: Circulating tumour cells  
ctDNA: Circulating nucleic acids  
DAPI: 4',6-diamidino-2-phenylindol 
DC: Dendritic cell  
DTC: Disseminated tumour cells  
DTT: Dithiothreitol 
EC: Esophageal cancer 
ECM: Extracellular matrix  
EGF: Epidermal growth factor 
EMT: Epithelial-to-mesenchymal transition 
ERK: Extracellular signal-regulated kinase  
ESCC: Esophageal squamous cell carcinoma 



xxx 
 

Evs: Extracellular vesicles  
FBS: Fetal bovine serum 
FFPE: Formalin-fixed paraffin-embedded 
FSCN1: Fascin 1 
FUT: Fucosyltransferase 
G-CSF: Granulocyte colony stimulating factor 
G-CSF: Granulocyte colony stimulating factor  
GDC: Genomic Data Common 
GlcNAc: N-Acetylglucosamine 
GLUT1: Glucose transporter type 1 
GO: Gene Ontology 
GPCR: G-protein coupled receptor 
GT: Glycosyltransferases 
GuHCl: Guanidine hydrochloride 
HIF: Hypoxia-inducible transcription factor 
HR: Hazard ratio  
IgG: Immunoglobulin G  
IL: Interleukin  
IP: Immunoprecipitation 
KOH: Potassium hydroxide 
LGR5: Leucine-rich repeat-containing G protein-coupled receptor 5 
MAPK: Mitogen-Activated Protein Kinase 
MCTs: Monocarboxylate transporters  
MCTS: Multicellular tumor spheroids  
MDSC: Myeloid-derived suppressor cells  
MHC-1: Histocompatibility complex I  
MHC-I: Major histocompatibility complex I  
MMP1: Matrix metalloproteinase 1 
MMP-11: Matrix metalloproteinase 11  
MS: Mass spectrometry 
MSI1: Musashi homolog 1  
MUC: Mucin 
NDRG1 : N-myc downstream-regulated gene 1 
NeuAse: Neuraminidase 
NHE: Na+/H+ exchanger  
NHE: Na+/H+ exchanger  
NO: Nitric oxide  



xxxi 
 

OS: Overall survival 
Pan-CK: Pan-Cytokeratin 
PARs: Protease-activated receptors  
PDGF: Platelet-derived growth factor  
PEDF: Pigment epithelium-derived factor  
PEP: Posterior error probability 
PFS: Progression-free survival 
PLA: Proximity ligation assay 
PMN: Pre metastatic niches 
PNGase F: Peptide - N -Glycosidase F 
POSTN: Periostin  
RPS: Reverse phase sulfonate 
RT: Room temperature 
RTK: Receptor tyrosine kinase 
RTK: Tyrosine kinase receptors  
SCT: Secretin 
SCTR: Secretin receptor 
SCX: Strong cation exchange 
sE-cad: Soluble E-cadherin 
SIGLEC: with sialic acid-binding immunoglobulin-type lectins 
sLe: Sialylated Lewis antigens   
STC1: stanniocalcin-1  
STR: Short tandem repeat 
TAM: tumor-associated macrophages  
TCGA:The Cancer Genome Atlas  
TGF-β2: transforming growth factor-β2  
TGF-β-RI: TGF-β receptor-I  
TLR: Toll-like receptor  
TNC: tenascin C 
TNF: Tumor necrosis factor 
TNFA: tumor necrosis factor alpha  
V-ATPase: Vacuolar ATPase 
VCAM-1: vascular cell adhesion molecule 1 
VEGFA: vascular endothelial growth factor A  
VEGFR: vascular endothelial growth factor receptor 1



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
 

 

 

 

 

 

 

 

 

 

 

INTRODUCTION 

OUTLINE



 

 

 
 



INTRODUCTION 

 

 
 3 

 

The present thesis aims to showcase the relevance of glycans and protein 

glycoproteoforms as biomarkers of metastasis for oesophageal and colorectal cancers, 

given their relevance in terms of mortality and incidence. Therefore, the introduction has 

been organized in two sections:  

 Introduction part I. The Tumour Microenvironment and Circulating Tumour Cells: 

A partnership driving metastasis and glycan-based opportunities for cancer 

control 

 Introduction – Part II. The Role of Glycosylation in Esophageal and Colorectal 

Cancer: Clinical Implications and Biomarker Discovery. 

Part I provides a brief overview of the role played by the tumour microenvironment (TME) 

in metastasis promotion, supported by precise alterations in glycosylation. Emphasis is 

also devoted to the mechanisms leading to the formation of circulating tumour cells 

(CTCs), which play key roles in disease dissimination. It will highlight the significance of 

these interactions in cancer progression and introduce glycan-based therapeutic 

opportunities as a novel approach for cancer control. Briefly, this chapter describes of 

the the TME and CTCs form a crucial partnership in driving metastasis, the spread of 

cancer to distant organs. The TME promotes epithelial-mesenchymal transition (EMT), 

enabling tumour cells to invade surrounding tissues. It also supports hematogenous 

metastasis by facilitating tumour cells’ entry into the bloodstream. Once in circulation, 

CTCs rely on the TME for successful colonization at new sites, adapting to foreign 

microenvironments. Tumour secreted soluble factors, such as cytokines and growth 

factors, play a significant role in modulating the TME, promoting tumour progression and 

metastasis. Tumour-derived exosomes are critical in cell-to-cell communication, 

transferring oncogenic molecules and remodelling distant microenvironments. 

Glycosylation, a key post-translational modification, drives metastasis by regulating cell 

surface molecules and signaling pathways, presenting opportunities for targeted 

therapeutics. Understanding the TME-CTC partnership provides insights into metastasis 

mechanisms and highlights glycan-based therapeutic approaches. Ongoing challenges 

include the complexity of TME-CTC interactions and tumour heterogeneity, but future 

research promises novel strategies for cancer control, emphasizing the need for 

continued investigation into this dynamic and influential relationship. 

Introduction – Part II explores the critical role of glycosylation in esophageal and 

colorectal cancers, emphasizing its biological implications and potential for biomarker 

discovery. It begins with an overview on these cancers, focusing on diagnosis, treatment, 

risk factors, and histological features. The section then discusses general glycosylation 

patterns in these cancers, highlighting their influence on cell signaling, immune 
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response, and tumour progression. Specific attention is given to the STn and sLeA 

antigens, which are prominently expressed in esophageal and colorectal cancers. These 

antigens play crucial roles in tumour progression and metastasis, presenting potential as 

diagnostic and prognostic markers. The clinical relevance of STn and sLeA in CTCs is 

also examined, emphasizing their utility in non-invasive cancer detection and monitoring. 

Finally, the integration of multiomics approaches, particularly glycoproteomics, is 

addressed. This comprehensive approach combines genomics, proteomics, and 

glycomics to enhance our understanding of cancer biology, leading to the discovery of 

novel biomarkers and the development of targeted therapies. The section underscores 

the promise of precision oncology in improving cancer diagnosis, monitoring, and 

treatment outcomes. 
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Abstract 
 
 Circulating tumour cells (CTC) are rare cells that actively detach or are shed from 

primary tumours into the lymph and blood. Some CTC subpopulations gain the capacity 

to survive, home and colonize distant locations, forming metastasis. This results from a 

multifactorial process by which cancer cells acquire several molecular traits that enhance 

motility, invasion, immune escape in response to microenvironmental cues. Here we 

present evidences regarding the existence of a self-fuelling molecular crosstalk between 

cancer cells and the tumour stroma supporting the main milestones leading to 

metastasis. We discuss how the tumour microenvironment supports pre-metastatic 

niches, CTC development and ultimately dictates CTC fate in targeted organs. Finally, 

we highlight the key role played by protein glycosylation in metastasis development, its 

prompt response to microenvironmental stimuli and the tremendous potential of glycan-

based molecular signatures for liquid biopsies and targeted therapeutics.  

 
 
Introduction 
 

The detachment of cancer cells from the primary tumour and its spread to distant 

organs is a critical turning point towards unfavourable outcomes. In solid tumors, sub-

populations of cancer cells may acquire the capacity to invade the extracellular matrix 
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and surrounding anatomic structures reaching the vascular and lymphatic systems. In 

80% of solid tumors, metastasis via the lymphatic system precedes metastasis via the 

vascular system (1). Thereby, the assessment of the metastatic involvement of sentinel 

lymph nodes (i.e. the tumour-draining lymph nodes) is considered one of the most 

powerful prognostication tools. Even though still challenging, the identification of 

metastasised nodules and its removal is often critical for disease management. On the 

other hand, bloodborne circulating tumour cells (CTC) can reach the vascular system by 

lymphatic system drainage into the blood or by directly intravasating into the primary 

tumour capillary. An alternative route of dissemination involves tumour cells invasion of 

adjacent organs as a consequence of tumour progression. Several studies have 

demonstrated that cells that metastasize to lymph nodes present distinct molecular 

features in comparison to those that directly reach the blood vessels (1, 2), providing 

important blueprints for intervention. However, irrespectively of the metastatic route, the 

acquisition of more motile and invasive traits is crucial for cancer cells to overcome a 

dense stromal barrier composed by the extracellular matrix (ECM; proteoglycans, 

hyaluronic acid, and fibrous proteins such as collagen, fibronectin, and laminin), 

mesenchymal supporting cells (fibroblasts, adipocytes, immune cells) and several other 

biomolecules (growth factors, chemokines, cytokines, metabolites, lectins, glycans, etc). 

This occurs by the activation of a cellular transdifferentiation program termed epithelial-

to-mesenchymal transition (EMT) often accompanied by the acquisition of cancer stem 

cell (CSC)-like properties, notable motility, invasiveness, and increased resistance to 

apoptosis (3-6). Such events are in many ways triggered by the tumour 

microenvironment, which co-evolves with tumours cells to support disease progression. 

The tumour microenvironment is also known to release into circulation relevant molecular 

signals, including nano- and microvesicles (exosomes) containing a wide array of 

biomolecules that decisively contribute to establish pre-metastatic niches. Once in 

circulation, tumour cells capable of overcoming sheer stress and evade the immune 

system may dock and extravasate to distant organs. Again, depending on the 

microenvironment at the homing organ, these cells may experience expansion and 

differentiation or remain quiescence, sometimes for large periods of time, originating late 

relapse (7).  

Despite being the driving force of metastasis, CTC are rare cells accounting for 

less than 0.004% of all mononucleated blood cells (8). However, elevated CTC counts 

have been proven to consistently predict patient survival, while being an effective marker 

of treatment response, holding tremendous potential to aid early interventions and 
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therapeutic decision (9, 10).  CTC may also better reflect the molecular nature of the 

metastasis in comparison to biomolecules in circulation. This paves the way for liquid 

biopsies in alternative to metastasis biopsies that are often difficult or even impossible to 

perform in clinical settings. As such, the field of CTC research has experienced 

tremendous advances over the last five years mostly supported by micro and 

nanofluidics lab-on-a-chips. These technological breakthroughs have been recently 

reviewed by other authors and have greatly expanded our view on CTC molecular nature 

(11-13). Notably, several reports have already demonstrated that CTC and the 

metastasis present significant genetic similarities that many times differ from those found 

in primary tumours (14-16). Such observations further reinforce the relevance of 

exploiting CTC as a tool to address the metastasis in the context of liquid biopsies. Lab-

on-a-chips have also allowed to recover viable cells for expansion in vitro enabling 

downstream molecular and functional studies and the adoption of more rationale and 

effective therapeutic strategies (17, 18). These innovative solutions are rapidly 

progressing towards point-of-care settings making CTC counts and molecular 

characterization possible at the bed side table in the near future. All these aspects are 

bringing CTC-based liquid biopsies one step closer to personalized oncology and will 

certainly constitute a turning point in cancer patients’ management. In summary, CTC 

molecular characterization may grant insights on primary tumour most aggressive cells 

and will certainly open novel avenues to target metastasis. The translation of current 

innovations into the clinical practice is now warranted to improve on the detection of 

disseminated disease at early stages, increasing the odds of favourable outcome. 

Even though outstanding advances have been made foreseeing CTC-based 

liquid biopsies, there is still an unmet need for therapeutic strategies able to contain 

disease dissemination and target metastatic sites.  Envisaging this goal, the present 

chapter revises the main molecular mechanisms leading to the development of 

metastasis. Particular emphasis is given to the role played by the tumor 

microenvironment at critical stages of disease progression (formation of pre-metastatic 

niches; cancer cells invasion of surrounding tissues; intravasation to lymphatic and blood 

systems; extravasation from the bloodstream to distant tissues; adaptation to foreign 

microenvironments and colonization; proliferation and macrometastasis formation). 

Finally, we discuss the functional impact of protein glycosylation as a driving force of 

metastasis and the glycoproteome as a potential source of relevant biomarkers and 

therapeutic targets. Understanding these mechanisms should greatly facilitate cancer 
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patient’s management and generate novel targeted therapeutic interventions able to 

control metastatic spread. 

 
Tumour microenvironment promotion of EMT and tumour invasion 

 

Throughout the course of disease, cancer cells may acquire the capability to 

invade surrounding tissues and adjacent organs. In this context, the tumour 

microenvironment provides a selective pressure towards more invasive and aggressive 

phenotypes. Moreover, the synergic and self-fuelling molecular interplays established by 

cancer cells and the tumour microenvironment are responsible by the activation and 

maintenance of relevant oncogenic traits that support disease progression and 

dissemination. It is well described that tumour infiltrating immune cells, including 

macrophages and mast cells, produce and secrete proteolytic enzymes responsible for 

extracellular matrix (ECM) remodelling. The released peptides, glycans and 

glycosaminoglycans are known to act as pro-invasive signalling molecules (19-24). 

Immune cells also release cytokines that induce an invasive behaviour in adjacent 

tumour cells (25), while inhibiting the expression of known metastasis suppressor genes 

(26). Concomitantly, immune cells create concentration gradients of growth factors that 

chemoattract tumour cells towards the tumour vasculature (27). Overall, the pro-

inflammatory microenvironment mediated by cytokines and chemokines secretion leads 

to an increase in the density of immune cell infiltrates, epithelial and stromal growth 

factors, and matrix-remodelling enzymes needed for neoplastic progression (28, 29). 

Adipocytes and cancer-associated fibroblasts (CAFs) also play a critical role in the 

acquisition of more aggressive phenotypes (Figure 1A). Mature cancer-associated 

adipocytes increase the expression of matrix metalloproteinase 11 (MMP-11) and pro-

inflammatory cytokines IL-6 and IL-1β necessary to support pro-invasive traits in tumor 

cells (30). CAFs also promote sustained inflammation by producing large amounts of 

pro-inflammatory IL-6, which drives proliferation and migration of cancer cells towards 

CAFs to form heterocellular contacts for paracrine stimulation. This has been considered 

of key relevance for triggering EMT activation and invasion in breast, prostate and 

bladder carcinomas (31-33). CAFs and tumour cells also maintain a self-fuelling 

paracrine signalling mediated by chemokines that enhances tumor cell invasion and 

chemoresistance. CXCL12-CXCR4 and to less extent CCL2, CCL5, CCL7, CXCL1, 

CXCL8, and CXCL14 are amongst the main CAF-secreted chemokines responsible by 

inducing proliferation, migration, and invasion in tumour cells (34, 35). In addition, co-
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culture experiments have highlighted the decisive role of fibroblasts as drivers of cancer 

cells invasion by creating force-mediated matrix tracks to orient the invasion front (36). 

CAFs also supply the tumour microenvironment with high TNF-alpha and IL-1β levels 

responsible by recruiting pro-cancerous monocytes to tumour sites and stimulate tumor 

neovascularization by inducing the production of IL by tumour cells (37, 38). The 

production of IL-1β also induces the activation of PI3K and NF-kB pathways and, 

consequently, enhances tumor angiogenesis and growth (39). Concomitantly, CAFs 

produce TGFβ, which causes the neighbouring cancer cells to undergo EMT and acquire 

cancer stem cell (CSC)-like characteristics (40). Notably, studies in vitro suggest that 

stromal derived TGFβ-induced EMT may alter glycogenes expression and consequently 

promote the remodelling of N-glycans on membrane glycoproteins towards more 

invasive phenotypes (41). In addition, platelet-tumor cell interactions are sufficient to 

prime tumor cells for metastasis. Namely, platelet-derived TGFβ and direct platelet-

tumor cell contact synergistically activate TGFβ/Smad and NF-κB pathways in cancer 

cells, resulting in invasive mesenchymal-like phenotypes and enhanced metastasis in 

vivo (42). Altogether, the complex and synergic interplays established by tumour cells, 

immune cells of different linages, adipocytes, CAFs and platelets enmeshed in an 

evolving ECM is still far from being completely understood but decisively favours EMT 

and invasion (Figure 1A).  

Hypoxia is a prominent feature of advanced stage tumours, defined as low oxygen 

tension within the tumour bulk as a result of sustained proliferation and defective 

neovascularization. It is well postulated that oxygen shortage decisively contributes to 

the acquisition of more motile and invasive tumour cell phenotypes (43). The absence of 

oxygen promotes the stabilization of hypoxia-inducible transcription factors (HIF) that 

mediate an array of adaptive molecular alterations that confer to cancer cells the capacity 

to endure environmental stress. In addition, it induces the overexpression of several 

genes related with angiogenesis, EMT, and dedifferentiation of tumour cells towards 

stem-like phenotypes as VEGF (44), Sox9 (45) and SIRT1 (46). Moreover, HIF-1•  

significantly alters the transcription of several glycogenes resulting in profound 

alterations in the glycosylation of key glycoproteins involved in cell-cell and cell-matrix 

adhesion. Namely, hypoxia significantly reduces the extension of protein O-glycosylation 

(glycosylation of Ser/Thr residues), favouring the accumulation of sialylated short-chain 

glycans at the cell membrane (47). These post-translational alterations decisively favour 

motile and invasive phenotypes, while providing an immunosuppressive 

microenvironment (43, 47) (Figure 1A). In addition, HIFs control several mediators of 
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vascular response, including angiogenic factors and metabolic pathways that result in 

the production of small molecules such as nitric oxide (NO). Loss of HIF-1α in endothelial 

cells reduces NO synthesis, retards tumor cell migration through endothelial layers and 

delays tumor cell metastasis. The loss of HIF-2α has the opposite effect (48), suggesting 

that HIF-mediated cellular responses are complex and can either promote or hinder 

metastasis depending on the HIF isoforms present in a given biological milieu. Finally, 

the formation of tortuous and leaky neovasculature due to the low number of vessel-

associated pericytes also facilitates the extravasation of more motile tumour cells (49).  

In summary, tumour stromal cells and hypoxia-mediated factors aid tumour cell 

invasion by supplying pro-metastatic factors, compromising vasculature and stromal 

barrier integrity, and by promoting EMT and the acquisition of stem-like properties. 

 
 

Figure 1. A) Tumour infiltrating immune cells, including macrophages and mast cells as 

well as mature cancer-associated adipocytes secrete proteolytic enzymes responsible 

for extracellular matrix (ECM) remodelling. Moreover, these pro-tumoral immune 

infiltrates secrete increasing amounts of growth factors and cytokines, ultimately creating 

a concentration gradient that chemoattracts tumour cells towards the tortuous and leaky 

tumour neovasculature. Hypoxic tumour cells undergo epithelial-to-mesenchymal 

transition and dedifferentiation towards stem-like phenotypes, acquiring more motile and 

invasive phenotypes. Concomitantly, CAFs form heterocellular contacts with tumour 
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cells inducing migration, while platelets facilitate metastasis. B) Perivascular 

macrophages CAFs and neutrophils stablish paracrine loops with tumour cells to 

stimulate tumor cell invasion towards blood vessels. CTC also cluster with platelets and 

form fibrin crosslinks to overcome sheer stress and avoid immune recognition. Of note, 

platelets transfer major histocompatibility complex I (MHC-I) molecules to CTC 

promoting NK cell surveillance escape. C) Primary tumour and stoma cells produce 

chemokines, soluble factors and exosomes capable of attracting immune cells to distant 

PMN, while upregulating pro-inflammatory and angiogenic molecules. For instance, 

granulocyte colony stimulating factor (G-CSF) promotes myeloid cell mobilization to the 

PMN, while CCL2 chemoattracts several CCR2 expressing immune precursors. Tumour 

hypoxia represents one of the main microenvironmental factors busting exosome 

release. Besides contributing to PMN formation, exosomes contribute to systemic 

immunosuppressive effects. D) To overcome cell dormancy and achieve successful 

colonization DTC require mitogenic stimulation by growth factors and cytokines that may 

be either pre-existent in the PMN or synthetized de novo. Subsequent recruitment of 

supporting stroma cells, ECM remodelling and neovascularization are also essential. 

 

Tumour microenvironment promotion of hematogenous metastasis 
 

Cells endowed with the capacity to migrate and/or invade the tumour stroma and 

ultimately reach the microvasculature may ultimately reach hematogenous circulation 

originating CTC. The intravasation across the endothelial barrier can be facilitated by 

several stromal cells, as tumour associated macrophages, fibroblasts, neutrophils, and 

platelets (Figure 1B). Particularly, tumour-associated perivascular macrophages 

establish a colony-stimulating factor-1 (CSF1)/epidermal growth factor (EGF) paracrine 

loop with tumour cells that facilitate this process. Specifically, tumor cells secrete CSF1 

to recruit macrophages and macrophages reciprocally secrete EGF to stimulate tumor 

cell invasion towards blood vessels (50). Both cell types also secrete proteases to 

facilitate intravasation. Namely, macrophages induce RhoA activity in tumor cells, 

triggering the formation of actin-rich degradative protrusions (invadopodia) that allow 

tumour cells to penetrate endothelial tight junctions into the bloodstream (51, 52). 

Concomitantly, macrophage promoted vascular endothelial growth factor A (VEGFA), 

tumor necrosis factor alpha (TNFA) and IL-6 signalling induce local loss of vascular 

junctions and transient vascular permeability towards tumor cell intravasation (53-55). In 

addition, platelet-derived growth factor (PDGF)-activated CAFs secrete glycoprotein 
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stanniocalcin-1 (STC1) to aid tumour cell intravasation. Supporting this hypothesis, mice 

with STC1-deficient CAFs showed decreased tumour cell embolism, strongly suggesting 

decreased or no intravasation (56). Moreover, tumours showing elevated numbers of 

infiltrating MMP-9-positive neutrophils concomitantly exhibit enhanced levels of 

angiogenesis and intravasation (57). These findings directly link tumor-associated 

neutrophils and their TIMP-free proMMP-9 phenotype to the formation of new blood 

vessels that serve as conduits for tumor cell dissemination.  

Once in the bloodstream, single CTC or small cell groups experience sheer 

stress, which can eventually disrupt cellular integrity. CTC clustering with different types 

of blood cells is well described and regarded as a key survival strategy (Figure 1B). CTC 

may cluster with neutrophils through VCAM1-mediated anchorage, inducing neutrophils 

to produce inflammatory IL-6 and IL-1β (58). This primes CTC for proliferation, as 

translated by the upregulation of genes associated with cell-cycle progression and 

increased Ki67 expression (58, 59). The acquisition of a proliferative phenotype 

significantly increases the probability of successful metastasis upon arrival to secondary 

tumour sites. CTC have also been recognized to secrete thrombin, a potent platelet 

activator responsible by the initiation of  the coagulation cascade (60). This promotes 

clustering with platelets and the activation of protease-activated receptors (PARs) on 

both cell types to form fibrin crosslinks (Figure 1B). These molecular assemblies protect 

CTC against sheer stress and immune recognition. Namely, platelets transfer major 

histocompatibility complex I (MHC-I) molecules to CTC providing them with a pseudo-

normal phenotype and promoting NK cell surveillance escape (61) (Figure 1B). This 

transient molecular mimicry simultaneously allows CTC to downregulate endogenous 

MHC-I to evade T-cell-mediated immunity (62). In summary, platelets shield CTC from 

physical injury and provide molecular camouflage to circumvent immune surveillance. 

On the same note, CTC may travel with stromal components, including activated 

fibroblasts, providing them an upfront colonization advantage (63). 

After overcoming several physiological and anatomical challenges CTC may 

eventually home to distant organs by different mechanisms. CTC may become lodged in 

capillary beds at a given location due to size, display specific adhesion molecules that 

favour adhesion to microvessels in targeted sites or respond to chemoattractive cues 

generated by a particular tissue (64-68). Regardless, CTC may preferentially home to 

organs presenting a suitable for colonization and often induced by the primary tumour. 

Posteriorly, CTC may extravasate and invade the foreign parenchyma; nevertheless, 

most cancer cells undergo apoptosis within 72h after extravasation (69, 70). The fittest 
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cancer cells may remain in a quiescent state as micrometastases or experience clonal 

evolution and expansion to macrometastatic lesions, depending on the foreign 

microenvironment.  

 

Tumour microenvironment promotion of CTC colonization  
 

Only a small percentage of CTC are able to successfully colonize distant 

locations, mostly due to tight vascular wall barriers and unfavourable conditions for 

survival in circulation and at homing distant organs (71). However, these hurdles are 

significantly less stringent when CTC are able to re-infiltrate the tumor of origin in a 

process called "tumor self-seeding" (72). This has been observed for breast, colon and 

melanoma tumors, as well as osteosarcomas mediated by the release of IL-6 and IL-8 

by the primary tumours (72). Self-seeded CTC infiltrate the primary tumour in a 

collagenase 1 (matrix metalloproteinase 1, MMP1), fascin 1 (FSCN1) and CXCL1 

dependent manner (72-75) in a process facilitated by tumour vascular permeability (76). 

This CTC subset often secrete stroma-recruiting signals such as the CXCL1 chemokine 

that mediate the repopulation of the tumour with macrophages, neutrophils, and other 

CD45+ cells (72). These cells contribute to increase IL-6 levels that recruit more CTC to 

the primary tumour in a positive signalling feedback loop. Self-seeded CTC further 

interacts with the tumor stroma to enhance the  release of signals that foster tumor 

growth, angiogenesis, invasion, and metastasis; thereby increasing the aggressivity of 

primary tumours (72). Recent research has shed light on a novel cytokine-independent 

self-seeding mechanism that relies on exosome-mediated delivery of specific miRNAs 

to CTC. Hepatocellular carcinoma cells have shown to horizontally transfer exosome-

derived microRNA-25-5p to CTC, inducing leucine-rich repeat containing 7 (LRRC7) 

downregulation and enhancing their migratory and invasive capacity towards the primary 

tumour (77). As such the miR-25-5p/LRRC7 axis may constitute an interesting novel 

target to reduce the multidirectional trafficking of cancer cells during cancer progression.  

Regarding distant metastasis, it is well stablished that CTC organotropism is not 

random; instead, distant sites are selectively and actively modified by the primary tumour 

to favour colonization (78). The establishment of these PMN results from the combined 

systemic effects of tumour-secreted factors and tumour-shed extracellular vesicles (EVs) 

(79). Vascular leakiness is the earliest event in PMN formation, followed by the alteration 

of local resident cells, such as fibroblasts, and the recruitment of non-resident cells, such 

as bone marrow-derived cells, subsequently attracting CTC (79-81) (Figure 1C).  
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Tumour secreted soluble factors 
 
It is well established that primary tumours contribute in an orchestrated and 

stepwise manner to the formation and evolution of PMN. The first evidences include the 

demonstration that bone marrow-derived haematopoietic progenitor cells expressing 

vascular endothelial growth factor receptor 1 (VEGFR1; also known as Flt1) home to 

pre-metastatic sites and form cellular clusters before the arrival of CTC (80). VEGFR1+ 

cells  

expressed integrin α4β1 (also known as VLA-4) and upregulate fibronectin, an integrin 

α4β1 ligand in resident fibroblasts, providing a permissive niche for incoming tumour 

cells (80). VEGFR1 blockage with monoclonal antibodies or removal of VEGFR1+ cells 

from the bone marrow of wild-type mice has been shown to abrogate the formation of 

pre-metastatic niches and prevent tumour metastasis, reinforcing the role of this 

mechanism in metastasis development. Altogether, these findings highlight the key role 

played by VEGFR1+ haematopoietic progenitors in the metastasis process and suggest 

that expression patterns of fibronectin and VEGFR1+ integrin α4β1+ clusters dictate 

organ-specific tumour spread. Another well-known mechanism underlying PMN 

formation may be mediated by granulocyte colony stimulating factor (G-CSF) and 

prokinecitin 2, also known as Bv8. Both G-CSF and the G-CSF-induced Bv8 protein have 

preferential expression in refractory tumors, initiating myeloid cell mobilization and 

angiogenesis that mediate tumor refractoriness to anti-VEGF therapy in mouse models 

(82). Anti-G-CSF treatment dramatically suppressed circulating or tumor-associated 

CD11b(+)Gr1(+) cells, reduced Bv8 levels, and affected tumor vasculature (82). 

Accordingly, G-CSF expression by tumor or stromal cells is a determinant of 

refractoriness to anti-VEGF-A treatment, being sufficient to mimic lung PMN and to 

enhance metastatic properties. Another example relates with the role played by 

cytokines and chemokines produced by both tumour and stoma cells in PMN 

development. Amongst the most studied is chemokine C-C motif ligand 2 (CCL2), a 

potent chemoattractant of monocytes, macrophages, memory T lymphocytes and NK 

cells expressing CCR2 ( CCL2 receptor) to distant PMN (83) (Figure 1C). The role of 

CCL2-CCCR2 axis in PMN development and metastasis has been elegantly 

demonstrated for breast cancer. In these tumours, cancer cell and stroma-derived CCL2 

recruits Gr1-positive inflammatory monocytes that facilitate CTC extravasation in a 

VEGFA-dependent manner, thus effectively promoting lung micrometastasis (84). The 

subsequent recruitment of metastasis-associated macrophages and their interaction with 
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metastatic breast tumour cells was also dependent on CCL2-CCR2 interactions. The 

inhibition of CCL2-CCR2 signalling blocked the recruitment of inflammatory monocytes, 

inhibited metastasis in vivo and prolonged the survival of tumour-bearing mice. 

Furthermore, the depletion of tumour-cell-derived CCL2 inhibited metastatic seeding 

(84). On the same note, MDA-MB-231 human breast cancer cells overexpressing CCL2 

prompted CCR2+ macrophage infiltration to the lungs and increased CCR2+ osteoclast 

differentiation in the bone, thereby facilitating colonization to the lung and bone (85, 86). 

Contrastingly, in mouse models of breast cancer, primary tumour-derived CCL2 induced 

anti-tumoral responses in lung neutrophils to inhibit metastatic seeding, suggesting a 

novel inhibitory role of CCL2 in PMN formation (87). In addition, injection of mice with 

hypoxic mammary tumor cells conditioned medium containing CCL2 resulted in PMN 

formation in the lungs of immune-competent mice in the absence of a primary tumor. 

Furthermore, an increased metastatic burden in mammary and melanoma experimental 

metastasis models was observed due to reduced antitumor responses of PMN immune 

cells (88). Alternate mechanisms for PMN formation involve TNFα, TGFβ, lysyl-oxidase 

(LOX), MMP2, MMP9, CXCR4, and SDF1α, among others, all of which direct or indirect 

HIF targets and generally important in the metastatic process (47, 79, 89, 90), pointing 

tumour hypoxia as a key player in PMN formation (Figure 1C). These findings 

demonstrate that hypoxia in the primary tumor can promote PMN formation in secondary 

organs by providing cytokines and growth factors capable of creating PMN through 

recruitment of myeloid cells and reduction of the cytotoxic effector functions of NK cell 

populations. 

The family of S100 Ca2+-binding proteins has been implicated in many aspects 

of the interaction between cancer cells and stromal cells, contributing to the 

establishment of pro-inflammatory tumour microenvironments and PMN, mostly by 

inducing cytokine production, immune cell recruitment and infiltration (91, 92) (Figure 
1C). S100A8 and S100A9 have been detected in pre-metastatic lungs in response to the 

production of TNF, TGFβ and VEGFA by primary lesions (93, 94). S100A8/A9 are 

responsible by recruiting macrophages and haematopoietic progenitor cells and inducing 

the production of serum amyloid A 3 (SAA3) by lung endothelial and myeloid cells. In 

addition, SAA3 interacts with the Toll-like receptor (TLR) 4 of lung endothelial cells and 

macrophages in the pre-metastatic niche in a positive feedback signalling loop that fuels 

the production of recruiting signals. Moreover, SAA3 stimulates NF-kappaB signalling in 

a TLR4-dependent manner and facilitates metastasis. This inflammation-like state 

accelerates the migration of primary tumour cells to lung tissues, which is suppressed 
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by the inhibition of either TLR4 or SAA3 (95). Thus, blocking SAA3-TLR4 function in the 

pre-metastatic phase may provide a strategy to impede pulmonary metastasis. 

 

Tumour-derived exosomes 
 

Metastatic tumour cells present an increased capability of releasing exosomes, 

which have been extensively involved in the preparation of premetastatic niches (96). 

Exosomes are nanoscale tumour-derived vesicles carrying proteins, lipids, DNA, mRNA 

and microRNAs that mediate intercellular communication within the primary tumour and 

at distant locations (97, 98). Furthermore, exosome subpopulations are highly 

heterogeneous and demonstrate diverse organ biodistribution patterns, suggesting 

distinct biological functions (99). Particularly, exosomes from mouse and human lung, 

liver and brain tumour cells fuse preferentially with resident lung fibroblasts and epithelial 

cells, liver Kupffer cells and brain endothelial cells at their predicted destination (100). 

Moreover, proteomics studies revealed distinct integrin expression patterns that may 

decisively contribute target these vesicles to different organs. Namely, exosomal 

integrins α6β4 and α6β1 were associated with lung metastasis, while exosomal integrin 

αvβ5 was linked to liver metastasis. Targeting integrins α6β4 and αvβ5 decreased 

exosome uptake, as well as lung and liver metastasis, respectively, indicating that 

exosomal integrins could be used to predict organ-specific metastasis (100). 

Furthermore, exosome integrin uptake by resident cells activated Src phosphorylation 

and pro-inflammatory S100 gene expression to induce PMN formation (100), reinforcing 

the role of integrins in this process.  

Tumour hypoxia represents one of the main microenvironmental factors busting 

exosome release by cancer cells in a HIF-1α-dependent manner (101, 102) (Figure 1C). 

Moreover, several studies demonstrate that exosomes produced by cancer cells were 

able to promote angiogenic signalling and vascular leakage (103, 104). As example, 

hypoxic renal cancer cells release exosomes containing carbonic anhydrase 9 (CA9). 

The uptake of CA9-exosomes by endothelial cells induces migration and tube formation, 

increasing neovascularization (105).  

In addition, exosomes derived from stem-like and mesenchymal cancer cells 

contribute to trigger the angiogenic switch and coordinate metastatic diffusion during 

tumor progression (106, 107). Soluble E-cadherin (sE-cad), abundantly released in the 

form of exosomes by the primary tumour, also plays a relevant role in the definition of 

PMN. sE-cad-positive exosomes heterodimerize with VE-cadherin on endothelial cells 
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and transduce the sequential activation of β-catenin and NFκB signalling (108). 

Furthermore, microparticles derived from mesenchymal-like tumour cells contain 

increased levels of angiogenic molecules including PDGF, IL8 and angiogenin. These 

molecules promote the activation of endothelial cells through Akt phosphorylation and 

Arf6 upregulation to constitute a pro-metastatic vascular niche (107). In addition, in 

endothelial monolayers, exosome-mediated transfer of cancer-secreted miR-105 

efficiently abrogates tight junctions’ integrity. Overexpression of miR-105 in non-

metastatic cancer cells induced metastasis and vascular permeability in distant organs, 

whereas inhibition of miR-105 in highly metastatic tumors eases these effects (109). 

Similarly, exosomal miR-25-3p regulates the expression of VEGFR2, ZO-1, occludin and 

Claudin-5 in endothelial cells by targeting KLF2 and KLF4, consequently promoting 

vascular permeability and angiogenesis (110). These findings suggest that exosomal 

miRNAs are involved in pre-metastatic niche formation and may be used as a blood-

based biomarker for metastasis. 

Exosomes also participate in all known mechanisms by which cancer cells evade 

the immune system. They influence the differentiation and activation of immune 

suppressor cells, modulate antigen presentation, and are able to induce T-cell apoptosis 

(111). It has been reported that metastatic melanomas release exosomes carrying 

surface PD-L1 (Figure 1C). This decreases the proportion of proliferating PD-1+ CD8 T 

cells in both spleen and lymph nodes, suggesting that these vesicles may decisively 

contribute to suppresses anti-tumour immunity systemically (112). The evaluation of PD-

L1 exosomes in the blood of melanoma patients also holds tremendous potential for 

liquid biopsies. PD-L1 exosome levels at early stages of anti-PD-1 therapy, indicating 

adaptive responses of the tumour cells to T cell reinvigoration, may be used to stratify 

clinical responders from non-responders (112). Other exosome proteins such as FasL 

may also contribute to immunosuppressive effects (113-115) (Figure 1C). Particularly, 

plasma-derived exosomes from advanced head-and-neck cancer patients are often 

enriched in proteins such as COX-2, TGFβ-LAP, PD-1, CTLA-4 and TRAIL, which 

ultimately induce apoptosis of CD8+ T cells, suppression of CD4+ T cell proliferation, up-

regulation of regulatory T cell suppressor functions and down-regulation of NKG2D 

expression levels in NK cells, compromising anti-tumor immune responses (113). 

Similarly, melanoma exosomes presenting S100A8 and S100A9 as part of its protein 

cargo were capable of compromising dendritic cell (DC) maturation, highlighting a 

potential mechanism for PMN induction in tumor-draining sentinel lymph nodes (116). 

Interestingly, there are evidences supporting the existence of protective exosomes 
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produced by non-metastatic cancer cells. Namely, exosomes isolated from patients with 

non-metastatic primary melanomas have the ability to suppress lung metastasis (117). 

The mechanism appears to be mediated by exosomes capable of stimulating an innate 

immune response by inducing the expansion of Ly6Clow patrolling monocytes in the 

bone marrow. This positively contributes to cause cancer cell clearance at the PMN via 

the recruitment of NK cells and TRAIL-dependent killing of cancer cells by macrophages. 

These events require the induction of the Nr4a1 transcription factor and are dependent 

on pigment epithelium-derived factor (PEDF) on the outer surface of exosomes (117). In 

summary, exosomes influence immune response in PMN either by promoting immune 

surveillance through increase of mononuclear cells, recruitment of NK cells and induction 

of macrophage phagocytosis or by aiding immune escape through recruitment of 

suppressive immune cells and/or inducing anergia in CD8 T-cells through PD-L1 

signalling. 

Tumour derived exosomes also contribute to ECM remodelling towards 

enhanced metastatic potential of cancer cells. Showcasing this aspect, tumour-derived 

exosomes carrying proteases capable of degrading collagen, laminin and fibronectin are 

capable of binding ECM components contributing to disrupt its integrity and favouring 

cell motility and invasiveness (118). Proteomics studies have also demonstrated that 

chemotherapy-induced exosomes (chemoexosomes) have high heparanase levels in 

comparison to exosomes from non-treated cells. Chemoexosomes are able to transfer 

this cargo to tumour cells, enhancing their heparan sulfate degrading activity, ERK 

signalling and increasing syndecan-1 proteoglycan shedding, ultimately shaping tumour 

cells behaviour (119). 

In summary, exosomes are molecular messengers that decisively contribute to 

PMN formation. The main exosome-mediated mechanisms include the upregulation of 

pro-inflammatory and angiogenic molecules, promotion of immune escape as well as 

extracellular matrix remodelling. Exosomes of distinct sizes and molecular natures have 

been found in the blood of cancer patients in early stages of disease, associated with 

the risk of metastasis, response to treatment and poor prognosis (120). These 

observations reinforce the potential of exosomes for liquid biopsies and the importance 

of engaging in comprehensive large-scale translational studies in this area. Moreover, 

the targeted nature of exosomes for metastatic sites is currently being explored as a 

strategy to deliver therapy to more aggressive cancer cells. Namely, paclitaxel-loaded 

macrophage-derived exosomes were bioengineered to incorporate an 

aminoethylanisamide-polyethylene glycol (AA-PEG) vector moiety to target the sigma 
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receptor, which is overexpressed by metastatic lung cancer cells. This strategy resulted 

in increased exosome loading capacity, profound ability to accumulate in cancer cells 

upon systemic administration, and improved therapeutic outcomes in vivo (121). These 

findings showcase an example in which the combination of targeting ability with the 

biocompatibility of exosome-based drug formulations offers a powerful and novel 

delivery platform for anticancer therapy. 

 

Adaptation of CTC to foreign site microenvironments 
 

CTC that successfully attach to metastatic sites are generically termed as 

disseminated tumour cells (DTC). However, most DTC are unable to overcome the 

microenviromental challenges posed by the homing site and undergo apoptosis within 

72h after extravasation into a secondary location (122). Nevertheless, more fit DTC may 

prevail in metastatic sites as single quiescent cells, as micrometastasis or as actively 

growing macrometastasis (123). DTC may become dormant as a result of inhibitory 

stimuli encountered in distant microenvironments or the absence of supporting cues from 

primary tumours (124). Some dormancy-inducing cues include strong and specific 

transforming growth factor-β2 (TGF-β2) signalling, resulting in the induction of 

DEC2/SHARP1 and p27, in a TGF-β receptor-I (TGF-β-RI), TGF-β-RIII and SMAD1/5 

dependent manner, and downregulation of cyclin-dependent kinase 4 (CDK4). 

Importantly, systemic inhibition of TGF-β-RI or p38α/β activities awakened dormant DTC 

and fuelled multiorgan metastasis in HNSCC mouse models (125). Similarly, BMP7 

(bone morphogenetic protein 7) secreted from bone stromal cells also induced 

senescence in prostate cancer stem-like cells (CSCs) by activating p38 mitogen-

activated protein kinase, and increasing the expression of the cell cycle inhibitor p21 and 

metastasis suppressor NDRG1 (N-myc downstream-regulated gene 1) (126). These 

findings strongly suggest that the BMP7-BMPR2-p38-NDRG1 axis plays a critical role in 

dormancy and recurrence of prostate CSCs in bone. Furthermore, dormant DTC might 

inhabit specific niches supporting their survival while restraining proliferative signalling. 

Namely, prostate cancer cells that metastasize to the bone were found to compete with 

hematopoietic stem cells for the occupancy of the endosteal stem cell niche in a 

CXCL12-CXCR4 signalling axis dependent manner (127). Furthermore, dormant DTC 

are frequently localized in perivascular niches, probably due to endothelial-derived 

thrombospondin-1 dormancy signalling (128). However, this suppressive cue was lost in 

sprouting neovasculature where endothelial tip cells not only permitted but also 
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accelerated breast DTC outgrowth in an active TGF-β1 and periostin dependent manner 

(128) (Figure 1D). Consistent with this idea, dormant DTC activation in the brain also 

seems to be dependent on angiogenesis, since vascular endothelial growth factor-A 

(VEGF-A) inhibition induced long-term dormancy of lung cancer micrometastases by 

preventing angiogenic growth to macrometastases (129). 

The immune system is also key to define DTC fate in metastatic niches where 

DTC are no longer shielded by the immunosuppressive environment of the primary 

tumours. To overcome immune surveillance, DTC downregulate ULBP ligands for NK 

cells, thereby evading NK-cell-mediated clearance (130) (Figure 1D). On the other hand, 

adaptive immunity may contribute to induce cancer dormancy for extended periods, 

maintaining cancer cells occult (131). Contrastingly, localized inflammatory states trigger 

DTC activation and progression to macroscopic metastasis by activating EMT programs 

in DTC in a ZEB1-dependent manner (132).  

To overcome cell dormancy and achieve successful colonization DTC require 

mitogenic stimulation by growth factors and cytokines that may be either pre-existent in 

the PMN or synthetized de novo. Subsequent recruitment of supporting stroma cells, 

ECM remodelling, the establishment of signalling cues able to sustain key oncogenic 

pathways and neovascularization are also essential (Figure 1D). It has been 

demonstrated that dormant bone metastasis overexpressing vascular cell adhesion 

molecule 1 (VCAM-1) recruit monocytic osteoclast progenitors by interacting with the 

cognate receptor integrin α4β1, ultimately promoting the transition of indolent 

micrometastasis to overt metastasis (133). On the same note, Coco, a secreted 

antagonist of TGF-β ligands, reactivates dormant breast cancer cells in lung metastatic 

sites by blocking lung-derived BMP ligands in orthotopic mouse models. Furthermore, 

depletion of Coco suppresses lung colonization by preventing the reactivation of dormant 

cells (134). These findings reveal that metastasis-initiating cells need to overcome organ-

specific antimetastatic signals in order to undergo reactivation. Other key molecular 

determinants of cellular re-initiation were identified through in vivo selection of multiple 

ER-negative human breast cancer populations. Namely, tumorigenic-enriched 

subpopulations exhibited increased expression of LAMA4, FOXQ1 and NAP1L3 genes. 

FOXQ1 is known to promote LAMA4 expression, ultimately leading to enhanced clonal 

expansion. This activation cascade was followed by substratum detachment in vitro, 

tumour re-initiation in multiple organs, and DTC proliferation and colonization (135). 

Other studies point a non-canonical mechanism driving breast cancer metastatic 

reactivation in the lung, bone, and brain. Namely, the atypical tetraspanin TM4SF1 
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couples the collagen receptor tyrosine kinase DDR1 to the cortical adaptor syntenin 2 

and, hence, to PKCα kinase which phosphorylates and activates JAK2, leading to the 

activation of STAT3. This non-canonical mechanism induces the expression of SOX2 

and NANOG stem-like cells markers and drives metastasis reactivation (136). Such 

finding may account for the simultaneous appearance of multiorgan metastasis observed 

in advanced breast cancer patients. 

Successful metastatic colonization is also dependent on the formation of 

supportive ECM. Amongst several examples, cancer cell-derived tenascin C (TNC) 

promotes the survival and outgrowth of pulmonary micrometastasis until the tumor 

stroma takes over as a source of TNC. Mechanistically, TNC enhances the expression 

of stem cell signalling components musashi homolog 1 (MSI1) and leucine-rich repeat-

containing G protein-coupled receptor 5 (LGR5), a positive regulator of NOTCH 

signalling and a target gene of the WNT pathway respectively, supporting the fitness of 

metastasis-initiating breast cancer cells (137). Similarly, DTC induce periostin (POSTN) 

expression by fibroblasts in secondary target organs, which recruits Wnt ligands and 

increases Wnt signalling in stem-like DTC, allowing colonization in a ECM-dependent 

manner (138). The induction of fibrosis, associated with the deposition of type I collagen 

(Col-I) in metastatic microenvironments in vivo, induces dormant breast cancer cells 

proliferation through beta1-integrin activation. Namely, beta1-integrin activation of Src 

and focal adhesion kinase leads to extracellular signal-regulated kinase (ERK)-

dependent myosin light chain phosphorylation by myosin light chain kinase and actin 

stress fibber formation, leading to breast cancer transition from dormancy to metastatic 

growth (139). 

In summary, the last stages of colonization are strongly dependent on DTC 

overcoming cell dormancy. We are still beginning to understand the intricate 

mechanisms that dictate DTC fate and the role played by the microenvironment in this 

context. However, effective colonization largely relies on supportive microenvironment 

cues created during PMN formation or recruited upon DTC arrival.  

 

Glycosylation: A key post-translational modification driving metastasis and its 
potential for targeted therapeutics 
 

Most events underlying metastasis development require significant molecular 

and functional adaptations, starting with the membrane proteome. In fact, cell surface 

proteins need to endorse higher motility and plasticity to invade, attach to distinct and 
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evolving ECM, promote immune escape, mediate vascular intravasation and allow 

extravasation to targeted organs. The most accepted paradigm is that these phenotypic 

changes are accomplished at the expenses of significant proteome remodelling in 

response to microenvironmental stimuli. Moreover, membrane proteins assimilate 

extensive post-translational modifications mediated by sugars, termed glycosylation, 

which decisively contribute to protein function, stability and recognition by external 

ligands such as lectins and antibodies (140). Furthermore, glycans decisively contribute 

to increase the dimension, functional diversity and plasticity of the proteome. Two main 

classes of glycans can be found at the cell membrane, O-GalNAc glycans in serine and 

threonine residues and N-glycans at asparagine residues of polypeptide chains. Even 

though human glycan chains are built from a rather restricted number of sugar donors, 

the possibility of establishing different combinations of glycosidic linkages significantly 

amplifies structural diversity. Moreover, glycan chains do not present templated 

structures as observed for other post-translational modifications. Instead, the length, 

composition and structural organization of glycans are the result of tightly regulated 

processes mediated by an array of glycosyltransferases, glycosidases, sugar donors and 

other co-factors available in a given biological milieu (141). Alterations in the 

phosphorylation, sulfation, methylation and acetylation of sugar residues have also been 

described, which further diversifies the glycome, ultimately impacting on the 

glycoproteome (142). Protein glycosylation patterns evolve throughout the course of 

disease, mostly due to alterations in the transcription of glycosyltransferases (GT), 

mutations in key GT chaperone molecules, and miss-localization of GT in secretory 

organelles (143). Notwithstanding, little is known about functional mutations in 

glycogenes driving glycan alterations and glycogene mutations are thought to be rare 

(144). Notably, the levels and activity of these molecules rapidly change in response to 

environmental cues, endowing glycans with the necessary structural diversity to 

dynamically shape protein functions according to incoming molecular signals (43). This 

may include reductions in glycans length, increased branching or modification of terminal 

glycoepitopes driven by fucosylation and/or sialylation (43, 145).  

On a functional standpoint, altering the glycosylation landscape of mucins, 

integrins, CD44 and cadherins severely compromises cell-cell and cell-ECM adhesion, 

frequently favouring cancer cells detachment and metastasis development (145-147) 

(Figure 2). On the same note, the more aggressive tumour cells experience a premature 

stop in O-GalNAc glycosylation, frequently driven by early sialylation in glycosylation 

pathways. From this hallmark event, a main cancer-associated glycoform arises, namely 
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the sialyl-Tn (STn) antigen. This known pancarcinoma antigen has been largely 

associated with invasion, metastasis development and poor prognosis in most advanced 

solid tumours (148). In addition, the STn antigen is absent from most healthy tissues and 

presents a very restricted pattern of expression in the respiratory and gastrointestinal 

epithelia, mostly associated with goblet cells. Inducing STn expression in cancer cells of 

distinct natures has resulted in increased motility and invasion capacity in vitro and in 

vivo, irrespectively of the used cancer model (149-153). Furthermore, mice xenografted 

with gastric cancer cells overexpressing the antigen presented less cohesive tumours 

and significantly decreased survival (152). The fact that STn expression may 

dramatically change the glycosylation landscape of many relevant adhesion proteins, 

including mucins, cadherins, integrins and CD44 may account for these findings (47). 

Moreover, the presence of short-chain O-GalNAc glycans induced the activation of 

EGFR and ErbB2 receptors and a transcriptomic signature switch of gastric cancer cells 

towards a more aggressive phenotype associated with patients' poor-survival (152) 

(Figure 2). Taken together these findings place the STn antigen as part of an array of 

molecular events that alter protein functionality towards more metastatic cell phenotypes. 

The STn has also impact on cell recognition by the immune system, namely it has been 

described to induce a tolerogenic phenotype in innate and adaptive immune cells against 

cancer cells, which was regarded as a crucial hallmark driving tumour cell survival (154). 

Furthermore, it has been recently demonstrated that STn and other sialylated short-chain 

O-glycans are recognized by immune cell sialic acid-binding immunoglobulin-type 

lectins, such as siglec 15, 7, and 9, in antigen presenting cells and NK cells to modulate 

inhibitory immune signalling (43) (Figure 2). Reinforcing the association between STn 

and metastasis, we have also recently described that the majority of CTC in the blood of 

metastatic gastric, colorectal and bladder cancer patients present this antigen, mimicking 

its expression in the primary tumours and corresponding metastasis (155). Of note, STn 

was not present in other circulating blood cells, reinforcing its cancer-associated nature 

(155). This provides the missing molecular evidence linking altered glycosylation of 

primary tumours with the patterns found in disseminated disease, setting STn as a 

potential target for clinical intervention. Interestingly, the studies that have addressed the 

functional impact of STn in cancer cells were almost exclusively performed using 

glycoengineered cell lines. In fact, in opposition to advanced solid tumours, cells grown 

in in vitro settings tend to lack or modestly express STn, denoting its strong dependence 

on microenvironment stimuli (149, 151, 154). However, the particular molecular cues 

supporting STn expression were not yet fully disclosed. Notwithstanding, there are 
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suggestions that low oxygen levels experienced by cancer cells under hypoxia may be 

amongst the contributing factors (47). Studies involving bladder cancer cell models 

demonstrated that hypoxia induces the downregulation of several glycosyltransferases 

involved in O-GalNAc glycans extension in an HIF-1•  dependent manner, leading to an 

accumulation of short-chain glycan precursors (47). This is accompanied by the 

activation of transcription programs associated with EMT as well as increased motility 

and invasion; thus, in agreement with the functional role played by STn in bladder cancer 

and other solid tumours (47). 

Two other well-known cancer-associated glycans are sialyl Lewis A (sLeA) and 

its isomer sialyl-Lewis X (sLeX), commonly found as terminal epitopes in both O- and N-

glycans in glycoproteins and glycolipids. Similarly to the STn antigen, both have been 

associated with metastasis development and poor prognosis in a wide number of solid 

tumours (156, 157). However, while the STn antigen appears to be driving cancer cells 

to metastasis by inducing higher motility and invasion, sLeA/X epitopes appear to play a 

role as promoters of haematogenous dissemination (Figure 2). Tumour cell sLeA/X are 

specific ligands for E- and P-selectins on endothelial cells, ultimately mediating 

intravasation of tumour cells into circulation and extravasation to distant organs (158, 

159) (Figure 2). Moreover, these glycoepitopes may decisively contribute to CTC 

survival in circulation by enabling attachment to P-selectin in activated platelets, forming 

protective clusters (160) (Figure 2). Of note, inflammatory tumor microenvironments 

characterized by increases levels of pro-inflammatory cytokines, as IL-1β and IL-6, were 

found to regulate the expression of biosynthetic glycosyltransferases increasing the 

expression of these sialylated antigens in tumour cells (161, 162). These findings 

highlight the microenvironmental regulation of cancer cell glycosylation. 

In addition, the role of glycans in cancer dissemination is not limited to the cancer 

cell. It is now known that cancer-derived extracellular vesicles display particular glycan 

coats that may differently interplay with other cells within the tumour microenvironment 

as well as at distant sites (163). Namely, studies using extracellular vesicles (EV) derived 

from liver cells have demonstrated that the modification of EV glycosylation could affect 

its biodistribution, since the enzymatic removal of sialic acids resulted in EV 

bioaccumulation into the lungs of mouse models (164). Nevertheless, these are still 

preliminary observations and more comprehensive approaches are required to fully 

disclose the role of glycans in intercellular communication under physiological and 

pathological settings. More detailed information on the structural and functional role of 

glycans, its alterations in cancer and potential therapeutics opportunities are beyond the 
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scope of this chapter; however, these topics have been comprehensively explored in 

several recent publications (43, 140, 145).  

 In summary, glycans directly mediate a wide array of relevant molecular and 

biological functions spanning all stages of metastasis development. Moreover, changes 

in glycans length, composition, density and distribution of glycosites decisively alter 

protein functions and immunogenicity patterns, contributing to more aggressive 

phenotypes. These events are triggered and sustained by pro-metastatic 

microenvironments, as comprehensively reviewed recently (43). The sweet side to this 

sour end resides on the fact that glycans present a cell-surface nature, easily accessible 

to several ligands. Moreover, exploiting the cancer-associated nature of certain known 

antigens such as STn and sLeA/X offers tremendous potential for designing novel 

detection methods and targeted therapeutics. 

 

 

 
 

Figure 2. Sialyl-Tn overexpressing cells frequently acquire more motile and invasive 

phenotypes by weakly interacting with ECM components and stablishing poorly cohesive 

tumours. STn overexpression itself is though to be largely dependent on 
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microenvironmental cues as low oxygen tension within the tumour bulk. Furthermore, 

STn overexpression induces activation of EGFR and ErbB2 tyrosine kinase receptors 

(RTK), consequently initiating oncogenic pathways. STn also has impact on cell 

recognition by the immune system, namely by inducing a tolerogenic and immature 

phenotype of dendritic cells and by interacting with sialic acid-binding immunoglobulin-

type lectins (SIGLEC), such as siglec 15 in antigen presenting cells and NK cells to 

modulate inhibitory responses. In turn, tumour cell sLeA/X are specific ligands for E- and 

P-selectins on endothelial cells, ultimately mediating intravasation of tumour cells into 

circulation and extravasation to distant organs. Moreover, these glycoepitopes may 

decisively contribute to CTC survival in circulation by enabling attachment to P-selectin 

in activated platelets, forming protective clusters. 

 

Concluding Remarks 
 

CTC are amongst the driving forces of metastasis and may be released from 

primary tumours and secondary lesions at all stages of disease. Moreover, elevated CTC 

counts in the blood of cancer patients has been associated not only with the presence of 

metastasis but also with higher risk of disease progression (165). It may also be 

indicative of occult micrometastasis, providing a good complement to imageology. 

Elevated CTC counts are associated with decreased response to treatment for a wide 

array of solid tumours and therapeutic schemes and may be used, in conjugation with 

other molecular markers, for follow-up (166, 167). CTC better reflect the molecular nature 

of metastasis and can be explored in non-invasive settings, making its interrogation more 

attractive than diagnostic tumour biopsies. This enables a more educated election of 

therapeutic schemes and may constitute a critical milestone towards novel therapeutic 

approaches. Such striking observations have revolutionized the concept of liquid 

biopsies and made CTC analysis an attractive tool for early detection of disseminated 

disease, enabling the adoption of more effective interventions, and a decisive option for 

treatment follow-up. The exploitation of CTC has been accompanied by ground-breaking 

observations regarding the role of exosomes in cell-cell communication and contribution 

to PMN formation. As such, exosome analysis with emphasis on circulating exosomes 

may complement CTC analysis and provide relevant blueprints on disease status. 

Technical advances and ongoing clinical studies are rapidly refining the use of CTC and 

exosome-based liquid biopsies for cancer control and these solutions are likely to reach 

clinical practice in a near future.  
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In parallel with the advances in liquid biopsies technology, the last ten years have 

allowed a more in-depth understanding of the critical milestones leading to metastasis. 

The focus has been progressively moving from looking at aggressive subpopulations of 

cancer cells has isolated entities to a more comprehensive vision in which cancer cells 

stablish supportive cross-talks with the tumour microenvironment. In the early steps of 

metastasis, primary stromal cells and hypoxia-mediated factors support tumour cell 

invasion by supplying pro-metastatic factors, compromising vasculature and stromal 

barrier integrity, endorsing EMT and promoting acquisition of stem-like properties. 

Subsequently, active stromal cells as tumour-associated macrophages, fibroblasts, 

neutrophils and platelets aid tumour cell intravasation into the tumour microvasculature 

by providing soluble factors, promoting the formation of invadopodia and ECM 

degradation. Once in the bloodstream, single CTC or small CTC groups form protective 

clusters with neutrophils, platelets and ECM components. In this process, CTC are 

protected from sheer stress in the bloodstream, avoid immune recognition and are 

primed to proliferate upon secondary site arrival. Furthermore, CTC are able to travel 

with activated stromal components as CAFs, determining a more favourable colonization 

step (Figure 3). Interestingly, CTC may also return to their primary tumour in a process 

called tumour self-seeding. The interaction between self-seeded CTC and the tumor 

stroma promotes the release of signals that foster tumor growth, angiogenesis, invasion, 

and metastasis; thereby increasing the aggressivity of primary tumours. Distant 

metastasis organotropism is not random and depends on the formation of PMN capable 

of attracting CTC. PMN formation results from the combined systemic effects of tumour-

secreted factors and tumour-shed extracellular vesicles (EV). Specifically, tumour and 

stroma-derived growth factors and chemokines are potent chemoattractants of immune 

cells to PMN, ultimately aiding CTC colonization. On the same note, tumour-derived 

exosomes contribute to the formation of PMN by upregulating pro-inflammatory and 

angiogenic molecules, promoting ECM and endorsing immune escape. Once on the 

secondary site, cancer cells may lay quiescent or progress to actively growing metastasis 

in a way that is dependent on the quality of the PMN and on the genetic background of 

homing cells. Even though these findings support the decisive role of the 

microenvironment on metastasis development, the intricate molecular network 

supporting these events remains to be fully elucidated. Nevertheless, several therapeutic 

strategies targeting the tumour microenvironment have already been proposed and 

progressed to human clinical trials and clinical implementation (Figure 4C). Some of this 

approaches include: i) agents that degrade and/or deconstruct the supportive tumour 
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ECM; as heparanases iii) MMP inhibitors; iii) HIF-1α and HIF-1α targets inhibitors; iv) 

proton exchanger and carbonic anhydrase inhibitors; v) antiangiogenic drugs; vi) 

multireceptor tyrosine kinase inhibitors; vii) chemical agents for the inhibition of the 

recruitment and/or proliferation of myeloid-derived suppressor cells (MDSC) and tumor-

associated macrophages (TAM), viii) chemical agents for the selective depletion of TAM 

and MDSC; ix) chemical agents for the re-education of TAMs and MDSCs anti-tumor 

functions; x) chemical agents for the differentiation of MDSC; xi) chemical agents 

targeting the pro-tumoral mediators of TAM and MDSC; xii) interleukin or interleukin- 

receptor inhibitors; xiii) immune checkpoint inhibitors; xiv) CAF targeting agents; xv) 

exosome biogenesis inhibitors; and xvi) exosomes for the delivery of drugs and siRNA. 

All these therapeutic approaches have been extensively described in recent publications 

(168, 169), including combinatory therapeutic strategies. 

Targeting cancer cells glycosylation may also offer novel strategies to control 

disease dissemination and ultimately provide curative treatments. In this context, it is 

well described that the microenvironment may induce critical alterations in the 

glycosylation of membrane proteins that favour disease dissemination (43). Namely, 

glycans like STn and sLeA/X are absent or modestly expressed in healthy adult organs 

but significantly overexpressed in more aggressive cancer subpopulations, opening an 

avenue for targeted therapeutics. Furthermore, several studies support the functional 

impact of these glycans in CTC development and survival, setting an important rationale 

for intervention (155, 170). A more comprehensive interrogation of the glycoproteome 

for cancer-associated protein species carrying these post-translational modifications is 

now required to gain more functional insights and design bi-specific ligands.  

 In summary, this chapter highlights the multifactorial molecular nature underlying 

metastasis development and its strong dependence on the tumour microenvironment. 

Therefore, disease control will most likely require the introduction of multiplex biomarker 

panels for patient stratification, enabling early intervention and adoption of more effective 

therapeutic schemes according to the potential for metastasis development. Many 

studies also indicate that patients will most likely benefit from combinatory therapies 

capable of supressing relevant microenvironmental cues responsible for CTC 

development, maintenance in circulation and distant location colonization. Exploiting 

membrane glycosylation may provide highly specific means to target these cells while 

reducing off-target effects. 
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Figure 3. In the first steps of the metastatic cascade, stromal cells and hypoxia-mediated 

factors promote tumour cell invasion by supplying the tumour microenvironment with pro-

metastatic factors, favouring EMT, promoting ECM remodelling and vascular leakage. 

Subsequently, tumour cell intravasation into the tumour microvasculature is supported 

by soluble factors provided by active stromal cells as tumour-associated macrophages, 

fibroblasts, neutrophils and platelets. Once in the bloodstream, single CTC or small CTC 

groups form protective clusters with neutrophils, platelets and ECM components. These 

cooperative crosslinks protect CTC from sheer stress and immune recognition, while 

priming them for proliferation upon successful dissemination. CTC also stablish clusters 

with activated CAFs, determining a more favourable colonization step by bringing their 

own supporting stroma to distant locations. 

 

Ongoing challenges and future perspectives  
Controlling cancer progression and spread is a tremendously challenging task 

due to significant molecular heterogeneity and distinct pathological nature presented by 

different types of human tumours. The multifactorial nature of the tumour-stroma cross-

talk, the wide array of microenvironmental factors driving metastasis and its constantly 

adapting nature during the course of disease management further adds to these 

difficulties. High throughput technologies and mature bioinformatics tools now enable the 
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exploitation of cancer systems biology involving a comprehensive integration of multi-

omics approaches (genomics, transcriptomics, proteomics, metabolomics and others). 

This is expected to provide important clues on the molecular and functional mechanisms 

adopted by cancer systems at multiple biological scales and ultimately pinpoint relevant 

biological networks nodes for intervention. 

Another defying topic relates with the adoption of relevant models for biomedical 

research. Most available studies have focused on the cross-talk between cancer cells 

and selected stromal elements exploiting the potential of 2D co-cultures in vitro and 

mouse xenograft cancer models in vivo. However, adequate preclinical models that 

mimic the tumour microenvironment are warranted. In this context, currently available 

3D culture models, including tumor tissue explants, “tumor on a chip”, and multicellular 

tumor spheroids (MCTS) may be useful tools to achieve increasingly translational 

research. Furthermore, efforts should be conducted to progressively increase the 

complexity of these models by taking advantage of novel microfluidics systems, allowing 

mimicking the cellular vasculature and the movement of biological fluids; thereby, 

improving similarities with real tumour microenvironments. Current in vivo studies also 

pose some limitations that should be addressed in the near future envisaging translatable 

results. For example, the maintenance of more aggressive cancer cells subpopulations 

is significantly dependent on the capacity to evade the immune system. In particular, 

CTC employ several mechanisms of immune escape and even immune cooperation to 

avoid clearance. However, most studies employ athymic mouse models that fail to reflect 

the contribution of the immune system to tumour progression at different levels. As such, 

it becomes pressing to introduce engineered animal models capable of reflecting the 

stepwise co-evolution of cancer and immunity. Other potentially interesting approaches 

may contemplate inducing tumours in relevant animal models that reflect the molecular 

nature of human tumours. For example, urothelial tumours induced by exposure to N-

butyl-N-(4-hydroxybutyl)nitrosamine (BBN) have been shown to reflect the molecular 

nature of human cancer and have been extensively used for molecular and functional 

studies and therapy development (171). Synergistic models xenografted with relevant 

cell models may also constitute a valuable alternative.  

In addition, little is known about the molecular nature of CTC, in particular the 

mechanisms that define their capacity to resist microenvironmental challenges and the 

molecular features that enable them to target different organs. The extent of CTC self-

seeding events and its contribution to late-stage disease is also poorly understood and 

may be critical to comprehend the spatial-temporal evolution of disease progression. 
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There are also many unanswered questions regarding the resemblances between CTC, 

the parental lesions and the metastasis at different levels. It is also becoming clear that 

CTC of the same patient may present significant genotypic and phenotypic differences, 

even though the functional and clinical significance of these observations remain to be 

fully understood. The response to these outstanding questions will certainly aid more 

adequate therapy selection and the design of more effective approaches to treat cancer 

patients.  

In parallel, the liquid biopsies field is being propelled by technological 

breakthroughs in micro- and nano-sensors. These advances are reaching higher 

technology readiness levels and will most likely be decisive tools for CTC-based 

biomedical research and clinical practice. Furthermore, liquid biopsies are starting to 

evolve to multiparametric settings, exploiting CTC, exosomes, circulating nucleic acids 

and other biomolecules to provide more comprehensive models for patient stratification 

and to guide clinical decisions (Figure 4A). We believe that future studies should 

continue to refine multiplex settings using comprehensive panomics approaches backed 

by artificial intelligence. We anticipate that this will be the cornerstone towards 

progressively more personalized solutions. However, the expansion of CTC outside the 

human body remains yet a critical milestone. Its limited success is many times 

accomplished at the expenses of losing CTC original molecular phenotypes. A deeper 

understanding of the microenvironmental cues faced by CTC in different physiological 

and clinicopathological contexts is required to overcome these limitations. Successful 

and robust expansion of CTC will be instrumental to evaluate drug susceptibility, disclose 

relevant driver mutations, CTC immunogenicity and mechanisms of immune escape as 

well as therapy design.  

  Another critical challenge relates with the adoption of preventive measures for 

metastasis development at early stages of disease. This will strongly benefit from a better 

understanding of the events underlying PMN formation. Most promising strategies may 

include blocking molecular messengers such as exosomes and pro-inflammatory 

factors, hampering angiogenesis and ECM interactions, preventing the recruitment of 

anti-inflammatory and pro-tumour immune cells and employing strategies to revive anti-

tumour immune responses (168). In addition, it will be crucial to improve therapeutic 

options against more aggressive cancer cells in primary tumours, CTC and the 

metastasis. In this context, the current therapeutics tool box is well equipped with 

relevant molecular tools to stimulate the immune system against more aggressive cancer 

cells, including immune check-point inhibitors, vaccines based on cancer neoantigens 
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and chimeric antigen receptor (CAR) T-cell therapies. Moreover, there is a wide panoply 

of novel therapeutic antibodies targeting relevant cell-surface receptors and capable of 

inhibiting key oncogenic pathways, while cross priming antigen-presenting cells for 

tumour destruction. Tremendous advances in genetic therapies further increase the 

number of current options. Exciting progresses have also been made concerning 

intelligent nanoparticles specifically bioengineered to enhance drug delivery to more 

aggressive cells. However, the success of these approaches against disseminated 

disease is still heterogeneous and will most likely benefit from a deeper understanding 

of the events underlying metastasis formation. It is also crucial to identify cell-surface 

molecules that may be used to specifically target these therapies to cancer cells while 

limiting off-target effects. A comprehensive glycoproteomics screening of human 

tumours offers an exciting opportunity for identification of unique molecular signatures. 

Notably, there are still few reports on the nature of the glycoproteome of primary lesions 

and none on metastasis, leaving still a long ground to cover envisaging clinically useful 

glycobiomarkers. However, in the past five years many of the limitations related with the 

annotation of minute amounts of glycospecies by mass spectrometry have been 

overcome, laying the foundations for comprehensive glycoproteomics studies. As the 

sensitivity of modern mass spectrometers improves, it will also be possible to perform 

analysis at near single cell level, a crucial milestone when addressing minor amounts of 

biological material generally recovered from biopsied metastasis or CTC isolated from 

cancer patients. Taking advantage of these novel technological advancements and 

looking at highly context-specific glycosignatures as attractive targets for personalized 

medicine, several glycan-based therapeutic strategies and immunotherapies have 

emerged. Namely, inhibitors of glycosyltransferases catalytic activity (172) and 

glycoengineered antibodies capable of inducing increased antibody-dependent cellular 

cytotoxicity (173). Furthermore, glycan-based antibodies may be used to guide 

nanotherapies (174, 175) or improve the cancer  specificity of chimeric antigen receptors 

(CAR) of genetically modified T cells (176).On another note, tumour specific 

glycoliposomes can be used to prime DC through DC-SIGN engagement to stimulate 

tumour-specific CD4+ and CD8+ T cell anti-tumour responses, constituting a promising 

glycan-based immunotherapy (177). Finally, anticancer multicomponent glycoconjugate 

vaccines, based on glycan antigens coupled to T-cell peptide epitopes or 

immunostimulant epitopes, have been demonstrated effective in circumventing cancer 

immunotolerance (178, 179), providing an appealing option for the much-awaited 

development of new glycan-based therapeutic agents (Figure 4B). In summary, to 
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effectively treat metastasis, we must inhibit fundamental metastatic processes and 

develop specific preclinical and clinical strategies that excel the classical view focused 

on cancer cells, setting the focus on the intense crosstalk between different types of 

primary tumour cells, CTC, and DTC. Nevertheless, current technological advances 

ensure capacity to support these challenges and the transition to molecular-based 

precision oncology.  

 

 

Figure 4. A) Liquid biopsies are starting to evolve to multiparametric settings, exploiting 

CTC, exosomes, circulating nucleic acids (ctDNA) and other biomolecules to provide 

more comprehensive models for patient stratification and to guide clinical decisions 

towards personalized medicine. B) Several glycan-based therapeutic strategies and 

immunotherapies have emerged. Namely, inhibitors of glycosyltransferases catalytic 

activity, glycoengineered antibodies capable of inducing increased antibody-dependent 

cellular cytotoxicity (ADCC), glycan-based antibodies to guide nanotherapies or improve 
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the cancer specificity of chimeric antigen receptors (CAR) of genetically modified T cells, 

as well as anticancer multicomponent glycoconjugate vaccines. C) Several therapeutic 

strategies targeting the tumour microenvironment have already been proposed. These 

include: i) ECM deconstructing agents as heparanases iii) MMP inhibitors; iii) HIF-1α and 

HIF-1α targets inhibitors; iv) proton exchanger and carbonic anhydrase inhibitors (mainly 

vacuolar ATPase (V-ATPase) Na+/H+ exchanger (NHE), monocarboxylate transporters 

(MCTs), and carbonic anhydrases (CAs); v) antiangiogenic drugs; vi) multireceptor 

tyrosine kinase (RTK) inhibitors; vii) immune checkpoint inhibitors; viii) chemical agents 

targeting exosome biosynthesis and specific stromal cells as myeloid-derived 

suppressor cells (MDSC), tumor-associated macrophages (TAM) and CAF targeting 

agents. 
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The Role of Glycosylation in Esophageal and Colorectal Cancer: Clinical 
Implications and Biomarker Discovery 

 

Decoding Esophageal and Colorectal Cancer: Insights into Diagnosis, Treatment, 
Risk Factors, and Histology 
Esophageal (EC) and colorectal (CRC) cancers are among the most prevalent and fatal 

malignancies worldwide, accounting for nearly one-third of all cancer-related deaths (1, 2). 

In 2020, CRC held the third in terms of incidence (1.9 million new cases) and the second in 

terms of mortality (935,000 deaths). On the other hand, EC ranks seventh in terms of 

incidence (604,000 new cases) and sixth in terms of mortality (544,000 deaths) (2). 

Furthermore, most cases of CRC are detected in Western countries and high developed 

countries, while EC was much higher in low- and middle-income countries (1, 3, 4). 

EC and CRC arise from different tissues and exhibit distinct molecular characteristics. Still, 

they share common diagnostic and treatment challenges, often combined to late-stage 

diagnoses and limited effectiveness of current treatments. Current diagnostic procedures, 

including upper digestive tract endoscopy and colonoscopy respectively, though effective, 

are invasive and therefore unsuitable for large-scale screening, hence creating a necessity 

for more non-invasive diagnostic tools (5, 6). 

The histological features of esophageal lesions are divided into the following terms: 

squamous cell carcinoma (ESCC), which represents most of the cases, resulting from the 

abnormal transformation of the stratified squamous epithelial layer; or adenocarcinoma 

(EAC) in which glandular cells exchange the squamous epithelium (7, 8). According to the 

World Health Organization, EC grade 1 represents well-differentiated tumour, grade 2 

corresponds to moderately differentiated, and grade 3 to poorly differentiated. Importantly, 

poorer differentiated carcinomas present a decreased prognosis compared to well-

differentiated esophageal cancers (9, 10). The predominant histological types of colorectal 

carcinomas consist largely of adenocarcinomas or mucinous adenocarcinomas (11, 12). 

CRC is also categorized in three major groups according to histological grade staging, 

similarly to the EC.  

Several risk factors contribute to the onset of these cancers, including tobacco, alcohol 

consumption, poor diet, physical inactivity, obesity, and exposure to environmental 

carcinogens, mostly nitrosamines (13, 14). Furthermore, chronic inflammation in the 

esophagus can promote the growth of esophageal carcinoma by disrupting normal cell 

signalling and development (15). The correlation between tumour growth and lymph node 

metastases is positively associated with tumour aggressiveness, being the bases for the 
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development of the TNM system (16). Despite these findings, it is crucial to highlight the 

role of the intratumoral molecular heterogeneity that exists in EC and CRC, which adds a 

significant layer of complexity to patient stratification and treatment decision-making (5, 6, 

17). High-throughput genomics and transcriptomics studies have begun to uncover the 

potential molecular markers for CRC and EC, emphasising promising steps towards 

revolutionizing future personalized patient care(18-22). 

Treatments for EC and CRC include a range of options from surgical resection, 

chemotherapy, radiotherapy, to immunotherapy, all of which come with their limitations and 

side effects (22-24). While targeted therapeutics such as trastuzumab (anti-HER2) and 

cetuximab (anti-EGFR) have shown promises, their effectiveness requires further validation 

(25, 26). The introduction of immune checkpoint inhibitors targeting PD-1/PD-L1 represent 

a significant advancement in cancer immunotherapy, yet the need for accurate molecular 

models to predict treatment responders remains a significant barrier (27, 28). 

Research has directed its focus towards the development of new and effective therapies, 

namely combined therapies guided by patient responses (29). Furthermore, 

oncoproteogenomics, which links mass spectrometry (MS) with next-generation 

sequencing (NGS), is seen as the next frontier in cancer research. This multidisciplinary 

approach has the potential to provide deeper insights into the role of protein variants in 

several biological processes and diseases and identify new cancer antigens for therapy 

development. 

In conclusion, despite significant progress in understanding EC and CRC molecular 

landscape, these malignancies continue to present substantial challenges due to their 

complexity and heterogeneity. These issues underscore the need for a concerted effort to 

develop more effective diagnostic tools, therapeutic strategies, and predictive models to 

improve patient outcomes, pushing the boundaries of personalized medicine. 

 

Glycosylation patterns in esophageal and colorectal cancers: exploring general 
features. 
 
Glycosylation, the most frequent posttranslational modification (PTM) of proteins, 

prominently occurs at multiple sites of the extracellular domains of membrane-anchored 

and secreted proteins. This complex process, dictated by the assembled action of 

nucleotide sugar transporters, glycosyltransferases, and glycosidases, results in a 

carbohydrate-dense glycocalyx on the cell surface. The complex nature of glycosylation 

significantly contributes to protein folding, trafficking, stability, cell-cell adhesion, cell 

differentiation, and migration, further regulating cell signalling pathways, host-pathogen 

interaction, and immune escape (30-34). The glycosylation landscape encompasses three 
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major classes of glycoconjugates - proteoglycans, glycosphingolipids and glycoproteins, 

that modulate these biological features. Importantly, variations in glycosidic linkages, 

including N-, O-, and C-linked glycosylation, glypiation (GPI anchor attachment), and 

phosphoglycosylation, depend on multiple factors such as enzyme availability and 

macromolecular conformation of the glycoconjugates (35-40). 

In cancer, alterations in the glycoproteome, including changes in glycosite density and 

distribution and/or glycan chains structure are observed, impacting the cellular homeostasis 

(41-43). Predominant changes comprise altered fucose and sialic acid residue substitution 

patterns, O-GalNAc glycans oversialylation resulting in their dramatic reduction, and 

alterations in N-glycans branching, core fucosylation, and sialylation (37, 44-46). 

Additionally, terminal glycan chain epitopes, such as Lewis’s blood group patterns, often 

exhibit variations (47). These aberrant glycans modulate intracellular pathways, influencing 

cell proliferation, survival, and adhesion dynamics, often promoting more invasive 

phenotypes (41, 43, 48). Glycans also manage immune response by mediating immune cell 

lectin recognition, often leading towards cancer tolerogenic phenotypes (49, 50). Specific 

changes in tumour environment that promote these glycophenotypes, frequently leads to 

disease development by undisclosed mechanisms (48, 51-53). Given their role as critical 

mediators of cellular adaptation and disease progression, glycans are considered 

interesting theragnostic targets. Focus on O-GalNAc and N-GalNAc glycosylation and 

particularly, on two clinically relevant glycans - the sialyl-Tn (STn) and the blood group 

related sialyl lewis A/X (sLeA/X) antigens, should provide the ground to disclose the impact 

of protein glycosylation in the development of EC and CRC.  

 

O-GalNAc and N-GalNAc glycosylation 

Glycosylation gives rise to two central categories of glycans that constitute the glycocalyx 

present on the cell's surface: N-glycans and O-glycans (54). Cancer progression in 

esophageal and colorectal malignancies is deeply influenced by changes in glycosylation 

patterns (29). O-glycosylation is an essential post-translational modification, a crucial player 

in cellular function and integrity. This vital layer significantly impacts cellular functions, thus 

maintaining homeostasis (30, 32, 55). O-glycosylation, the second most prevalent form of 

glycosylation, initiates by adding a N-Acetylgalactosamine (GalNAc), a carbohydrate 

fragment, to protein serine or threonine residues. This complex process is controlled by 20 

membrane-bound UDP-GalNAc enzymes: polypeptide glycosyltransferases (ppGalNAc-

Ts). Each enzyme in this family has unique yet overlapping specificities, modifying the 

initiation of O-glycosylation. This process lacks a consensus sequence for the activity of N-

acetylgalactosamine transferase. Following the initial sugar addition, a varied number of 
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sugars are subsequently added to the growing glycan chain. The range includes galactose, 

N-acetylglucosamine, fucose, or sialic acid (56-58). 

The first step of O-glycosylation results in the formation of the Tn antigen, by adding a 

GalNAc, in the Golgi apparatus. This is followed by the synthesis of the core 1 structure 

through the action of Gal-transferase, leading to the formation of structures referred to 

Thomsen-Friedenreich antigen (T antigen). Sialyltransferases can also sialylate the Tn and 

T antigens to form sialyl-Tn, sialyl-T, and disialyl-T antigens. Notably, the formation of these 

sialylated structures stops further processing of the oligosaccharide chain. This core 1 

structure can be further modified to other core structures by adding different 

monosaccharides, such as galactose, GalNAc, N-acetylglucosamine, and sialic acids. The 

most common structures in humans are cores 1-4. The extension of these core units is 

catalyzed by N-β3/4-acetylglucosaminyltransferases and β3/4-galactosyltransferases, 

leading to the formation of side chains termed type-1 and type-2 chains. These chains are 

widely expressed among epithelial tissues (56-58). 

O-glycosylation is particularly significant in modulating the biological role of mucins, a high 

molecular weight glycoproteins rich in serine and threonine residues. Mucins are 

ubiquitously present in mucous secretions, cell surfaces, as transmembrane glycoproteins, 

and body fluids. They are known to be involved in signal transduction, mediating cell-cell 

adhesion, or performing anti-adhesive functions. Mucins also play roles in fertilization and 

immune responses. Their presence on epithelial surfaces serves to protect against physical 

and chemical damage, and against pathogen infection (59). Alterations on the glycosylation 

pattern of these glycoproteins could determine its biological function. 

Conversely, in N-glycosylation, N-glycans are transferred to protein asparagine (Asn) 

residues via N-glycosidic bonds, forming the most frequent constituent, GlcNAcβ1-Asn (60). 

Their synthesis initiates on the cytosolic face of the endoplasmic reticulum (ER) and the 

structure extends into the ER lumen (61). 

Glycoproteins primed to undergo N-glycosylation exhibit marked motifs known as Asn-X-

Ser/Thr "sequons", where the symbol "X" denotes any amino acid residue, excluding proline 

(62). The oligosaccharide transferase (OSTase) surveys nascent protein polypeptides for 

this consensus sequence, proceeding to shift the precursor glycan (Glc3Man9GlcNac2-) 

from dolichol pyrophosphate to the Asn residue (63). All N-linked glycoproteins share this 

precursor glycan structure. 

The Golgi apparatus initiates glycan processing, introducing diversity by sequentially 

trimming and adding sugars (64). Mature N-glycans can undergo further modifications such 

as fucosylation and sialylation, generating terminal structures such as Lewis's blood group 

related antigens (Lea, SLea, Lex, SLex, Leb, Ley), or ABO(H) blood group determinants 

(65). Additionally, other modifications like phosphorylation, O-acetylation of sialic acids, and 
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O-sulfation of galactose and N-acetylglucosamine residues amplify the glycome's structural 

complexity (66). 

Shifting focus to cancer, cell-surface glycoconjugates in tumoral cells often exhibit an 

overexpression of sialylated Lewis-type blood group antigens such as sLeA and its isomer 

sLeX as terminal epitopes of O-glycans, N-glycans, and glycolipids (67).  The intricate 

process of sialyl Lewis antigen biosynthesis involves the synchronized expression of 

multiple glycosyltransferases, which may differ based on the glycoconjugate carrying the 

antigen (68). Increases in sLeA/X levels in O-glycans correlate mostly with C2GnT 

overexpression (69),  while aberrant glycolipid sLeA/X is linked to β1,3-GlcNAc transferase 

activation (70). The competition between type 1 (sLeA) and type 2 (sLeX) chain 

biosynthesis varies by tissue and is majorly controlled by the basal levels of β-1,3 and β-

1,4-galactosyltransferases (71).  

In conclusion, O- and N-glycosylation and the resulting intricate array of glycan structures 

plays an essential role in normal cellular functions. Alterations in this process, particularly 

in the context of cancer, have been linked to tumour progression, thereby suggesting 

potential avenues for targeted therapeutics. Continued exploration of the implications of 

glycosylation changes in cancer is crucial for research. 

 

Unravelling the significance of STn and sLeA antigen expression in 
esophageal and colorectal cancers  
 
Malignant transformation of esophageal and colorectal epithelium is often accompanied by 

a profound dysregulation of the normal glycosylation pattern. 

This alteration stems from disruptions in typical glycan extension processes, leading to the 

neo- and/or overexpression of several glycans, such as STn and SLe (72, 73). These 

changes on the glycosylation pattern across the carcinogenic cascade, highlight the 

potential role of glycans in tumorigenesis. 

In colorectal cancer stem cells (CRC-CSC), STn overexpression is implicated in promoting 

chemoresistance and sphere formation, thereby enhancing the survival and proliferation of 

these cells [85]. The alteration is attributed to Akt pathway activation in conjunction with 

Galectin-3, indicating potential therapeutic targets [85]. STn overexpression is central to the 

progression and aggressiveness of various cancers, supporting its role as a therapeutic 

target. Further research is needed to translate these findings into treatments, exploring the 

pathways and molecular mechanisms involved. STn's contribution to oncogenic traits 

across tumour types, including breast, ovarian, prostate, and bladder cancers, affirms its 

pancarcinomic nature [43, 86, 87]. The pursuit of strategies to inhibit STn expression or 

function may provide a promising direction for future cancer therapy development. 
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In several malignant forms, including EC (74), and CRC (75, 76), the glycoepitopes sLeA 

and sLeX have been reported to be significantly overexpressed. The increased presence 

of these glycoepitopes appears to be strongly linked to increased cancer cell malignancy. 

Accordingly, several reports claim that these molecules serve as E-selectin ligands on 

vascular endothelial cells, aiding tumour cell invasion into blood vessels and facilitating the 

arrest of circulating tumour cells at distant sites during hematogenous metastasis (77, 78). 

In addition, these ligands can enhance the adhesive interactions between tumour cells and 

the extracellular matrix proteins of vessel walls, promoting extravasation (79). Furthermore, 

it has been proposed that sLeA/X, in colon cancer cells, interact with P-selectin on platelets, 

thereby aiding hematogenous dissemination by protecting tumour cells from shear stress in 

circulation and preventing immune recognition by natural killer (NK) cells (80).Through this 

interaction, activated platelets may also release growth factors that stimulate the 

development of highly metastatic colon cancer cells (81). Moreover, colon cancer cells 

undergoing epithelial-to-mesenchymal transition (EMT) have been observed to upregulate 

sLeA/X levels and E-selectin binding capacity, while also enhancing vascular endothelial 

growth factor (VEGF) production (82). These discoveries suggest a potential pro-angiogenic 

feedback loop initiated by the interaction between sLeA/X and E-selectin. The molecular 

mechanism associated with EMT-related sLeA/X expression in CRC cells seems to involve 

transcriptomic regulation of glycogenes in a manner dependent on c-Myc and CDX2. 

Specifically, EMT-associated increases in c-Myc transcriptional activity result in the 

upregulation of ST3GAL1/3/4 and FUT3, while CDX2 downregulation suppresses FUT2 

transcription, leading to an overexpression of sLeA/X (82). 

In sum, STn and sLe antigens overexpression seems to accompany the carcinogenesis 

process and aggressiveness of several cancers, rendering it a promising therapeutic target 

for aggressive cancer phenotypes [43, 86, 87]. These findings underscore the importance 

of targeted therapeutic interventions for cancer-specific post-translational modifications 

(PTMs), however further research may devote to uncovering the underlying molecular 

pathways leading to these glycophenotypes. 

 

Clinical relevance of STn and sLeA in esophageal and colorectal cancers: emerging 
potential in the circulating tumour cells. 
 
Late diagnosis of CRC and EC, associated with clinical evidence of metastases, poses 

significant healthcare burden, being critical to address the following clinical problems: i) 

Identification of patients at higher risk of metastasis development, including those with 

radiographically occult lesions; ii) Implementation of non-invasive molecular-based patient 

stratification methods for disease follow-up and early intervention; iii) Tailoring of 
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therapeutic schemes to improve efficacy while reducing toxicity; iv) Development of novel 

targeted therapeutics. Recent studies are focusing these clinical challenges through the 

analysis of aberrant glycosylation markers, such as STn and sLeA. The clinical assessment 

of STn and sLeA levels on cancer remains circumscribed to certain tumours, mainly from 

the gastrointestinal tract, however without a significant clinical value (83). 

In EC few studies have been made in approaching the expression of STn. Was reported 

that the overexpression of this antigen is correlated to the poorer survival. There is evidence 

of the appearance of STn in healthy esophagus cells (83), also agglomerates linked to 

serine and cross reaction to Tn (84, 85). 

SLeA in ESCC indicate a cancer specific nature occurring in membrane and cytoplasm 

cancer cells in opposition to stromal and normal tissues (86). This antigen was associated 

with poor prognosis, tumour differentiation and metastasis (87). However, clinical 

pathological variables were not connected to sleA expression (88).  

In CRC, the expression of STn antigen provides insights into the malignancy's biological 

behaviour, with its absence in normal mucosa adjacent to tumours—except in goblet cells—

underscoring its association with cancer (89-93). 

STn's detection in colonocytes post de-acetylation and the reduction of sialic acids O-

acetylation on mucins may serve as sensitive markers for malignant transformation (94-96). 

The antigen's localization in tumour cells, notably in apical cytoplasm or at cell membranes, 

intensifies with the invasion extent, aligning with histological findings of poor differentiation 

and perineural invasion (89, 93). STn expression is not only detected in CRC tumours but 

also in transitional tissue and adenomas, where it correlates significantly with tumour stage, 

suggesting its utility as a marker for early carcinogenic stages (91-93). On the other hand, 

in CRC, sLeA expression has been significantly associated with a range of 

clinicopathological factors including lymph node metastasis, recurrence, survival rates, and 

tumour stage (97, 98). Yet, some investigations have not found a definitive clinical 

significance for sLeA in CRC (99, 100). Despite these mixed results, the majority of studies 

endorse sLeA as a marker indicative of tumour aggressiveness and patient prognosis in 

advanced CRC cases. The exploration of sLeA levels in both tumour tissues and serum has 

suggested that their presence could identify patients at an elevated risk of recurrence and 

mortality, potentially guiding decisions for adjuvant therapy (69, 101). 

 

The presence of specific tumour-associated antigens, such as STn and sLeA, in the 

bloodstream of patients diagnosed with EC and CRC facilitates their detection. These 

antigens, often found on proteins secreted or shed by tumours, serve as biomarkers in non-

invasive diagnostic procedures.  Serological assays are the gold standard method to assess 

the levels of these two cancer-associated glycans, mainly on colorectal and pancreatic 
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cancer. No implementation of these strategies was amplified to others digestive tumours, 

such as EC. The CA72-4 assay, which targets the tumour-associated glycoprotein 72 (TAG-

72) carrying the STn antigen, is frequently utilized in prognosis of esophageal and colorectal 

cancer patients (103, 104). Despite STn's presence in CRC tissues, its levels do not 

consistently reflect in serum measurements by the CA72-4 test, indicating a disconnection 

between tissue and serum antigen levels (101). Meanwhile, the CA19-9 assay detects the 

sLeA antigen, primarily on mucins in patient sera, but can also identify 

monosialogangliosides with sLeA in gastrointestinal tumour tissues (105). SLeA antigen, 

when secreted in small quantities by normal tissues, is upregulated in benign 

gastrointestinal disorders, potentially leading to false-positive results. Individuals with the 

Lewis (a-b-) genotype present a challenge for accurate cancer discrimination due to false 

negatives (106, 107). In sum, serum sLeA detection is impeded by low sensitivity and the 

genetic variability in the population concerning the LewisA blood group antigen, which 

influences the synthesis of the sLeA antigen (108). A substantial meta-analysis 

encompassing 6434 CRC patients revealed a significant correlation between elevated pre-

treatment serum CA19-9 levels and reduced survival outcomes, highlighting its prognostic 

value independent of variables such as region, analysis type, sample size, and treatment 

modalities (109). Although fewer studies are available for CA72-4, initial results suggest a 

similar trend in CRC, yet the conclusions are currently limited due to insufficient statistical 

power (110, 111). 

The clinical assessment of the STn and sLeA antigens in tumour tissues, unlike serological 

assays, is not commonly practiced. However, these antigens' expression in the serum of 

CRC and EC patients open an avenue for the development of non-invasive detection tools. 

On this context, emerging research emphasizes the clinical potential of circulating tumour 

cells (CTCs) in cancer prognostication and the assessment of micrometastasis. These cells 

have been identified even in patients without radiological evidence of metastasis, 

suggesting their utility in early detection and intervention (112-114). Recent studies on EC 

have indicated a potential correlation between CTC in peripheral blood and distant 

metastasis (115-117). Even though metastasis appear at a later stage of the disease, 

several studies suggest a mechanism that occurs at an early stage of tumour development, 

in which a subset of tumour cells remain quiescent and can be reactivated after a long 

period of apparent freedom from the disease (118). Therefore, it becomes critical to develop 

analytical tools capable of identify the cells involved in the metastatic process in a non-

invasive manner (119). Once, CTC detached from the tumour niche and go into the 

bloodstream, it became a relevant source of information. CTC provide a fingerprint for 

metastasis molecular heterogeneity and its temporal evolution through the course of 

disease management (119, 120). Conventionally, isolated CTC, defined based on surface 
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expression of epithelial adhesion molecule (EpCAM) or cytokeratin (CK), and the absence 

of pan-leukocyte marker CD45, have shown to correlate with progression-free survival and 

overall survival in patients with CRC (121-123). Recent investigations indicate that a 

majority of CTC, including those from CRC, express STn on their surface (124). This 

discovery not only improves the sensitivity of CTC detection techniques but also correlates 

with the progression of disease in patients, linking STn expression with increased cell 

motility, invasion, and immune evasion (124). Considering the role of sLeA in metastasis 

and its potential expression on CTCs, there is a need for further studies to validate its clinical 

significance (71). The insights gained from studying STn and sLeA in CTCs can significantly 

enhance liquid biopsy techniques and support the development of glycan-based therapeutic 

strategies aimed at managing disseminated disease. 

 

Multiomics on the Precision Oncology Era: Glycoproteomic Insights on the Cancer 
Biomarker Discovery 

 
Advanced mass spectrometry (MS) technologies, complemented by spectral data from 

tandem MS experiments, facilitate the annotation of glycopeptides and glycosites (125). 

These techniques are now robust enough for clinical research, supported by comprehensive 

guidelines (126). 

Glycoproteomic analysis is critical for advancing precision oncology, particularly in EC and 

CRC. It focuses on identifying specific glycosylation patterns in serum proteins that reflect 

disease presence and progression. For instance, the carcinoembryonic antigen (CEA), a 

well-known marker in colorectal cancer, presents unique glycoforms in tumours that could 

improve its diagnostic utility (127, 128). Overall, the serum glycoproteome's alterations, 

largely driven by systemic inflammatory responses, hold the key to enhancing the sensitivity 

of glycan-based diagnostics in oncology (42, 129). 

In the context of precision oncology, explorations into the glycoproteome have unveiled 

alterations in the glycosylation patterns of serum proteins, potentially linked to inflammatory 

diseases and colorectal cancer (CRC) (130). This has been supported by studies identifying 

changes in the abundance of specific glycoproteins, such as haptoglobulin and α-1-acid 

glycoprotein, which are known to engage in local and systemic inflammatory responses, as 

well as in extracellular matrix remodelling – key processes in the tumour niche (131, 132). 

Particularly in CRC, research using lectin-enrichment techniques has spotlighted the rise in 

sialylation and fucosylation of proteins like complement C3, pointing towards a significant 

divergence from normal and adenomatous tissues (133). In terms of clinical diagnostics, 

carcinoembryonic antigen (CEA) has been a cornerstone marker. Despite its widespread 

clinical use for monitoring CRC post-therapy and aiding pre-operative assessments, its 
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sensitivity for early disease detection is limited by its elevation in non-cancerous conditions 

(134, 135). Recent glycomic research suggests that tumour-specific glycoforms of CEA 

could be harnessed to enhance the assay's diagnostic accuracy (136, 137). However, it's 

becoming clear that the serum glycoproteome is largely influenced by systemic 

inflammatory responses rather than the tumour cells themselves, which may explain the 

limited sensitivity of glycan-based serological tests and underscores the critical need for 

more targeted glycoproteomic analyses (42, 129). These insights pave the way for refined 

detection methods and underscore the potential of glycoproteomics in identifying disease-

associated protein alterations. 

In colorectal cancer (CRC), serological assessments reveal humoral responses against 

atypical glycosylation of cancer-associated proteins. Notably, Pedersen et al. discovered 

autoantibodies against unusual glycopeptides from MUC1 and MUC5AC, suggesting 

glycan changes as potential biomarkers for CRC, achieving a 79% sensitivity and 92% 

specificity in detection (138). These glycan alterations may represent cancer neoantigens, 

which could elicit immune responses, though their effectiveness is often suppressed by the 

immunomodulatory actions of short-chain O-glycans. The detection of such autoantibodies 

could lead to the identification of distinct cancer-associated glycan signatures, which may 

enhance diagnostic precision and therapeutic targeting in oncology. 

The knowledge about STn and sLeA as potential biomarkers in CTCs of CRC and EC is 

still limited. However, the importance of these glycans for cancer control is undoubtful as 

they are predominantly overexpressed in CTCs. It is also important to consider the 

microenvironment as an impacting factor of cancer control actions, as it impacts the 

presence of CTCs and their fate, and the metastasis development.  

The expansive landscape of glycoproteomics is yet to be fully explored, particularly 

concerning the glycoproteome associated with esophageal and colorectal cancers. Current 

research has been predominantly exploratory, focusing on cell lines or serum from patients 

and often featuring limited patient cohorts with varied clinical backgrounds. Despite these 

limitations, there's a strong indication that cancer provokes significant shifts in serum 

glycoproteomics not mirrored in non-cancerous conditions. Identified changes are largely 

linked to systemic inflammation and extracellular matrix alterations. These insights 

underscore the necessity of focus on cancer-associated glycan markers to refine non-

invasive diagnostic techniques for CRC and EC. Surprisingly, the potent clinical and 

functional insights provided by STn and sLeA antigens have not yet been fully leveraged in 

a targeted examination of the glycoproteomes in both primary and metastatic lesions within 

these cancers. This gap hinders a deeper understanding of oncogenesis and delays the 

development of precision bi-specific interventions that could exploit cancer-specific glycan 

profiles. 
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The surge in biomarker research is largely due to the integration of omics technologies into 

the field of precision oncology. This has led to the transition from traditional single-target 

investigations to a holistic systems biology approach. Next-generation sequencing, both 

genomic and transcriptomic, has been pivotal in this shift, facilitated by the vast 

computational resources and sophisticated bioinformatics. This advance is exemplified by 

the availability of vast datasets in repositories like GEO (139), ArrayExpress (140), and 

Oncomine (141), which have become instrumental in data mining and the cross-

examination of hypotheses. Specialized databases such as MSigDB (142) and the Cancer 

Genome Project (143) further enrich the pool of cancer-related molecular data (144). 

Transcriptomic studies redefine colorectal cancer classifications by identifying distinct 

molecular subtypes with prognostic value, such as CMS1 with its immunogenic profile and 

CMS2 with its activation of the WNT-β-catenin pathway, indicative of better survival 

outcomes (145). These subtypes, identified through rigorous data analysis, are continuously 

refined by incorporating clinical findings, underscoring the symbiotic relationship between 

molecular data and patient-specific information in enhancing predictive models within 

oncology. 

In the pursuit of precision oncology, panomics approaches have notably shifted focus from 

genomic and transcriptomic analyses to include the proteome, which often presents 

inconsistencies when mirrored against gene expression levels (146). The recognition of the 

proteome's distinct nature has driven the development of oncoproteomics, aiming to unify 

genomic alterations with protein function, yet databases often lack comprehensive genomic 

variant representation. Emerging oncoproteomics strategies are seeking to reconcile these 

disparities through custom databases derived from genomic data (147, 148), thus 

enhancing the identification of cancer-specific protein signatures for therapeutic targeting. 

This integration has refined the molecular models of esophageal and colorectal cancers, 

identifying critical targets for precise interventions. The synthesis of multi-level molecular 

data underscores its indispensability in formulating targeted cancer treatments. 
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AIMS & STUDY OUTLINE 
 

Esophageal cancer (EC) and colorectal cancer (CRC) are amongst the most common and 

deadliest cancers. Accurate molecular-based patient stratification remains challenging, 

hampering educated and potentially life-saving clinical decisions. Furthermore, despite the 

promising introduction of targeted therapeutics and immune checkpoint inhibitors, mainstay 

treatments mainly consist of surgery, chemotherapy, and radiotherapy, which often fall short 

in preventing tumour relapse and metastasis. These aspects underscore the urgent need 

for continuous biomarker discovery, leveraging innovative omics-based strategies, towards 

precision oncology and patient-tailored therapeutics. 

This thesis explores the notion that the cancer glycocalyx undergoes significant changes 

with disease progression and dissemination as result of genetic as well as epigenetic 

events, that largely impact on most cancer hallmarks. Furthermore, it is well documented 

that abnormal protein glycosylation linked to cancer may originate unique glycoproteoforms 

holding significant potential for precise cancer targeting. Building on these observations, it 

hypothesizes that the EC and CRC glycoproteomes could yield clinically relevant signatures 

linked to cancer aggressiveness, providing a rationale for to facilitate future advancements 

in precision oncology and therapeutic development. To achieve this goal, targeted mass 

spectrometry-based glycoproteomics has been employed to interrogate the glycoproteome 

of EC and CRC for cancer-specific glycoproteoforms associated with aggressiveness. The 

focus was on exploiting glycoproteins carrying the immature O-glycan STn antigen in EC 

(addressed in chapter I) or terminal SLe epitopes in CRC (addressed in chapter II), both of 

which are linked to invasion and metastasis.  

In summary, this thesis comprehends the following specific aims: 

i) Interrogated the STn-targeted glycoproteomics in ESSC envisaging cancer-specific 

glycoproteoforms for precision oncology; 

ii) Interrogate the CRC glycome and SLe-glycoproteome envisaging cancer-specific 

glycoproteoforms for precision oncology; 

iii) Demonstrate the relevance of the glycoproteome as a source of clinically meaningful 

cancer biomarkers, supported by in silico approaches. 

 

This thesis is organized in two chapters that together meet the aims. Chapter I. 

Glycobiomarkers discovery in EC incorporates the article entitled “Target Score—A 

Proteomics Data Selection Tool Applied to Esophageal Cancer Identifies GLUT1-Sialyl Tn 

Glycoforms as Biomarkers of Cancer Aggressiveness”. This chapter characterizes the 

expression of the STn antigen in EC primary tumors and metastasis, establishing a link 

between this glycan and poor prognosis. Furthermore, it utilizes microfluidic devices to 
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demonstrate its expression in CTCs recovered from patients, reinforcing its association with 

disease spread and poor prognosis. By exploiting glycoengineered cell lines, it further 

demonstrates that STn plays a functional role in driving cancer aggressiveness. Building on 

these findings, it employs lectin-affinity chromatography and mass spectrometry to identify 

glycoproteins carrying this glycan in EC. It further proposes an algorithm, drawing on 

information from the Human Protein Atlas (https://www.proteinatlas.org/ (accessed on 1 

January 2021)) consulted in March 2020, to prioritize potentially targetable glycoproteins, 

which led to the identification of GLUT1. Finally, it is dedicated to supporting the potential 

cancer-specific GLUT1-STn glycoproteoforms, envisioning a rationale for targeting 

aggressive EC cells. 

Chapter II. Glycobiomarkers discovery in CRC, englobes the article “E-selectin Affinity 

Glycoproteomics Reveals Neuroendocrine Proteins and the Secretin Receptor as a Poor 

Prognosis Signature in Colorectal Cancer”. This chapter provides an in-depth investigation 

on glycoprotein carrying the metastasis-mediator SLe glycoepitopes, in in-depth 

investigation on glycoproteins carrying SLe glycoepitopes, aiming to address the low 

cancer-specificity of these metastasis mediating glycans. It describes that more than 70% 

of CRC tumors overexpressed sLeA/X, yet without discernible associations with metastasis 

or survival. However, by integrating TCGA analysis unveiled differing expression patterns 

of sLeA/X-related glycogenes correlating with disease severity, indicating context 

dependent regulation by distinct glycosyltransferases. Deeper exploration of metastatic 

tumour sialoglycoproteome identified nearly 600 glycoproteins, greatly expanding the 

understanding on the metastasis-related glycoproteome. Using the algorithm developed in 

Chapter I, it further identified the secretin receptor (SCTR), a poorly studied 

neuroendocrine-related protein, as a top-ranked targetable signature linked to poor 

prognosis and metastasis. Furthermore, it highlighted the potential cancer-specificity of 

SCTR-SLe glycoproteoforms. Overall, Chapters I and II highlight the unexplored potential 

of the cancer glycoproteome, offering a framework for advancement in this field. 

Furthermore, they underscore potentially targetable glycoproteoforms for EC and CRC, 

which could support precision oncology, thereby addressing unmet clinical challenges in 

this context.
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Abstract 
Esophageal cancer (EC) is a life-threatening disease, demanding the discovery of new 

biomarkers and molecular targets for precision oncology. Aberrantly glycosylated proteins 

hold tremendous potential towards this objective. In the current study, a series of 

esophageal squamous cell carcinomas (ESCC) and EC-derived circulating tumor cells 

(CTCs) were screened by immunoassays for the sialyl-Tn (STn) antigen, a glycan rarely 

expressed in healthy tissues and widely observed in aggressive gastrointestinal cancers. 

An ESCC cell model was glycoengineered to express STn and characterized in relation to 

cell proliferation and invasion in vitro. STn was found to be widely present in ESCC (70% 

of tumors) and in CTCs in 20% of patients, being associated with general recurrence and 

reduced survival. Furthermore, STn expression in ESCC cells increased invasion in vitro, 

while reducing cancer cells proliferation. In parallel, an ESCC mass spectrometry-based 

proteomics dataset, obtained from the PRIDE database, was comprehensively interrogated 

for abnormally glycosylated proteins. Data integration with the Target Score, an algorithm 

developed in-house, pinpointed the glucose transporter type 1 (GLUT1) as a biomarker of 

poor prognosis. GLUT1-STn glycoproteoforms were latter identified in tumor tissues in 

patients facing worst prognosis. Furthermore, healthy human tissues analysis suggested 

that STn glycosylation provided cancer specificity to GLUT1. In conclusion, STn is a 

biomarker of worst prognosis in EC and GLUT1-STn glycoforms may be used to increase 

its specificity on the stratification and targeting of aggressive ESCC forms. 

 
Keywords: cancer biomarkers; circulating tumors cells; esophageal cancer; glycomics; 

glycoproteomics; 

bioinformatics 
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1. Introduction 
 

Esophageal cancer (EC) poses as a major health risk due to increasing incidence, late 

diagnosis and poor prognosis [1]. It ranks seventh in terms of incidence and sixth in terms 

of cancer mortality worldwide, with over 500,000 new cases a year and 5-year overall 

survival rate of approximately 20% [2]. Esophageal squamous cell carcinoma (ESCC) 

arising from the non-keratinized stratified squamous epithelium is the most prevalent 

histological subtype worldwide (60–70%) and occurs more often in the upper and mid 

esophagus [3]. Although surgery, chemo- and radiotherapy are widely used to manage 

ESCC patients, responses to treatment remain poor and encompass relevant health side 

effects [4], urging the introduction of novel and more effective therapeutic modalities to 

avoid tumor relapse and rapid disease dissemination. However, high inter- and intratumoral 

molecular heterogeneity poses a significant hurdle for the identification of cancer specific 

molecular targets, decisively delaying accurate patient stratification and effective targeted 

therapeutics. 

In recent years, many studies have comprehensively interrogated the proteome of EC in 

search for biomarkers to aid disease management at different levels, including diagnosis, 

patient stratification, prognosis and responses to treatment [5–7]. Despite promising, 

conventional proteomics approaches on EC are yet to deliver targetable molecular 

signatures due to insufficient cancer specificity. Addressing alterations in the glycosylation 

of membrane proteins holds a great potential towards this objective [8]. In fact, over the past 

years, we and other research groups have demonstrated that changes in the structure and 

distribution of glycans in proteins at the surface of cancer cells may provide the necessary 

bispecificity towards unique cancer molecular signatures [8,9]. Namely, we have identified 

MUC16, CD44 and nucleolin glycoforms holding potential for more accurate patient 

stratification and treatment follow-ups in different types of tumors [9–11]. We have also used 

patient’s autoantibodies to demonstrate that changes in EC glycosylation could generate 

cancer glyconeoantigens, reinforcing the enormous potential of glycoproteomics for 

biomarker discovery [12]. However, pinpointing clinically relevant molecular signatures from 

big datasets remains a daunting enterprise, requiring dedicate bioinformatics tools. 

Recently, we have addressed this aspect by proposing a simple algorithm, termed Target 

Score, that exploits clinicopathological data deposited in the Human Protein Atlas to extract 

cancer biomarkers from glycoproteomics experiments [9]. Our approach was specifically 

designed to rank proteins according to its prognosis value and targetability, favouring 

proteins located at the cell surface, showing high abundance in tumors in relation to healthy 
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human organs. Furthermore, it significantly penalized proteins expressed in reproductive, 

immune and nervous systems, allowing to choose molecules posing minimum probability 

of significant off-target effects. Target Score-assisted glycoproteomics in gastric cancer led 

to the identification of nucleolin glycofoms at the cell surface associated with worst 

prognosis and metastases development, which contrasted with its typical nuclear location 

in healthy tissues. The cancer-specific nature of this finding elegantly portrayed the potential 

of Target Score algorithm for identification of unexpected glycosignatures and set a 

biomarker discovery roadmap that can now be translated and adapted to other human 

tumors, including EC [9]. 

Glycobiomarkers discovery often requires the adoption of targeted glycoproteomics 

approaches focusing on specific alterations in protein glycosylation associated with cancer 

[9,10,13]. In this context, digestive tract tumors have been long known to express 

membrane proteins carrying abnormal glycosylation patterns as post-translational 

modifications [8,9,14]. Namely, these tumors often overexpress sialyl-Tn (STn), which 

results from a premature stop in O-glycans elongation by sialylation of the Tn antigen [8]. 

The STn antigen is highly expressed by more aggressive and advanced gastric and 

colorectal tumors, being generally associated with poor prognosis [8]. Moreover, it plays a 

relevant functional role in cancer, namely chemoresistance [15], cell invasion [16,17] and 

immune escape [18,19], decisively contributing to disease progression. The STn antigen is 

also rarely observed in most healthy tissues, except for low expression in cells specialized 

in mucin secretion facing the lumen of the gastrointestinal and respiratory tracts [20]. As 

such, targeting STn and STn-expressing glycoproteins constitutes a relevant approach 

towards identifying cancer-specific glycobiomarkers in EC. However, little is known about 

STn expression patterns and its clinical relevance in these tumors. Therefore, the present 

work devotes to providing a clinical and functional context for STn in ESCC, which constitute 

the bulk of EC. Furthermore, it comprehensively interrogates a glycoproteomics dataset for 

STn-expressing glycoproteins. Potentially targetable biomarkers arising from this study 

were subsequently validated in EC and healthy human tissues foreseeing the molecular 

rationale for precision oncology. 

 

2. Results and discussion 
The present study builds on the hypothesis that the STn antigen may be explored towards 

the objective of more precise patient stratification and targeting ESCC, given its functional 

role in the disease and frequent association with poor prognosis in many solid tumors 

[8,17,18,21]. Therefore, we first focused in setting the clinical context for STn expression 

using ESCC tissues of different clinicopathological natures and exploiting its functional role 
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through a glycoengineered cell model. The second part of the study is concerned with the 

identification of cancer differently expressed proteins which bear the STn antigen, using 

database information and subsequent validation in tumor tissues. 

 

2.1. STn Antigen in ESCC Primary Tumours, Metastases and CTCs 

Little is known about the expression of STn antigen in ESCC, which constitutes the 

main histopathological group within EC. Therefore, we have evaluated its expression in a 

retrospective series of 48 cancer tissues reflecting different stages and grades of the 

disease (Table 1). Approximately 70% of tumor tissues were positive for the antigen, with a 

marked membrane expression mainly in tumor cells. Notably, cancer cells expressing this 

antigen were found in scattered clusters that, for most cases, did not exceed 20% of the 

tumor area (Figure 1A). We could also find STn antigens in adjacent lymph node 

metastases, suggesting a role in disease dissemination via lymphatic vessels, which 

warrants future confirmation. The presence of STn was further confirmed by the lack of 

immunoreactivity for B72.3 plus CC49 antibodies in tissue sections incubated with 

neuraminidase prior to analysis. Finally, we have used innovative microfluidics devices to 

capture CTCs from the blood of ESCC patients and assess STn expression in situ. Briefly, 

peripheral blood was prospectively collected from 10 patients without prior treatment history 

(Table 2) and processed using the microfluidic chips. Cancer cells with larger dimensions 

and less deformable were entrapped in the filter area with minimal contamination from 

smaller and deformable blood cells [22]. Based on our previous observations, the absence 

of CD45 and presence of pan-CK and/or STn were considered for definitive tumor cell 

identification [21,22]. Even though early stage ESCC, which constitutes the bulk of the 

prospective series, are known to shed modest numbers of cancer cells into hematogenous 

circulation [23], we were able to detect STn positive CTCs (DAPI+, STn+, pan-CK-, CD45-

) in 20% of the patients (Figure 1B). Interestingly, STn expressing CTCs did not present 

pan-CKs expression typical of cells of epithelial nature, suggesting a mesenchymal-like 

phenotype which also warrants confirmation. Although the low number of cases did not 

allow the establishment of associations with clinicopathological features, the discovery of 

STn in ESCC CTCs supports the need for more in-depth investigation on this subject. In 

fact, the detection of STn antigens in lymph node metastases and CTCs supports a role in 

disease dissemination, which may be of great value for improved liquid biopsies, as 

previously suggested for other solid tumors [21,22]. Notably, the STn antigen was also 

detected in the histologically normal esophageal mucosa adjacent to tumor tissue, mainly 

in the differentiating cells of the mucosa facing the esophagus lumen (Figure 1A). 

Notwithstanding, mucosal cells showed considerably lower STn expression than tumor cells 
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and of predominantly cytoplasmatic nature, demanding a comprehensive characterization 

of the STn-glycoproteome for improved cancer specificity. 

 

Table 1. Clinicopathological data of patients included in the STn analysis (n=48) 

 n (%) 
Stage  
I 13 (27) 
II 11 (23)  
III 23 (48)  
IV 1 (2) 
  
Tumour (pT)  
T1 9 (19) 
T2 13 (27) 
T3 25 (52) 
T4 1 (2) 
  
Lymph node metastasis (pN)  
N0 21 (44) 
N1 11 (23) 
N2 10 (21) 
N3 6 (12) 
  
Distant Metastasis (M)  
M0 47 (98) 
M1 1 (2) 
  
Distant Recurrence (DR)  
No 31 (65) 
Yes 17 (35) 
  
Histological Classification  
Squamous cell carcinoma 48 (100) 
Adenocarcinoma 0 (0) 
  
Borrmann Classification  
I 7 (15) 
II 21 (44) 
III 7 (15) 
IV 11 (22) 
Missing information 2 (4) 
  
Keratinization Degree  
Non-keratinized 30 (63) 
Moderately keratinized 2 (4) 
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Keratinized 16 (33) 
  
Differentiation Degree  
Well-differentiated 7 (15) 
Moderately differentiated 26 (54) 
Poorly differentiated 10 (21) 
Missing information 5 (10) 
  
Extra-tumoral growth  
Present 12 (25) 
Absent 36 (75) 
  
Lymphovascular Permeation  
Present 21 (44) 
Absent 27 (56) 
  
Neural Permeation  
Present 13 (27) 
Absent 35 (73) 

 

Finally, we evaluated possible links between STn expression in tumors and clinically 

relevant clinicopathological variables as stage, TNM staging, keratinization degree, 

differentiation degree, extra tumoral growth, lympho-vascular permeation and perineural 

permeation. No evident associations were established (Table 3), reflecting the prevalent 

nature of this antigen across the disease. However, a statistically significant association 

was observed regarding recurrence (Figure 1C) and decreased disease-free survival 

(Figure 1D), supporting a role in tumor aggressiveness. 
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Figure 1. The STn antigen is overexpressed in esophageal squamous cell carcinomas 
(ESCC) and CTCs, being associated with recurrence and decreased disease-free 
survival. (A) The STn antigen is overexpressed in approximately 70% of ESCC and 

adjacent lymph node metastasis and shows little expression in the healthy esophagus. Most 

ESCC and lymph node metastasis present focal STn expressions showing high intensity 

staining at the cell membrane. On the other hand, the healthy esophagus shows a diffuse 

low to moderate cytoplasmatic staining in differentiating cells of the mucosa facing the 

lumen of the organ. (B) CTCs recovered from the blood of ESCC patients express the STn 

antigen. CTCs were isolated from whole blood by size-based microfluidics devices 
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presenting an internal architecture that enables the entrapment of larger cancer cells with 

minimal contamination from blood cells. In addition to STn (green), cell nuclei were stained 

with 4′,6-diamidino-2-phenylindole, dihydrochloride (DAPI) (blue), pan-CKs (red) was used 

as an epithelial marker, generally expressed by some subpopulations of cancer cells and 

CD45 (purple) was used to identify blood cells. ESCC-derived CTCs presented a 

DAPI+/pan-CKs-/STn+/CD45- phenotype. MCRSTn+ bladder cancer cells were used as 

positive control for cancer cells expressing the STn antigen (DAPI+/pan-CKs+/STn+/CD45-

) and blood cells from healthy donors were used to demonstrate the absence of STn in 

CD45+ cells (DAPI+/pan-CKs−/STn−/CD45−). (C) STn expression associates with 

recurrence (* p < 0.05; Chi-square) and (D) disease-free survival (p = 0.03, Chi-square). 

Table 2. Clinicopathological data of patients included in circulating tumor cells 
(CTCs) analysis (n = 10). 

 n (%) 
Stage  
I 0 (0) 
II 7 (70)  
III 3 (30)  
IV 0 (0) 
  
Tumour (pT)  
T1 1 (10) 
T2 2 (20) 
T3 6 (60) 
T4 1 (10) 
  
Lymph node metastasis (pN)  
N0 7 (70) 
N1 3 (30) 
  
Distant metastasis (M)  
M0 10 (100) 
M1 0 (0) 
  
Histological Classification  
Squamous cell carcinoma 10 (100) 
Adenocarcinoma 0 (0) 
  
  
Lymphovascular Permeation  
Present 3 (30) 
Absent 3 (30) 
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Missing information 4 (40) 
  
Neural Permeation  
Present 1 (10) 
Absent 5 (50) 
Missing information 4 (40) 

 

2.2. Generation of a STn ECSS Cell Line and Functional Implications 

Analysis of clinical samples strongly supported a link between the STn antigen and ESCC 

progression and dissemination, as previously observed for other solid tumors [17,24]. To 

gain more insights on this matter, we elected the Kyse-30 cell line as in vitro model to 

explore the functional impact of STn in ESCC. We started by characterizing the cellular O-

glycome, using a benzyl-GalNAc residue, which mimics the Tn antigen, the first sugar in O-

glycans biosynthesis [25]. The Tn mimetic was added to the culture medium and used by 

cancer cells glycosylation machinery as a scaffold for further elongation. After processing 

across the secretory pathways, more extended benzylated glycans reflecting the cells O-

glycome were secreted and easily recovered from the culture media by C18 reverse phase 

affinity, permethylated and analyzed by nanoLC-ESI-MS/MS. According to Figure 2A, Kyse-

30 mainly expressed extended core 2 O-glycans (m/z 1021.53, 1195.62, 1382.71, 1470.76) 

as well as T (m/z 572.31) and sialyl-T antigens (m/z 933.48). To a lesser extent, this cell 

line also expressed core 3 O-glycan (m/z 613.33). Moreover, mass spectrometry did not 

shown signs of the STn antigen (Figure 2A). Collectively, we have demonstrated that Kyse-

30 cells presented a glycome marked mainly by extended core 2 O-glycans, therefore not 

reflecting the presence of STn exhibited by some subpopulations of cancer cells in human 

ESCC tumors. Notably, the absence of short-chain O-glycans such as the STn antigen in 

Kyse-30 is consistent with many other reports for human cancer cell lines grown in vitro, 

denoting a strong dependence on yet incompletely determined microenvironmental features 

[16,26]. We believe that the identification of the microenvironmental elements underlying O-

glycans antagonization in vivo will be critical to provide a clear context for clinical 

interventions and should be addressed in a close future [27]. 
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Table 3. STn expression in esophageal cancer (EC) according to 
clinicopathological variables. 

 

STn expression Positive cases/Total (%) p value 
Stage   

I 7/13 (54) 

0.414 II 8/11 (72) 
III 18/23 (78) 
IV 1/1 (100) 
   

Tumour (pT)   
T1 4/9 (44) 

0.261 T2 10/13 (77) 
T3 19/25 (76) 
T4 1/2 (50) 

   
Lymph node metastasis (pN)   

N0 13/21 (62) 

0.639 N1 8/11 (73) 
N2 8/10 (80) 
N3 5/6 (83) 

   
Distant metastasis (M)   

M0 33/47 (70) 0.708 M1 1/1 (100) 
   

Distant recurrence (DR)   
No 20/31 (65) 0.167 Yes 14/17 (82) 

   
Borrmann Classification   

I 4/7 (57) 

0.583 
II 15/21 (71) 
III 6/7 (86) 
IV 9/11 (82) 

Missing information 0/2 (0) 
   

Keratinization Degree   
Non-keratinized 22/30 (73) 

0.762 Moderately keratinized 1/2 (50) 
Keratinized 11/16 (69) 

   
Differentiation Degree   

Well-differentiated 4/7 (57) 0.577 Moderately differentiated 19/26 (73) 
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Poorly differentiated 8/10 (80) 
Missing information 3/5 (60) 

  
Extra-tumoral growth   

Present 10/12 (83) 0.237 Absent 24/36 (67) 
   

Lymphatic Permeation   
Present 16/21 (76) 0.347 Absent 18/27 (67) 

   
Vascular Permeation   

Present 14/21 (67) 0.403 Absent 20/27 (74) 
   

Neural Permeation   
Present 8/13 (62) 0.301 Absent 26/35 (74) 
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Figure 2. The stable transfection of ST6GALNAC1 leads to STn expression in 

Kyse-30 cells without inducing profound glycome remodeling and induces a massive 
decrease in proliferation and a significant increase in invasion. (A) Kyse-30 cells 

express elongated O-glycans and do not express STn, whereas Kyse-30 ST6GalNAc1 KI 

express STn with minor alterations in the glycome. Glycomics analysis on Kyse-30 revealed 

a glycome dominated by several core 2 O-glycans (m/z 817.43; 1021.53; 1195.62; 1382.71; 
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1470.76) as well as T (m/z 572.31) and sialylated T antigens (m/z 933.48). Core 3 was also 

detected. (m/z 613.33). Mock cells presented a similar profile, even though showing the T 

antigen (m/z 572.3) as major ion and presenting low amounts of di-sialyl-T (m/z 1294.7). 

Neither wild type nor mock cells expressed the STn antigen (m/z 729.4). On the other hand, 

ST6GALNAC1 transfected cells presented a glycome very similar to wild type cells but were 

the only cells expressing STn (m/z 729.4). (B) Flow cytometry analysis confirms the low 

STn levels in Kyse-30 and the massive increase in this antigen after stable transfection with 

ST6GalNAc1. The stable transfection with ST6GALNAC1 leads to a significant increase in 

STn in almost 90% of the cells. The signal significantly decreases with the removal of the 

sialic acid after sialidase (NeuAse) digestion, confirming the presence of STn. Notably, the 

extension of NeuAse digestions is never complete, explaining the presence of lower 

amounts of STn in the cells after treatment. (C) The overexpression of STn resulting from 

ST6GalNAc I overexpression leads to a massive decrease in proliferation. (D) The 

overexpression of STn resulting from ST6GalNAc I overexpression leads to a massive 

increase in invasion. ns: not significative; * p < 0.05; ** p < 0.01; *** p < 0.001; Mann-Whitney 

for three independent replicates in proliferation assays and five independent replicates in 

invasion assays. 

 

We then induced the stable overexpression of ST6GalNAc I, responsible by the O-6 

sialylation of the Tn antigen originating STn epitopes, originating the Kyse-30 

ST6GALNAC1 KI cell line. As shown in Figure 2A, Kyse-30 ST6GALNAC1 KI cells gained 

the capacity to express the STn, whereas the antigen was not observed in mock cells. This 

was obtained without inducing major glycome remodeling in comparison to wild type and 

mock cells (Figure 2A). Flow cytometry analysis confirmed that Kyse-30 cells did not 

express the STn antigen, whereas Kyse-30 ST6GALNAC1 KI exhibited high levels of this 

antigen in approximately 90% of cells (Figure 2B). Subsequent functional studies showed 

that STn overexpression was accompanied by a striking decrease in cell proliferation (55 

and 70% in relation to mock and wild type cells; Figure 2C), suggesting that STn expression 

may contribute to a quasi-quiescent state, which is frequently observed in more aggressive 

cancer cell phenotypes. Concomitantly, STn-expressing cells significantly increased their 

invasive capacity in vitro compared to both mock and wild type control cells (Figure 2D), as 

previously observed for other glycoengineered cancer cell models of different origins 

(breast, gastric, bladder) [24,28,29]. Collectively, these findings reinforce the close link 

between STn expression and ESCC aggressiveness, as previously observed for other types 

of solid tumors [8,17,24]. Namely, it is well described that the substitution of elongated 

glycans by shorter sialylated antigens, such as STn, promotes a profound remodeling of the 
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plasma membrane glycoproteome, triggering important oncogenic signaling pathways 

involved in cell proliferation [30–32]. Moreover, it changes cell-cell and cell-matrix adhesion 

interfaces, facilitating cell motility [16,27]. Nevertheless, the exact molecular mechanism 

governing the functional alterations resulting from STn overexpression in Kyse-30 cells 

remains unknown and should be subject to future investigation, envisaging a more detailed 

understanding on the biological role of STn in esophageal cancer. 

 

2.3. Identification of STn Modified Proteins 

Immunohistochemistry analysis showed that both ESCC and histologically normal 

esophageal tissues express STn antigens. Even though with distinct intensities and tissue 

specific patterns, these observations challenge the cancer specificity of the STn antigen 

alone. This led us to query if investigating the STn-associated glycoproteome can contribute 

to increase cancer specificity. To address this objective, we opted for a bioinformatics 

approach comprehending four main steps, summarized in Figure 3A. Namely, (i) 

identification of ESCC proteomics raw data deposited in relevant primary databases, which 

could serve as starting point for our research; (ii) identification of membrane proteins that, 

due to their cell surface nature, may be easily targetable by antibodies and other ligands; 

(iii) sorting of potentially targetable glycoproteins based on their overexpression in cancer 

in relation to healthy tissues, with the assistance of the target score algorithm; (iv) 

identification of STn-glycosites in top ranked proteins holding potential for future design of 

targeted therapeutics. 
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Figure 3. Target score assisted revisitation of ESCC proteomics data identifies 
SLC2A1 (GLUT1) as a potentially targetable biomarker carrying the STn antigen. A) 

Bioinformatics workflow for identification of targetable biomarkers in ESCC. Raw nanoLC-

MS/MS ESCC proteomics data associated with project PXD006255 were first downloaded 

from the PRIDE database, and screened for membrane glycoproteins using SEQUEST, a 

tandem mass spectrometry database search program for Protein Discoverer. The original 

dataset comprehended nanoLC-MS/MS runs generated from protein digests with Lys-C-

trypsin. The proteins were isolated from a pool of 6 ESCC.  Two-types of pre-separation 

methods were employed prior to nanoLC-MS/MS analysis: strong cation exchange and 

reverse phase. As such, LC-MS/MS data from the two methods were processed separately. 

Identifications were made against a GO term customized database for plasma membrane 

proteins and ordered in relation to their PSM. Top ranked 200 proteins for each method 

were then matched to find common signatures that were subsequently analyzed by the 

Target Score algorithm. Target score provided an easy strategy for protein classification 

according to potentially targetability based on pre-existing information about cellular 

location, expression in tumours and human healthy tissues as well as associations with 

poor prognosis. The algorithm uses as primary source of information the Human Protein 

Atlas, but the same workflow maybe applied to similar databases. Finally, we returned to 

the initial proteomics raw data to access if top scored glycoproteins were modified with the 

STn antigen, using the Byonic software for more precise glycopeptides identification and 

glycosites annotation. Collectively, this strategy was designed to identify with high 

confidence abnormally glycosylated proteins with the STn antigen, showing higher 

prevalence at the cell membrane of ESCC in comparison to healthy tissues, enabling easy 

targeting with antibodies and other ligands with minimal potential off-target effects. B) 

Target Score analysis identified SLC2A1 (GLUT1) as a potential targetable molecule in 

ESCC. C) Example of a glycopeptide HCD-MS/MS spectrum confirming the existence of 

GLUT1-Stn proteoglycoforms in ESCC. The MS/MS spectrum highlights characteristic b- 

and y-series ions derived from fragmentations in the peptide backbone, enabling glycosites 

assignment, as well as several GalNAc and Neu5Ac oxonium ions from STn. D) STn 

expressing glycosites in GLUT1. STn glycosites in GLUT1 are highlighted in red. Details on 

the identified glycopeptides are presented as Supplementary Information. 

After an initial screening of the PRIDE database and despite the significant number of 

proteomics studies on EC, we have identified only one ESCC proteomics dataset freely 

available to the scientific community at the time of this study. It concerned a pool of tumor 

proteins from 6 patients, however, without a clear identification of the tumors 
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clinicopathological natures. Despite the preliminary nature of the study, we decided to use 

it as starting point to portrait the potential of our approach for glycobiomarkers discovery. 

As a general approach, we re-analyzed data against a database composed of proteins with 

Gene Ontology (GO) terms for the plasma membrane (Figure 3A), leading to the 

identification of 773 and 795 plasma membrane proteins for RPS and SCX pre-purification 

methods, respectively (Tables S1 and S2-Supplementary Information). To reduce the 

dataset dimension to very high confidence identifications for downstream analysis, we have 

focused on the top 250 glycoproteins from each dataset (according to the posterior error 

probability-PEP score). Notably, we have identified 213 glycoproteins that were common to 

the RPS and SCX methods (Table S3-Supplementary Information). This list was after 

investigated with the Target Score algorithm, a tool designed by our group to extract 

clinically relevant information in a comprehensive manner from large protein lists retrieved 

from proteomics studies. This algorithm uses protein expression data from the Human 

Protein Atlas to pinpoint potentially targetable glycobiomarkers by attributing higher scores 

to proteins expressed in higher abundance at the cell surface in tumors, while penalizing 

high expression in healthy tissues. Finally, it also potentiates associations with worst cancer 

prognosis, which help set the pace for addressing more aggressive tumors. However, there 

is still limited data on ESCC in comparison to other solid tumors. To address this limitation, 

we used head-and-neck squamous cell carcinomas as models based on similar histology, 

etiology and molecular features [33–35]. As shown in Figure 3B, SLC2A1, also known as 

glucose transporter type 1 (GLUT1), was retrieved with the highest target score (Table S4-

Supplementary Information). GLUT1 has been previously found to be overexpressed in 

ESCC in response to metabolic adaptations to rapid tumor growth and hypoxia [36,37]. 

Moreover, GLUT1 expression has been associated with hematogenous recurrence [38] and 

considered a surrogate marker of decreased response to cisplatin [39] and worst prognosis 

following potentially curative surgical resection [40]. Collectively, these observations 

support a key role for this protein in esophageal cancer, supporting its high target score. 

However, GLUT1 as all identified cell membrane proteins presents some degree of 

expression in healthy tissues, limiting their utilization for precise cancer targeting (Table S4-

Supporting Information). Therefore, we evaluated the possibility of obtaining a higher 

degree of cancer specificity when considering the GLUT1-STn glycoproteoforms. We 

started by re-addressing the mass spectrometry datasets with Byonic, a dedicated protein 

assignment software which facilitates the assignment of post-translational modifications in 

glycopeptides [41]. Only glycopeptide spectra presenting typical GalNAc and sialic acid 

oxonium ions derived from STn were considered for glycosites assignment, as exemplified 

by the HCD-MS/MS spectra on Figure 3C. Even though the original proteomics experiment 
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was not designed for glycopeptides identification, we were able to confirm 18 STn-

glycosites GLUT1, highlighted in Figure 3D and Supplementary Figures S1 and S2. These, 

however, should now be carefully validated in individual tumor samples. Despite the 

exploratory nature of this approach, we were able to identify the GLUT1-STn 

glycoproteoforms as a potential ESCC specific molecular signature. 

 

2.4. GLUT1 in ESCC 

The suggestion of GLUT1-STn as a specific marker for ESCC prompted a reinvestigation 

of our retrospective tumor series for this glycoprotein. We found GLUT1 widely expressed 

across tumor tissues at the cell surface of cancer cells, even though with variable intensity 

and extension between individual cases (Table 4; Figure 4A). GLUT1 could also be 

observed in all metastasized lymph nodes. The staining extension exceeded 40% of the 

tumor area for all studied cases, without a defined histological pattern. However, staining 

intensities varied from weak to very strong. Tumor-associated immune infiltrates also 

presented strong GLUT1 membrane expression. In addition, the adjacent but histologically 

healthy esophageal mucosa exhibited a strong membrane staining restricted to cells of the 

basal layer of the squamous epithelium (Figure 4A). Although lacking tumor specificity, high 

GLUT1 levels, characterized by both high extension and high staining intensity, showed a 

trend association with the presence of metastases and associated with distant recurrence 

(p = 0.026, Table 4), reinforcing observations from other authors linking this protein to 

metastasis [42–44]. Building on previous insights from glycoproteomics analysis, we were 

then led to investigate the presence of GLUT1-STn in individual tumors. 

 

Table 4. GLUT1 expression in EC according to clinicopathological variables. 

GLUT1 expression Low expression 
(% total) 

High expression 
(% total) p value 

Stage    
I 8 (62) 5 (38) 

0.081 II 10 (91)  1 (9) 
III 19 (83) 4 (17) 
IV 0 (0) 1 (100) 
    
Tumour (pT)    
T1 8 (89) 1 (11) 

0.406 T2  8 (62) 5 (38) 
T3 20 (80) 5 (20) 
T4 1 (100) 0 (0) 
    
Lymph node metastasis (pN)    
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N0 15 (71)  6 (29) 

0.575 N1 10 (91) 1 (9) 
N2 7 (79) 3 (30) 
N3 5 (83) 1 (17) 
    
Distant metastasis (M)    
M0 37 (79) 10 (21) 0.064 M1 0 (0) 1 (100) 
    
Distant recurrence (DR)    
No 27 (87) 4 (13) 0.026 Yes 10 (59) 7 (41) 
    
Keratinization Degree    
Non-keratinized 23 (77) 7 (23) 

0.727 Moderately keratinized 2 (100) 0 (0) 
Keratinized 12 (75) 4 (25) 
    
Differentiation Degree    
Well-differentiated 3 (43)  4 (57) 

0.081 
Moderately differentiated 20 (77) 6 (23) 
Poorly differentiated 9 (90) 1 (10) 
Missing information 5 (100) 0 (0) 
   
Extra-tumoral growth    
Present 9 (75) 3 (25) 0.563 Absent 28 (78)  8 (22) 
    
Lymphatic Permeation    
Present 15 (71) 6 (29) 0.316 Absent 22 (81) 5 (19) 
    
Vascular Permeation    
Present 15 (71) 6 (29) 0.316 Absent 22 (81) 5 (19) 
    
Neural Permeation    
Present 10 (77) 3 (23) 0.632 Absent 27 (77) 8 (23) 
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Figure 4. GLUT1-STn is widely expressed in ESCC and correspondent metastases 
and associates with decreased disease-free survival. (A) GLUT1 and STn are co-

localized in the same tumor areas in primary tumors, lymph node metastases but not in the 

healthy esophagus. The immunohistochemistry analysis panels show the co-expression of 

GLUT1 and STn in the same areas in tumors and lymph node metastases strongly 

suggesting GLUT1-STn glycoforms. Immunohistochemistry of the healthy esophagus 

suggests that these epitopes are present in different areas. (B) GLUT1 and STn are 

expressed in the same cancer cells in all studied tumors. Double immunofluorescence for 

GLUT1 and STn show co-localization in the same cells in all studied tumors, across different 

stages and histopathological natures of the disease. Nuclei stained in blue; STn in green; 

GLUT1 in purple; Co-expression (white). (C) Western blot confirms the existence of GLUT1-

STn glycoproteoforms. GLUT1 was immunoprecipitated from ESCC and blotted for both 

GLUT1 and STn. Isotype immunoprecipitated proteins were used as negative controls. 

MCRSTn+ bladder cancer cell line was used as positive control for STn expression. All blots 

showed bands at 250 kDa and above most likely resulting from unspecific co-precipitation 

of mucins carrying STn. On the other hand, GLUT1 blots evidence a major band just above 

75kDa not present in STn blots. A less intense band at approximately 50 kDa was observed 

in both GLUT1 and STn blots reinforcing the existence of GLUT1-STn. (D) GLUT1-STn 

overexpressing tumors present reduced decreased survival when compared to tumors 

showing no STn expression or high STn expression and decreased levels of GLUT1. 

 

A comparative analysis of STn and GLUT1 on consecutive immunohistochemically labeled 

tissue sections revealed the co-expression of GLUT1 and STn in the same tumor areas as 

well as in the metastases (Figure 4A). Immunofluorescence double staining for these 
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antigens in the same tumor section confirmed that both antigens were in the same cancer 

cells, irrespectively of the stage of the tumor (Figure 4B), strongly supporting the existence 

of GLUT1-STn, which was later confirmed by western blot (Figure 4C).We started by 

screening whole protein extracts isolated from FFPE tissues showing high GLUT1 and STn 

by western blot with no success (Figure 4C), suggesting low abundance of membrane 

proteins [9]. To overcome this limitation, GLUT1 was immunoprecipitated from tumors 

showing high GLUT1 and STn co-expression in the same area and immunoblotted for both 

GLUT1 and STn. We started by noting that all blots presented a strong band above 250 

kDa that we believe to be mucins known to carry the STn antigen (Figure 4C). These 

glycoproteins are abundantly present along the gastrointestinal tract and overexpressed in 

ESCC and may often co-precipitate in immunoaffinity assays. Besides these bands, GLUT1 

immunoprecipitates showed a major band above 75 kDa, mostly likely corresponding to 

highly glycosylated forms of the glycoprotein and a faint band at approximately 50 kDa that 

was also observed in the anti-STn blots and most likely belongs to GLUT1-STn 

glycoproteforms (Figure 4C). Notably, none of these bands were present in isotype negative 

controls, reinforcing previous assignments. Moreover, the lower abundance of GLUT1-STn 

band in relation to the most expressed form of GLUT1 was consistent with the focal 

expression presented by STn in comparison to the diffuse nature of GLUT1 in ESCC. 

Notably, according to Uniprot (https://www.uniprot.org/ (accessed on 1 January 2021)), 

GLUT10s canonical form has approximately 54 kDa, which may be significantly increased 

by post-translational modifications explaining the band at 75 kDa. In fact, bioinformatics 

predictions showed for this protein two potential N-glycosites (according to NetNGlyc; 

http://www.cbs.dtu.dk/services/NetNGlyc/ (accessed on 1 January 2021) [45]) and up to 14 

predicted O-glycosites, depending on available polypeptide N-

acetylgalactosaminyltransferases (according to ISOGlyP; https://isoglyp.utep.edu/ 

(accessed on 1 January 2021) [46]). Replacement of extended by shorter glycoforms such 

as the STn antigen may explain the existence of a lower molecular weight GLUT1 band. 

The fact that this band was found slightly below the estimated for the canonical form 

of the protein may derived from alterations in electrophoretic mobility, which are common 

upon changes in glycosylation, namely sialic acids content [47,48]. Furthermore, it should 

be noted that samples were obtained from FFPE tissues and it is well known that pre-

analytical factors (both the fixation and the solubilization protocols) may introduce protein 

modifications, such as amino acid side chain PTMs or protein backbone hydrolysis, which 

could result in the alteration of the protein molecular weight and electrophoretic migration 

[49–52]. These modifications, together with difficulties in predicting the MW shift induced by 

glycosylation make it difficult to interpret WB singly on the MW predicted from protein amino 
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acid sequence. Finally, we cannot exclude the expression of shorter GLUT1 proteoforms, 

as frequently observed for other proteins in cancer [53] and have been predicted by Uniprot. 

Faced with these preliminary observations, we are engaging in more comprehensive 

glycoproteogenomics studies to fully characterize the nature of GLUT1 glycoforms in ESSC. 

Nevertheless, collectively, western blot supports the existence of GLUT1-STn 

glycoproteoforms in ESCC suggested by immunoassay, as previously hinted by our in silico 

approach. Interestingly, STn and GLUT1 were not co-expressed in the same areas of the 

healthy esophagus (Figure 4A). 

Having validated the presence of GLUT1-STn in ESCC, we then devoted to seeking 

potential associations with clinical variables. We found that patients with STn negative 

tumors and expressing low levels of GLUT1 exhibited longer disease-free survival 

compared to patients with tumors presenting other glycophenotypes (p = 0.027, log-rank; 

Figure 4D). In addition, STn positive tumors with high GLUT1 favored worse patient survival, 

reinforcing the close link between the GLUT1-STn molecular signatures and cancer 

aggressiveness. According to the Cox Regression model, the GLUT1-STn overexpression 

phenotype in ESCC constitutes an independent prognosis factor regarding disease-free 

survival.  

In summary, we have presented strong evidence that the GLUT1-STn glycophenotype is 

characteristic of more aggressive ESCC, associating with decreased survival, which may 

be helpful for patient stratification. Moreover, it could not be observed in healthy esophageal 

tissue, holding high cancer specificity. 

 

2.5. STn and GLUT1 in Health Tissues 

To address the cancer-specific dimension of GLUT1-STn, we started by comparing 

GLUT1 and ST6GalNAc I expressions in a wide variety of healthy human tissues, exploring 

the Human Protein Atlas (Figure 5A). ST6GalNAc I, the glycosyltransferase responsible by 

the O-6 sialylation of the Tn antigen, was used as surrogate for STn biosynthesis potential, 

overcoming the lack of systematized information on O-glycans expression in human tissues. 

However, we note that ST6GalNAc I detection cannot be regarded as definitive proof for 

presence of STn, given the complex nature of events governing O-glycosylation. According 

to Figure 5A, GLUT1 is present in few healthy tissues compared to ST6GalNAc I, namely 

the placenta, kidney, skin, tonsil and the cerebral cortex. Interestingly, the Human Protein 

Atlas did not report GLUT1 in the esophagus, which contrasts with our experimental data 

demonstrating low to moderate expressions in the basal layer of the squamous epithelium. 

These discrepant observations may result from differences in the specificity of the used 

antibodies and support more detailed reinvestigation of GLUT1 in healthy tissues by 



CHAPTER I. 
 

 
 

Target Score—A Proteomics Data Selection Tool Applied to Esophageal Cancer Identifies GLUT1-Sialyl Tn 
Glycoforms as Biomarkers of Cancer Aggressiveness 107 

 

quantitative high-throughput technologies such as mass spectrometry. On the other hand, 

ST6GalNAc I was mostly found across the gastrointestinal and respiratory tracts, female 

and male organs and the skin, in agreement with previous reports for STn [20]. Interestingly, 

the organs that presented GLUT1 were also positive for ST6GalNAc I. However, a closer 

look showed significant differentiation at the cell level in the placenta and the cerebral cortex 

(Figure 5B), as previously observed by us for the esophagus (Figure 4A). On the other hand, 

GLUT1 and ST6GalNAc I were observed in the same type of cells in the kidney and skin. 

The subsequent screening of healthy kidney tissue sections by immunohistochemistry for 

GLUT1 and STn supported the presence of STn in tubular cells of the kidney but not GLUT1 

(Figure 5C) as suggested by the Human Protein Atlas, which possibly translates differences 

in antibody affinities. On the other hand, we could find GLUT1 in the healthy skin but not 

STn, vowing for the absence of GLUT1-STn glycoforms (Figure 5C). We then expanded 

this study to a wider array of healthy tissues consisting of thyroid, liver, gallbladder, testis, 

lung, stomach, pancreas and colon samples. STn presented a restricted distribution in these 

tissues, mostly circumscribed to the cytoplasm of the parietal and goblet cells of the 

respiratory and gastrointestinal tracts as well as in sertoli cells of the testicles, thus in 

agreement with the presence of ST6GalNAc I (Figure 5A). Nevertheless, the intensity of 

expression was much lower in comparison to esophageal tumors. On the other hand, using 

this approach GLUT1 expression in healthy tissues was only detectable in the cell 

membrane of immune cells in stomach, liver, colon, lung and pancreatic tissues that did not 

express STn but not in the cells of the targeted organs, again in agreement with Figure 5A. 

To fully access the possibility of GLUT1 and STn expressions in the same types of cells, 

we also performed double staining immunofluorescence for GLUT1 and STn in the same 

sections (data not shown because it retrieved negative). Again, we could not find any 

evidence of GLUT1-STn glycoproteoforms, reinforcing its highly specific cancer-associated 

nature. Nevertheless, at this stage, the existence of GLUT1-STn glycoproteoforms in the 

kidney remains a possibility, which warrants confirmation foreseeing targeted therapeutics. 

Moreover, detailed glycoproteomics studies by mass spectrometry are also required to 

unequivocally validate these preliminary observations. 
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Figure 5. STn and GLUT1 expressions are rarely overlapping in healthy tissues. (A) 

GLUT1 and ST6GalNAc I (a key glycosyltransferase for STn biosynthesis) expressions in 

healthy human tissues. According to the Human Protein Atlas, GLUT1 and ST6GalNAc I 

are co-expressed in the placenta, kidney, skin and the cerebral cortex, suggesting potential 

to express GLUT1-STn. GLUT1 for the esophagus concerned experimental data from the 

present report, according to Figure 4A. (B) GLUT1 and ST6GalNAc I expressions in 

different cell types of the placenta, kidney, cerebral cortex and skin. Syncytiotraphoblast 

cells of the placenta, cells in the kidney tubules and epidermal cells of the skin co-express 

GLUT1 and ST6GalNAc I, supporting capacity to present GLUT1-STn. (C) GLUT1 and STn 

expressions in the skin, thyroid, lung, stomach, liver, pancreas, gallbladder, colon, kidney, 

testis. GLUT1 was detected at the cell membrane in the immune cells’ component of the 

stomach, liver, colon, lung and pancreas. STn was found mostly in the cytoplasm and, to 

less extent, the membrane of parietal and goblet cells of the respiratory and digestive tracts. 

No evidence supporting co-expression in the same areas were found. 
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3. Material and methods 
 

3.1. Patient Samples and Ethics Statement 

Sialyl-Tn and Glucose transporter type 1 (GLUT1) analysis was performed retrospectively 

in a series of 48 formalin-fixed paraffin-embedded (FFPE) ESCC tissues obtained 

from Portuguese Institute of Oncology of Porto (IPO-Porto) biobank. Esophageal squamous 

cell carcinomas were surgically removed from 38 men and 10 women, ranging from 44 to 

83 years of age (median 63 11 years), admitted and treated at IPO-Porto between 2010 

and 2015 (Table 1). Overall survival (OS) was defined as the period between surgical 

treatment and patients’ death by cancer. Recurrence was defined as the appearance of 

disease, locally or distant, after the first treatment. Clinicopathological information was 

obtained from patients’ clinical records, upon IPO institutional Ethics Committee approval 

(202/017 approved on 20 July 2017, addendum 202a/017 approved on 9 November 2017) 

and after patient’s informed consent. A broad library of healthy tissues (skin, thyroid, lung, 

stomach, liver, pancreas, gallbladder, colon, kidney, testis) was also screened for these 

markers. 

 

3.2. Isolation and Characterization of Circulating Tumor Cells 

The isolation and characterization of the STn antigen in EC-derived circulating tumor 

cells (CTCs) were performed prospectively in 10 male ESCC patients (age of diagnosis 63 

11 years). This corresponds to a group of patients admitted at IPO-Porto and enrolled in the 

study after informed consent and before initiation of any therapeutic procedure. The 

clinicopathological nature of the tumors is summarized in Table 2. CTCs were enriched from 

peripheral blood using a size-based microfluidics device developed at International Iberian 

Nanotechnology Laboratory (INL)-Braga and described in detail elsewhere [22,54]. 

Captured cells were stained in situ for CD45 (R&D Systems, Minneapolis, MN, USA), pan-

Cytokeratin (pan-CK; Novus Biologicals, Centennial, CO, USA) and STn (B72.3+CC49; 

Abcam, Cambridge, UK) by immunofluorescence using a Leica DMI6000 FFW microscope 

(Leica Microsystems, Wetzlar, Germany) equipped with the Las X software (Leica 

Microsystems, Wetzlar, Germany). This enabled the estimation of STn positive cancer cells 

(DAPI+/CD45• /pan-CK+ or pan-CK• /STn+) as well as the assessment of hematopoietic 

contamination (DAPI+/CD45+/pan-CK• /STn• ). Spiking experiments were performed using 

the MCRSTn+ bladder cancer cell line as a positive control of epithelial cancer cells 

expressing the STn antigen and CKs but lacking CD45 expression [24]. Blood cells from 

healthy donors were used as negative controls, containing cells positive for CD45 and 

negative for STn (DAPI+/CD45+/pan-CK• /STn• ). In parallel, we incubated microchips 
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containing isolated CTCs with neuraminidase (NeuAse) from Clostridium perfringens 

(Sigma-Aldrich, St. Louis, MO, USA) prior incubation with primary antibodies, as a negative 

control for STn. This was done based on a protocol optimized by us [22]. 

 

3.3. Cell Lines and Culture Conditions 

The Human ESCC cell line Kyse-30 was kindly provided by Prof. Fátima Baltazar 

(Life and Health Sciences Research Institute from the University of Minho, Braga, Portugal). 

Upon arrival, cell line authentication by autosomal short tandem repeat (STR) DNA Profiling 

was performed [55] and the DSMZ STR profile database was used to query STR profiles, 

confirming its origin. Cells were maintained with 10% heat-inactivated fetal bovine serum 

(FBS) (Thermo Fisher Scientific, Waltham, MA, USA) and 1% penicillinstreptomycin (10,000 

Units/mL penicillin; 10,000 mg/mL streptomycin; Thermo Fischer Scientific,Waltham, MA, 

USA) supplemented RPMI 1640+GlutaMAXTM-I medium (Thermo Fisher 

Scientific,Waltham,MA, USA). The cell line was cultured at 37 C in a 5% CO2 humidified 

atmosphere using a BINDER C-150 incubator (BINDER GmbH, Tuttlingen, Germany). 

 

3.4. Generation of an STn ESCC Cell Line 

Kyse-30 cells were plated onto 24-well plates to be 70% confluent at the time of transfection. 

Human ST6GALNAC1 (hST6GALNAC1, NM_018414.5) knock-in (KI) was achieved by 

conventional mammalian gene expression vector transfection using jetPRIME® transfection 

reagent (Polyplus-transfection, Illkirch, France), according to the manufacturer’s 

instructions. In parallel, a mock system containing a 300 bp stuffer ORF in an empty vector 

was established. The KI system was purified through puromycin selection of positively 

transfected cells. Cells were subsequently sorted in a BD FACSAria™III sorter for selecting 

high level STn expressing cells. Cell sorting was preceded by cellular detachment using 

Versene solution (Thermo Fisher Scientific, Waltham, MA, USA) and staining with mouse 

anti-TAG72 antibody [B72.3] (ab691; Abcam, Cambridge, UK) at 2 g/106 cells dilution in 

PBS 2% FBS for 1 h at room temperature. Polyclonal rabbit anti-mouse immunoglobulins/ 

FITC (F0313; Agilent, Santa Clara, CA, USA) was used as secondary antibody for STn 

detection at a 1:100 dilution in phosphate buffered saline (PBS) 2% FBS for 15 min at room 

temperature. 

 

3.5. Proliferation Assays 

Cell proliferation was evaluated using a colorimetric immunoassay that measures the 

incorporation of 5-bromo-20-deoxyuridine (BrdU) during DNA synthesis. Briefly 5 103 

cells/well were cultured into 96 well plates and the Cell Proliferation ELISA, BrdU 
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(colorimetric) Kit (Roche Diagnostics GmbH, Mannheim, Germany) was used for the 

quantification of cell proliferation, according to the manufacturer’s instructions. 

Measurements of samples absorbances were taken at 450 nm using the iMARKTM 

microplate reader (Bio-Rad, Hercules, CA, USA). Cell death negative controls composed of 

1% Triton-X in complete cell culture medium were used in all experiments. All experiments 

were performed in triplicate and three replicates were conducted for each independent 

experiment. The results are presented as the average and standard deviation of these 

assays. 

 

3.6. Invasion Assays 

Corning BioCoat Matrigel Invasion Chambers (Corning, Corning, NY, USA) were 

used to assess the invasive properties of Kyse-30, Kyse-30 Mock and Kyse-30 

ST6GALNAC1 KI cells in vitro. Briefly, 5 104 cells/mL were plated onto invasion inserts 

conditioned according to the manufacturer’s instructions. After 24 h assay, the membranes 

were washed and mounted with VECTASHIELD® mounting medium with DAPI and cells 

were counted in a Leica DM2000 microscope (Leica Microsystems,Wetzlar, Germany). 

Three independent assays were performed and cells were seeded in quintuplicates for each 

cell line. 

 

3.7. Flow Cytometry 

Cells were detached using Versene solution (Thermo Fisher Scientific,Waltham, MA, USA), 

fixed with 2% paraformaldehyde (PFA; Sigma-Aldrich, St. Louis, MO, USA) and stained with 

mouse anti-TAG72 antibody [B72.3] (ab691; Abcam, Cambridge, UK) according with 

conditions previously described in Generation of an STn ESCC cell line topic. Mouse IgG1 

[MOPC-21] isotype control (ab18443; Abcam, Cambridge, UK) was included as a negative 

control. In parallel, 106 cells were digested with 70 mU neuraminidase from Clostridium 

perfringens (Sigma-Aldrich, St. Louis, MO, USA) in appropriate sodium acetate buffer at 37 

C overnight under mild agitation prior to STn staining, as a proper negative control. Data 

analysis was performed through CXP Software and results represent the standard deviation 

of three independent experiments performed in a FC500 Beckman Coulter flow cytometer 

(Beckman Coulter Life Sciences, Indianapolis, IN, USA). 

 

3.8. Glycomics 

ESCC cell models O-glycome were characterized using the Cellular O-glycome 

Reporter/Amplification method [25] and analyzed by nanoLC-ESI-MS/MS, as previously 

described by us [9]. Glycan structures were assigned based on m/z identification, retention 
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time, characteristic product ion spectra and previous knowledge about O-glycosylation 

pathways [9]. Glycans were expressed in terms of relative abundance in comparison to the 

sum of all individual contributions to the glycome. 

 

3.9. Immunohistochemistry 

Three micrometers FFPE esophageal tumor sections were deparaffinized, rehydrated and 

subjected to antigen retrieval for 20 min with boiling citrate buffer for STn (Vector 

Laboratories, Burlingame, CA, USA) or 1 mM EDTA pH 9 for GLUT1 analysis. Endogenous 

peroxidases were inactivated by 3% hydrogen peroxide (Merck KGaA, Darmstadt, 

Germany) incubation for 5 min, followed by blockage of unspecific links for 5 min with 

Protein Block (Leica Biosystems,Wetzlar, Germany). Finally, tissue sections were 

separately incubated with 0.5 g/mL monoclonal antibody (moAb) anti-STn (B72.3+CC49; 

Abcam, Cambridge, UK) and moAb anti-GLUT1 (EPR3915; Abcam, Cambridge, UK) at the 

dilution of 1:750. STn and GLUT1 were posteriorly detected using the Novolink Max 

Polymer DS Kit (Leica Biosystems, Wetzlar, Germany), according to the manufacturer’s 

instructions. Positive and negative controls were tested in parallel, including enzymatic 

controls with 0.2 U/mL -neuraminidase from Clostridium perfringens (Sigma-Aldrich, St. 

Louis, MO, USA) overnight at 37 C. Additionally, a broad panel of healthy tissues (skin, 

thyroid, lung, stomach, liver, pancreas, gallbladder, colon, kidney, testis) was also screened 

for both glycan and protein to assess the expression pattern in normal conditions. Cancer 

tissues were considered positive for STn whenever staining was observed, whereas the 

expression of GLUT1 was determined by multiplying the extension (0–100) against the 

intensity of expression (1: weak; 2: medium; 3: strong). Tumors showing GLUT1 levels 

above 200 were considered to overexpress this antigen. Healthy tissues were considered 

positive for the two antigens whenever staining was observed. 

 

3.10. Double Staining Immunofluorescence Microscopy 

STn and GLUT1 were evaluated in the same tumor sections by double staining 

immunofluorescence microscopy. Briefly, FFPE esophageal tumor sections were 

deparaffinized, rehydrated and incubated for 20 min with 1 mM EDTA pH 9 to recover STn 

and GLUT1 epitopes. Unspecific background was blocked with Protein Block (Leica 

Biosystems, Wetzlar, Germany) for 5 min and both markers (STn and GLUT1) were 

incubated with primary monoclonal antibodies, as previously described for 

immunohistochemistry staining. Posteriorly, moAb anti-STn and anti-GLUT1 were detected 

using an Alexa Fluor 488 goat anti-mouse IgG (Thermo Fisher Scientific,Waltham, MA, 

USA) and an Alexa Fluor 594 goat anti-rabbit IgG (H+L), respectively, at the dilution of 1:100 
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for 30 min at room temperature. Nuclear counterstaining was obtained using a 40,6-

diamidino-2-phenylindole, dihydrochloride (DAPI; Thermo Fisher Scientific,Waltham, MA, 

USA) solution for 10 min. Fluorescence images were acquired on a Leica DMI6000 FFW 

microscope (Leica Microsystems, Wetzlar, Germany) using the Las X software (Leica 

Microsystems, Wetzlar, Germany). 

 

3.11. Immunoprecipitation and Western Blot 

Proteins were extracted from 10 m FFPE ESCC tissues using Qproteome FFPE tissue kit 

(Qiagen, Hilden, Germany), according to the manufacturer’s instructions. Prior to 

quantification of total protein extracts using a DC Protein Assay kit (Bio-Rad, Hercules, CA, 

USA), the elution buffer was exchanged to a Lysis buffer (50 mM Tris, 150 mM NaCl, 1% 

NP-40, 0.5% sodium deoxycholate, 0.1% SDS). For each immunoprecipitation (IP) reaction, 

PierceTM Protein G Agarose (Thermo Fisher Scientific,Waltham, MA, USA) was blocked 

with 1% Bovine Serum Albumin (BSA; Sigma-Aldrich, ST. Louis, MO, USA) for 1 h at 4 C. 

Then, 100 g whole cell protein extracts were pre-incubated with agarose beads blocked 

with BSA for 2 h at 4 C to remove proteins showing unspecific binding to the columns. The 

protein extracts were then recovered and subsequently incubated with 3 g of moAb anti-

GLUT1 (EPR3915; Abcam, Cambridge, UK) at 4 C for 2 h. BSA blocked agarose beads 

were then added to the medium and allowed to incubate at 4 C overnight under gentle 

stirring. After five washing steps with the buffer provided by the vendor, the IP products 

were eluted from beads using an acidic IP elution buffer (0.1 M citrate pH 3). IPs controls 

were conducted in parallel using a rabbit IgG isotype control (02-6102; Thermo Fisher 

Scientific, Waltham, MA, USA). Finally, the IP products were neutralized, run on 4–20% 

gradient SDS-PAGE gels (Bio-Rad, Hercules, CA, USA), transferred into nitrocellulose 

membranes (GE Healthcare Life Sciences, Chicago, IL, USA) and screened for STn and 

GLUT1 antigens byWestern Blot. Briefly, membranes were blocked with 1% Carbo-Free 

Blocking Solution (Vector Laboratories, Burlingame, CA, USA) and probed with each moAb, 

mentioned formerly, for 1 h at room temperature. MoAb anti-STn detection was performed 

using a peroxidase affiniPure goat anti-mouse IgG (H+L) polyclonal antibody, while moAb 

anti-GLUT1 was conjugated with a goat anti-rabbit IgG (H+L) HPR antibody for 30 min at 

room temperature. Finally, the Amersham ECL Prime Western Blotting Detection Reagent 

(GE Healthcare Life Sciences, Chicago, IL, USA) was used as developing reagent. 

Chemiluminescence detection was performed in a ChemiDoc XRS+ with Image LabTM 

Software (Bio-Rad, Hercules, CA, USA). 
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3.12. Bioinformatics for Biomarker Discovery 

STn bearing glycoprotein discovery was performed exploiting the only available proteomics 

dataset for ESCC (project PXD006255; https://www.ebi.ac.uk/pride/archive/projects/ 

PXD006255 (accessed on 1 January 2021)) deposited in the EMBL-EBI proteomics 

identification database (PRIDE; https://www.ebi.ac.uk/pride/ (accessed on 1 January 2021)) 

until April 2020. The dataset reports data previously published by Puttamallesh et al. [56] 

and consists of the nanoLC-MS analysis of a combined protein pool extracted from 10 m 

FFPE tissue sections from 6 ESCC patients by high resolution tandem mass spectrometry. 

The dataset comprises nanoLC-HCD-MS/MS data generated on an Orbitrap Fusion™ 

Tribrid™ Mass Spectrometer for the analysis of tryptic digests after previous fractionation 

by strong cation exchange (SCX) or reverse phase sulfonate (RPS) chromatography. Data 

were re-analyzed using the SequestHT search engine with the Percolator algorithm for 

validation of protein identifications (Proteome Discoverer 2.5; Thermo Fisher Scientific, 

Waltham, MA, USA). A double search strategy was devised first aiming at identifying 

relevant cell membrane proteins and secondly trying to map the proteins O-glycosites. 

Initially, data were searched against the human plasma membrane proteome obtained from 

the SwissProt database in March 2020. Trypsin was selected as the enzyme and up to 2 

missed cleavages were allowed. Precursor ion mass tolerance was set at 10 ppm and 0.02 

Da for product ions. Carbamidomethylcysteine was selected as a fixed modification, while 

oxidation of methionine (+15.9949) was defined as variable modification. High confidence 

identifications were ordered in relation to their protein scores and the top 250 membrane 

proteins from the SCX and RPS pre-fractionation were combined for common molecular 

signatures. The resulting list was re-organized using a Target Score, as previously 

described in detail by us [9]. The Target Score algorithm was designed to attribute higher 

scores to proteins overexpressed in cancer, located at the cell membrane and associated 

with poor prognosis, while penalizing proteins observed at the same cellular location in 

healthy tissues. As primary source of information for differently expressed proteins, we used 

the Human Protein Atlas database (https://www.proteinatlas.org/ (accessed on 1 January 

2021)) consulted in March 2020 [57]. More details on the algorithm are presented as 

Supporting Information. Since the Human Protein Atlas at the time of consultation presented 

no information concerning ESCC, the present study adopted protein expression levels in 

headand- neck squamous cell carcinoma as a model, based on exposure to the same 

carcinogens, similar histopathology and molecular traits [33–35]. For the second search, 

the top 25 Target Score ranked proteins were constituted as a customized database and 

interrogated for STn-glycosites using the Byonic software v3.10-52 (Protein Metrics, 

Cupertino, CA, USA) [41]. Briefly, precursor ion mass tolerance was set at 10 ppm and 0.01 
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Da for product ions. Carbamidomethylcysteine was selected as a fixed modification, while 

oxidation of methionine (+15.9949 Da) and the presence of the STn antigen (+494.1748 

Da) were considered as variable modifications. 

 

3.13. Statistical Analysis 

Statistical data analysis was performed with IBMStatistical Package for Social Sciences—

SPSS for Windows (version 20.0, IBM, Armonk, NY, USA). Non-parametric Mann-Whitney 

test was used for proliferation and invasion assays. Chi-square analysis was used to 

compare categorical variables. Kaplan-Meier curves were used to analyze the influence of 

the biomarkers expression in the context of time-to-event (death). Multiple Cox regression 

analysis was used to assess the effect of the studied biomarkers on the time to recurrence 

and to adjust for potentially confounding effects. Comparison of estimates was done using 

log-rank test. A 95% significance threshold for the null hypothesis was considered. 

 

4. Conclusions 
 

ESCC remains a challenging disease due to the lack of cancer-specific cell surface 

biomarkers to aid therapeutic decision and precisely target cancer cells. Herein, we have 

demonstrated that more aggressive tumors facing worst prognosis overexpress the STn 

antigen, potentially mirroring profound de-regulation in protein O-glycosylation pathways 

yet to be fully uncovered for these tumors. High STn expression was associated with 

increased probability of developing distant metastases, which was supported by the 

identification of STn in CTCs and reinforced by studies in vitro linking STn to increased 

cellular invasion. Notably, this is also the first report of STn in esophageal CTCs, which 

follows similar observations for bladder, colorectal and gastric tumors [21,22]. Future 

studies must assess its potential clinical value in the context of liquid biopsies, namely for 

early detection of disseminated disease, prognosis, treatment follow-up and other 

molecular-based clinical decisions. Nevertheless, we must emphasize the exploratory 

nature of this study, involving a low number of tumor tissues and blood samples, warranting 

confirmation in larger patient cohorts. Notably, we have also observed low amounts of STn 

in histologically normal esophagus and healthy cells of the gastrointestinal and respiratory 

tracts. These findings prompted an investigation of the ESCC STn-glycoproteome 

envisaging specific glycosignatures that could overcome limitations associated with 

possible off-target effects. As proof-of-concept we have applied the Target Score algorithm 

to pinpoint potentially clinically relevant glycoproteins identified from large proteomics 

datasets. Faced with absence of information on protein expression for EC, we used as 
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primary source of information squamous cells head-and-neck tumors, which share similar 

etiology, clinicopathological and molecular natures. Even though of preliminary nature and 

strongly depending on the quality of the initial database, this approach led to the 

identification of GLUT1 as a cancer-associated differentially expressed protein. Building on 

these findings, we have demonstrated that GLUT1 was modified with STn antigens. We 

also showed that GLUT1-STn overexpression may hold potential for ESCC patient 

stratification, enabling the identification of subgroups facing worst prognosis, as previously 

suggested when the two antigens were evaluated separately. These findings now warrant 

definitive confirmation in a broader patient series including different clinicopathological 

natures and detailed clinical histories, which is currently ongoing. Furthermore, we are 

addressing the functional implications of GLUT1-STn molecular signature for ESCC to help 

shaping the necessary rationale for biomarker interventions. Foreseeing this objective, we 

have also conducted an exploratory screening of relevant healthy tissues of distinct systems 

(reproductive, respiratory, digestive, immune), which suggested that GLUT1-STn 

glycoforms may be mainly present in cancer. Nevertheless, our studies were based on 

immunoassays that strongly depend on the specificity of the antibodies used for detection. 

As such, a more comprehensive interrogation of the human proteome using high throughput 

mass spectrometry is warranted to support this claim. Finally, our investigation supports 

previous reports from our group highlighting the clinical relevance of specific protein 

glycosignatures, namely for improved patient stratification and increased cancer specificity. 

Yet, we reinforce that this was a proof-of-concept study exploiting a pre-existing proteomics 

data generated from a pool of patients without a defined clinical characterization. The 

original study was not initially designed to accommodate the subtilities of glycoproteomics 

analysis, including prior enrichment of the samples for glycoproteins and mass spectrometry 

methodologies to support precise glycosites assignment and higher protein coverages. 

Nevertheless, it was sufficient to provide molecular signatures of interest, setting a rationale 

that may be generalized to other tumors. Moreover, it strongly encourages a revisitation of 

ESCC with dedicated glycoproteomics protocols towards true precision medicine settings 

based on glycobiomarkers. 
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Proteomics data generates a high number of protein identifications, 

warranting tools that allow to easily pinpoint biomarkers of potential clinical interest. 

The Target Score algorithm was developed to provide an easy and comprehensive 

navigation throughout pre-existing molecular databases, enabling to extract 

information that maybe used to rank identified biomarkers in relation to prognosis 

and potential targetability. It was designed to attribute higher scores to glycoproteins 
overexpressed in cancer, located at the cell membrane, and associated with poor 

prognosis, while penalizing glycoprotein remaining at the same subcellular location 

than previously observed in healthy tissues. As primary source of information for 

this study, we used the Protein Atlas database (https://www.proteinatlas.org/) 

consulted in March 2020. Nevertheless, it sets a roadmap that maybe used to 

navigate through other databases containing information on protein expression in 
cancer and healthy tissues, their subcellular location and cancer prognosis. 

Accordingly, the score system results from the sum of the following nine variables: 

i) location in healthy cells (membrane: 0 points; other subcellular locations: 1 point); 

ii) location in cancer cells (membrane: 1 point; cytoplasm and/or other subcellular 

locations: 0 points); iii) expression in healthy esophageal epithelium at the plasma 

membrane (negative: 3 points; low: 2 points; moderate: 1 point; high: 0 points); iv) 

expression in EC (negative: 0 points; low: 1 point; moderate: 2 points; high: 3 points); 

v) prognosis value in cancer (high expression is not prognostic and/or associates 

with favorable prognosis: 0 points; high expression associates with poor prognosis: 

1 point); vi) expression in lymphoid tissues at the plasma membrane (not expressed: 

1 point; expressed: 0 points); vii) expression in gametes (not expressed: 1 point; 
expressed: 0 points); viii) index of expression in healthy tissues at the plasma 

membrane (varies from 3 points (no expression) to 0 (high expression)). 
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Figure S1. GLUT1-STn glycopeptides (green) and glycosites (red) identified in 
ESCC using the RPX method. Assignments were made using the Byonic software. 
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Figure S2. GLUT1-STn glycopeptides (green) and glycosites (red) identified in 
ESCC using the RPX method. Assignments were made using the Byonic software. 
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Abstract 
Colorectal cancer (CRC) cells express glycoproteins with sialylated Lewis antigens (sLe), 

crucial for metastasis via E-selectin binding. However, these glycoepitopes lack cancer 

specificity, and E-selectin-targeted glycoproteins are unknown. Here we established a 

framework for identifying metastasis-linked glycoproteoforms for precision oncology. We 

found that over 70% of colorectal tumours overexpressed sLeA/X, yet without associations 

with metastasis or survival. This prompted deeper exploration on the sialoglycoproteome of 

metastatic tumours. Nearly 600 glycoproteins were identified using E-selectin affinity 

enrichment and mass spectrometry, significantly broadening our understanding of potential 

metastasis-related glycoproteins. This glycoproteome was linked to cell adhesion, active 

transport of molecules and ions across the plasma membrane, oncogenic pathways, 

angiogenesis, and, unexpectedly, neuroendocrine functions. Employing an in-house 

algorithm for targetability prioritization, the less studied secretin receptor (SCTR) emerged 

as a top-ranked glycoprotein. The screening of tumours confirmed SCTR's association with 

poor prognosis and metastasis. N-glycosylation carrying sLe antigens added cancer 

specificity to SCTR. Prognostic links were reinforced by TCGA-based investigations. In 

summary, SCTR, a relatively unknown CRC glycoprotein, holds potential as a biomarker of 

poor prognosis and as a E-selectin ligand, suggesting an unforeseen role in metastasis 

warranting confirmation. Future investigations should also focus on this glycoproteoforms’ 

biological foreseeing clinical applications. 

Keywords: colorectal cancer; cancer glycoproteome; secretin receptor; E-selectin; 

metastasis 
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Introduction  
Colorectal cancer (CRC) remains a significant health burden, ranking high in both 

incidence and mortality rates (1). The challenges associated with CRC are amplified by late-

stage diagnoses and the limited efficacy of existing therapeutics against advanced disease 

(2). To address these limitations, there is a crucial need to identify molecular signatures 

associated with metastasis for precise cancer targeting. 

Recent progress in glycomics has significantly advanced our understanding about 

the alterations in the glycocalyx accompanying CRC development and progression (3-5). 

Utilizing high-throughput mass spectrometry, researchers have comprehensively 

characterized primary tumours, metastatic sites, and healthy colon mucosa from diverse 

patient populations (5, 6). These investigations have unveiled key alterations, particularly 

the expression of (sialyl-)LewisA/X antigens (sLeA/X) that cap extended N- as well as O-

glycosidic chains on glycoproteins (5). Traditionally linked to poor prognosis, these antigens 

play a pivotal role in mediating metastasis by facilitating cancer cell adhesion to endothelial 

cells, intravasation into the bloodstream, and homing to distant sites (3). This makes sLe 

antigens attractive targets for controlling metastasis. Glycomics analyses have identified a 

substantial presence of glycoproteins in CRC cases featuring core 2 O-glycans with terminal 

sLe antigens, a characteristic not found in normal colon tissue (5). This pattern is notably 

pronounced in mucinous adenocarcinomas (T2 and T3), commonly classified as MSI 

tumours (7). However, it's worth noting that sLe antigens may also be present in core 3 

structures in normal colon mucosa, albeit with a downregulation in cancer (5). In summary, 

these findings provide a compelling molecular basis for targeting sLe glycoepitopes in CRC. 

However, they also emphasize the imperative for a comprehensive characterization of the 

sLe-glycoproteome linked to metastasis, envisioning the essential cancer-specificity 

required for the development of targeted therapeutics. 

Building upon these findings, the present study focuses on creating a framework to 

examine the CRC glycoproteome, aiming to identify molecular features linked to metastasis. 

This involves a combination of glycomics and E-selectin affinity glycoproteomics to identify 

sLe-glycoproteoforms in metastatic tumours. Additionally, we employed an in-house 

developed algorithm that draws from a well-established protein expression data repository 

to pinpoint unforeseen and potentially clinically relevant and cancer-specific 

glycosignatures (8-10). These glycosignatures have been further validated in clinical 

samples and their cancer specificity confirmed by screening of healthy tissues. We 

anticipated that this may constitute a relevant milestone towards a comprehensive 

understanding of metastases signatures, paving the way for future advancements in patient 

care.  
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Material and Methods 
Patient Sample Set and Healthy Human Tissues 

SLeA, sLeX, and SCTR were retrospectively analysed in 35 formalin-fixed paraffin-

embedded (FFPE) advanced CRC tissues obtained from the IPO-Porto biobank, reflecting 

the incidence of the disease. The patient cohort included 15 female and 20 male patients, 

aged between 28 and 76 years (median age: 61 years), who underwent surgical resection 

of colorectal carcinomas at IPO-Porto from 2005 to 2012. The expression of these markers 

was also evaluated in 6 lymph node, 7 hepatic, and 3 peritoneal metastases, which are 

available for some of these primary tumours. All clinicopathological information used to 

assess the clinical relevance of SCTR, sLeA, and sLeX expressions is summarized in  
Table S1. Clinicopathological data were extracted from the patients' medical records. This 

study received approval from the IPO institutional Ethics Committee (Approval No. CES 

64/2017, dated 16 March 2017) and was conducted following the acquisition of informed 

consent from all participating patients. Overall survival (OS) was calculated from the date 

of surgical intervention to the date of death attributable to cancer. Recurrence was defined 

as the manifestation of the disease, either locally or at a distant site, following the initial 

treatment. A series of healthy tissues, including appendix, colon, lung, liver, pancreas, 

stomach, skin, testis, and thyroid were also screened for these sialoglycans and the SCTR 

to assess cancer specificity.  

 

Immunohistochemistry 
Three-micrometre sections from FFPE colorectal tumour samples were screened for sLeA, 

sLeX, and SCTR expression. Briefly, tissue sections were deparaffinized, hydrated, and 

subjected to antigen retrieval using a low pH citrate buffer (Vector Laboratories). 

Subsequently, the sections were treated with a 3% hydrogen peroxide solution (Leica) to 

inhibit endogenous peroxidase activity. To minimize non-specific binding, the sections were 

exposed to Protein Block (Leica) before incubation with monoclonal antibody anti-CA19.9 

(1:100; ab116024; Abcam), monoclonal antibody anti-sLeX (1:100; 368102; BioLegend), 

and polyclonal antibody anti-Secretin Receptor (1:100; ab224236; Abcam) for the 

determination of sLeA, sLeX, and SCTR, respectively. Antibody binding to the tissue 

sections was assessed using the Novolink Max Polymer DS Kit (Leica), following the 

manufacturer's protocol. A double-blinded analysis was carried out by independent 

observers and subsequently validated by an experienced pathologist. 

Immunohistochemical analysis included the assessment of expression patterns, 

encompassing extension (percentage of positive tumour cells) and intensity (degree of 

chromogenic deposit), as well as the subcellular location of the staining. Quality assurance 
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measures involved parallel testing of both positive and negative controls. Enzymatic 

controls utilizing α-neuraminidase from Clostridium perfringens (Sigma-Aldrich) were 

employed to ensure the specificity and accuracy of the immunohistochemical results for the 

two sialoglycans (sLeA and sLeX). CRC tissues used in glycoproteomics studies were 

further screened for the vascular marker CD34 (1:100; M7165; Dako) and two 

neuroendocrine markers (Synaptophysin and Chromogranin A – 1:100, M7315, Dako; 

1:1000, M0869, Dako, respectively). 

 

Glycomics 
N- and O-glycomics were performed on metastatic colorectal tumours to disclose the nature 

of the glycans terminated with sLe epitopes, as previously described (11). Briefly, FFPE 

tissues were deparaffinized, rehydrated, and subjected to heat-induced antigen retrieval 

using a citrate-based solution (Vector Laboratories). Then, proteins were denatured and 

reduced by incubation with 150 µl denaturation mix (145 µl 8 M GuHCl and 5 µl 200 mM 

DTT) at 60 ºC for 30 min. N-glycan release was achieved after digestion with PNGase F (1 

U/10 µg protein at 37 ºC overnight; Promega). Released N-glycans were hydrolysed with 

25 µl of 100 mM ammonium acetate at pH 5 for 1 h at room temperature (RT), removing 

the glycosylamine form of the non-reducing terminus, and subsequently reduced with 20 µl 

of 1 M NaBH4 in 50 mM KOH  for 3 h at 50 ºC. The reaction was quenched by adding glacial 

acetic acid. O-glycans were released by reductive β-elimination (1 M NaBH4 in 50 mM KOH 

overnight at 50 ºC). Finally, reduced N- and O-glycans samples were desalted using a 

cation exchange resin (AG 50W-X8; Bio-Rad). All glycans were permethylated and 

analysed by reverse phase nanoLC-ESI-MS/MS as previously described by us (9), using a 

3000 Ultimate nano-LC coupled to a QExactive mass spectrometer (Thermo Fisher 

Scientific). Glycan structures were identified considering previous knowledge on 

glycosylation, chromatography retention times, m/z identification, and corresponding 

product ion spectra. Manual annotation was supported by GlycoWorkbench tool (12). 

 

Glycoproteomics and data curation 

Proteins were extracted from three metastatic CRC FFPE tissues using the QProteome 

FFPE tissue kit (QIAGEN) according to the manufacturer’s instructions and pooled 

to a total of 700 mg of protein. Samples were then enriched for glycoproteins carrying 

sLe antigens by E-selectin affinity chromatography, as previously described by our 

group (13), using  a recombinant mouse E-selectin Fc Ig chimera protein (575-ES-

100; R&D Systems, Minneapolis, MN, USA). Negative controls included 

immunoprecipitations with an IgG1 isotype control (LTI-02-6102; Thermo Fisher 
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Scientific) and with the E-selectin chimera in the absence of Ca2+. After 

electrophoresis, glycoproteins were reduced and digested with chymotrypsin, 

following the protocol described in Fernandes et al. (9). The mass spectrometry 

analysis was performed by nanoLC-MS/MS using an Ultimate 3000 RSLCnano 

system coupled to a QExactive mass spectrometer (Thermo Fisher Scientific). 

Eluent A was aqueous formic acid (0.2%), while eluent B was formic acid (0.2%) in 

acetonitrile. Briefly, samples were injected into a trapping column (C18 PepMap 100, 

5 μm particle size) and washed with an isocratic flux of 98% eluent A and 2% eluent 

B at a flow rate of 10 μL/min. After 3 min, the flux was redirected to the analytical 

column (EASY-Spray C18 PepMap, 100 Å, 150 mm x 75 μm I.D and 3 μm particle 

size) at a flow rate of 0.25 μL/min. The column temperature was set at 35 °C. 

Glycopeptide separation occurred using a linear gradient of 10–40% eluent B over 

50 min. Column wash and re-equilibration were warranted before the following 

injection. The mass spectrometer was operated in the positive ion mode, with an 

m/z range from 300 to 2000, with a spray voltage of 1.9 kV and a transfer capillary 

temperature of 275 °C. Q-Exactive HF settings were full scan resolution 120000, 

fragment scan resolution 15000, fragment scan fixed first mass at 110 m/z, 

normalized collision energy 30%, isolation window 4.0 m/z. Mass spectrometry data 

was processed using the SequestHT search engine and the Percolator algorithm 

(Proteome Discoverer 3.0, Thermo Fisher Scientific) to validate protein 

identifications. Data were searched against the human membrane proteome from 

the SwissProt database. Chymotrypsin was selected as the digestion enzyme, 

considering up to 2 missed cleavage sites, a precursor ion mass tolerance of 10 

ppm, and a product ion tolerance of 0.02 Da. Fixed and variable modifications 

included carbamidomethylcysteine (+57.021 Da) and oxidation of methionine 

(+15.995 Da), respectively. The following N-glycans were also considered as 

variable modifications, building on glycome analysis: H5N4F1S1 (+2059.735 Da; 

asparagine); H5N4F1S2 (+2350.830 Da; asparagine). Alternatively, the following O-

glycans were considered: Hex(2)HexNAc(2)NeuAc(1)dHex(1) (+1167.418 Da), 

Hex(2)HexNAc(2)NeuAc(2)dHex(1) (+1458.513 Da), and 

Hex(3)HexNAc(3)NeuAc(2)dHex(2) / +1969.703 Da) on serine and threonine. The 

final glycopeptide list included protein species solely detected in E-selectin 

pulldowns, identified with high confidence as well as with low confidence but 

presenting manually validated glycopeptides. Glycoproteins molecular and 

biological functions and subcellular localization were assessed by GO term analysis 

using ClueGO version 2.5.10 for Cytoscape version 3.10.1 (14-16). 
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Target Prioritization 
The in-house Target Score algorithm, building on the Human Protein Atlas database 

(proteinatlas.org) (17), was employed to prioritize glycoproteins for precise cancer targeting, 

as previously described by us (8).  

 

In situ proximity ligation assay (PLA)  
SCTR-sLeA/X glycoproteoforms were indirectly assessed in CRC tissues by PLA employing 

Duolink in situ Detection Reagents Red (Sigma-Aldrich). After FFPE tissue deparaffinization 

and antigen retrieval with acid and heat treatment, the tissue sections were incubated 

overnight at 4 °C with primary antibodies: anti-SCTR (ab224236; Abcam) and anti-CA19-9 

(ab116024; Abcam) or anti-sLeX (368102; BioLegend) in a humidity-controlled chamber. 

The tissues were subsequently incubated with anti-rabbit MINUS and anti-mouse PLUS 

PLA probes at 37 °C for 1 h. Subsequent stages included a 30 min ligation process at 37 

°C and a 120 min amplification phase 37 ºC to induce the formation of fluorescent rolling 

dots. Tissue sections were then stained with 4',6-diamidino-2-phenylindole (DAPI) for 10 

min at RT and analysed by fluorescence microscopy. The PLA results underwent evaluation 

by two independent observers and were further validated by a seasoned pathologist. 

Fluorescence images were acquired on a Leica DMI6000 FFW microscope using Las X 

software (Leica). 

 

Immunoprecipitation (IP) and Western Blot  
The SCTR was immunoprecipitated from CRC protein extracts on lysis buffer (50mM Tris, 

150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) using the PierceTM 

Protein G Agarose kit (Thermo Scientific). Briefly, Protein G agarose beads were pre-

blocked with 1% Bovine Serum Albumin (BSA; Sigma-Aldrich) for 1 h at 4 °C and protein 

extracts were precleared using the BSA-blocked agarose beads for 2 h at 4 °C to reduce 

unspecific binding. Then, the supernatant was incubated with the SCTR monoclonal 

antibody (5mg; sc-166112; Santa Cruz) at 4 °C for 2 h, followed by overnight incubation 

with freshly BSA-blocked agarose beads at 4 °C. After washing, the protein-antibody 

complexes were eluted with loading buffer at 95 ºC. The IP products were resolved on a 4–

20% gradient SDS-PAGE gel (BioRad) followed by protein blotting as described by 

Fernandes et al. (9), using anti-SCTR (1:100, 1 h at RT; ab224236, Abcam) and anti-CA19.9 

(1:100, 1h at RT; ab116024; Abcam). Chemiluminescence was captured and analysed 
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using a ChemiDoc XRS+ system with Image LabTM Software (Bio-Rad). 

 

 
Flow Cytometry 
Circulating leukocytes were screened for sialylated Lewis antigens and SCTR by flow 

cytometry. Peripheral blood samples were obtained from healthy donors at 

Immunohemotherapy Department of Centro Hospitalar São João (CHSJ), Porto, Portugal. 

Procedures were approved by the Hospital ethical committee (Protocol reference 260/11). 

Whole blood, after red blood cell lysis with RBC lysis buffer 1x (420301, BioLegend), was 

incubated with primary antibodies: rabbit anti-sLeA (CA19-9, NBP2-53220, Novus 

Biologicals), mouse anti-sLeX (CD15s, 551344 BD), and anti-secretin receptor (sc-166112, 

Santa Cruz Biotechnology). Subsequently, leucocytes were incubated 30 min with anti-

rabbit Alexa 647 and anti-mouse Alexa 488. Further incubation with anti-CD45-PE/Cy7 

(368532, BioLegend) was performed. After additional washes, cells were acquired on a 

NAVIOS Flow Cytometer (Beckman Coulter). The FACS data was analysed using the 

Kaluza C software (version 1.2) to discriminate cell populations, determine the mean 

fluorescence intensity (MFI) and the percentage of positive cells. 

 

TCGA dataset analysis  
Gene expression data of 623 colorectal (COADREAD dataset) tumour tissues and 51 

normal adjacent tissues from the Genomic Data Common (GDC) database, were 

downloaded from the UCSC Xena database (http://xena.ucsc.edu/). Additionally, 

clinicopathological characteristics, including age, gender, tumour stage, and histological 

type, as well as survival information, were also obtained. After excluding patients with 

missing clinical data, a final dataset comprising 598 tumour samples and 51 histologically 

normal adjacent tissue samples was included in the study. The clinical data for COADREAD 

patients are presented in Table S2. The prognosis value of glycosyltransferases involved 

in sialyl-Lewis epitopes, SCTR and secretin (SCT) in CRC was performed by univariate, 

and subsequent multivariate Cox regression. Kaplan–Meier analysis and log-rank test were 

used to compare OS and progression-free survival (PFS) curves, using the “survival” and 

“survminer” R packages, respectively. Optimal cut-off value for each gene expression was 

determined using the surv_cutpoint function, for both OS and PFS outcomes. Shapiro–Wilk 

normality test was used to determine variable normality, and Wilcoxon rank test was 

performed to assess the difference between tumour stages and sample tissue types. 

Correlation analysis was performed using Spearman’s correlation and visualized by 

correlograms using the “corrplot” R package. P-value < 0.05 was considered as a 
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statistically significant difference. All statistical analysis were performed using R software 

(version 4.2.1). 

 

Statistical analysis 
Mann-Whitney tests were performed to compare the expressions of sLeA, sLeX, and SCTR 

in non-metastatic vs metastatic tumours from IPO-Porto patients, after Shapiro–Wilk 

normality test. A significance threshold of 95% for the null hypothesis was applied. 

 

Results 
 This work builds on a well-established notion that sLe antigens are key mediators of 

metastasis by showing high affinity to E-selectin. It highlights the abundant expression of 

these glycans in CRC and proposes a roadmap for identifying cancer-specific 

glycoproteoforms, with implications for targeted therapeutics in the future. Moreover, the 

study aims to establish a foundation for identifying potentially clinically relevant molecular 

signatures for precision medicine, utilizing glycosylation as a starting point. 

 

sLe Antigens in CRC and Healthy Tissues 

We first devoted to characterizing the expression pattern of sLeA and sLeX in 

advanced CRC, building on a patient series of 35 tumours comprehending more advanced 

stages of the disease (stage III/IV). Over 75% of the tumours expressed both sLeA and 

sLeX antigens, in general in approximately 30% of the tumour area, in the same regions 

and without a defined expression pattern (Figure 1A). Notably, the percentage of sLe 

glycoepitope-expressing cases was higher in T4 compared to T3 tumours (Figure. S1A). 

In addition to screening primary tumours, we also examined lymph nodes and distant 

metastases in 10 cases where metastatic lesions were available. We found a slightly higher 

number of tumours expressing sLeX (85% sLeX vs 76% sLeA) and that this antigen was 

present in 67% of lymph nodes (4/6) and 80% of distant metastases (8/10), irrespective of 

their origin (peritoneal or hepatic; Figure S1B). Furthermore, sLeA showed expression in 

over 80% of both lymph node and distant metastases. Also, 80% of the metastases 

mimicked the expression of sLe antigens found in the primary tumour, reinforcing the close 

link between these sialoglycans and metastasis. However, no associations were found 

between the expression of these antigens, alone or in combination, with stage, prognosis, 

or presence of metastases amongst advanced stage patients. These findings may be 

directly linked to the nature of the patient sample set used for this study, which is mostly 
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representative of advanced stage disease. We further devoted to analysing healthy tissues 

with the aim of understanding the cancer specificity of these glycoepitopes (colon, skin, 

lung, stomach, pancreas, liver, appendix, thyroid, and testis; Figure. 1B). We found sLeA 

in colon goblet cells as well as the pancreas, goblet cells of the appendix, and the stratum 

lucidum of the skin. On the other hand, sLeX could not be detected in the colon but was 

present in the pulmonary alveoli and mucus secreting cells in the appendix. In white blood 

cells, sLeX was notably overexpressed, particularly in granulocytes (75% granulocytes; 

16% lymphocytes; 7% monocytes), showing a prevalence of 70%. In contrast, sLeA was 

expressed at a lower rate of 10%, predominantly in monocytes (63%) and lymphocytes 

(28%) when compared to its expression in granulocytes (9%; Figure 1C; Figure S2). 

Furthermore, only a few cells co-expressed both glycoepitopes (<10%), mostly on 

monocytes (>60%). 80%). In summary, these findings reinforce the notion that sLe antigens 

exhibit low cancer specificity, particularly sLeX, which shows significant expression in 

leukocytes. 
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Figure 1. Sialylated Lewis antigens exhibit high expression levels in primary tumors, 
as well as in lymph node and distant metastases in contrast to healthy organs and 
leukocytes. A) SLeA and sLeX present a diffuse expression pattern in CRC primary 
tumours and metastases. Over 75% of CRCs express sialylated Lewis antigens, 

regardless of their stage. Lymph node and distant metastases of tumours positive for sLe 

antigens also express these glycoepitopes, mirroring the pattern observed in the primary 

tumour. B) Sialylated Lewis antigens present a restricted expression pattern in 
histologically normal human tissues. SLeA is mostly expressed in the colon and 

pancreas, whereas sLeX is mostly found in the lungs. Residuals expressions of these 

antigens could be found in the appendix and skin. C) SLeX is significantly more 
expressed in circulating leukocytes in comparison to sLeA. Approximately 10% of 

circulating leukocytes express sLeA, whereas 68% express sLeX. Notably, sLeX is mostly 
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expressed by lymphocytes (X%) and granulocytes (59%), while approximately 9% of 

lymphocytes plus monocytes express both antigens. 

 

sLe Glycogenes in CRC 

To gain more insights into the glycophenotype of CRC, we conducted a comprehensive 

analysis leveraging data from approximately 600 CRC cases, spanning all stages of the 

disease, along with 51 adjacent healthy mucosa samples retrieved from the TCGA 

database. Our investigation focused on key glycogenes, specifically fucosyltransferases 

(FUT3, FUT4, FUT5, FUT6, FUT7, FUT9) and sialyltransferases (ST3GAL3, ST3GAL4, and 

ST3GAL6), known to play a direct role in the biosynthesis of sLe antigens (Figure 2A). We 

found that FUT4 and FUT7 transcripts were elevated in CRC compared to healthy tissues, 

whereas the other glycosyltransferases were downregulated (Figure S3). Notably, FUT4 

and FUT7 are preferentially responsible for O-3 fucosylation of type 2 chains leading to the 

formation of sLeX (Figure 2A). On the other hand, FUT3 linked to O-4 fucosylation was 

downregulated in CRC, suggesting a predominance of type 2 over type 1 fucosylated 

structures, thus in accordance with immunohistochemistry analyses (Figure 1A). FUT5 was 

residually expressed in few healthy and CRC cases and therefore disregarded in future 

evaluations. Focusing on glycosyltransferases expression in tumour tissues, we observed 

two distinct expression clusters, segregating FUT3, FUT4, FUT6, and ST3GAL4 transcripts, 

from FUT7, FUT9, ST3GAL3, and ST3GAL6 (Figure 2B). Correlation analysis further 

reinforced these observations (Figure 2B-C). Accordingly, one group showed strong 

positive correlations between FUT3, FUT6, and ST3GAL4, along with negative correlations 

with FUT9, ST3GAL3 and ST3GAL6 (Figure 2C). The other group presented the opposite 

phenotype, with FUT9 and ST3GAL3 being significantly correlated positively with ST3GAL6 

and negatively with FUT4. In addition, ST3GAL3 also correlated positively with FUT7 and 

negatively with FUT3. Collectively, these findings reinforce the existence of two distinct 

groups of glycosyltransferases (FUT3, FUT4, FUT6, ST3GAL4 vs FUT7, FUT9, ST3GAL3, 

ST3GAL6) potentially responsibly by sLe antigens biosynthesis in CRC, suggesting 

patterns of co-expression or regulatory relationships among them. Finally, we analysed their 

expression according to the severity of disease by comparing early (stage I/II) with late 

stage (III/IV) tumours. Despite differences between cancer and healthy tissues, most 

glycosyltransferases’ expression remained unchanged with disease stage (data not 

shown). The exceptions were FUT9 and ST3GAL3 that were statistically overexpressed in 

advanced (III/IV) compared to early-stage tumours (I/II; Figure 2D), whereas FUT4 and 

FUT6 were downregulated (Figure 2D). In agreement with these observations, we found 
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ST3GAL3 and ST3GAL6 overexpression to be associated with worse prognosis, translated 

by decreased overall and disease-free survivals (Figure 2E). Furthermore, tumours 

exhibiting low ST3GAL3 expression had a hazard ratio (HR) of 0.7 for overall survival 

(p=0.05) and 0.5 for disease-free survival (p=0.02; Figure 2F). Similarly, for low ST3GAL6 

expression, the HR was 0.5 for overall survival (p=0.002) and 0.7 for disease-free survival 

(p=0.06; Figure 2F). Conversely, tumours overexpressing FUT3, FUT4, and FUT6 showed 

better prognosis (Figure S4). Tumours showing a downregulation of these 

glycosyltransferases exhibited significantly higher probabilities of cancer related death and 

disease progression (FUT3low: HR-1.8, p=0.04 for overall survival/ HR-1.7, p=0.04 for 

progression free survival; FUT4low: HR-2.4, p=0.02/ HR-1.8, p=0.002; FUT6low: HR=1.6, 

p=0.006/ HR-1.6, p=0.01; FUT9low: HR=0.7, p=0.09/ HR-0.7, p=0.19 (Figure S4).  

 



CHAPTER II. 
 

 
E-selectin Affinity Glycoproteomics Reveals Neuroendocrine Proteins and the Secretin Receptor as a Poor Prognosis 
Signature in Colorectal Cancer 144 

 

Figure 2. CRC exhibits two distinct sLe-related glycogenes signatures linked to 
prognosis. A) Schematic representation of the biosynthesis of sLeA and X 
glycoepitopes. This schematic representation highlights the main biosynthesis routes for 

sLeA and sLeX terminal glycoepitopes, which are present in more elongated N- and O-

glycosidic chains in proteins as well as lipids. It particularly emphasizes the 

fucosyltransferases (FUT3, 4, 5, 6, 7, 9) and sialyltransferases (ST3GAL3, 4, 6) involved in 

the modifications of Type 1 and Type 2 glycosidic chains that form the backbones of sLeA 

and sLeX. FUTs marked as “*” fucosylate O-3 GlcNAc residues on Type 2 glycosidic chains, 

even though O-4 fucosylation cannot be overulled. FUTs marked with "*" preferentially 

fucosylate O-3 GlcNAc residues on Type 2 glycosidic chains, even though O-4 fucosylation 

cannot be excluded. B) Clustering analysis highlights the existence of two groups of 
FUTs and ST3GALTs driving sLe biosynthesis in CRC. CRC tumours segregate into 

two distinct groups based on the expression of glycogenes involved in sLe biosynthesis 

(FUT3, FUT4, FUT6, ST3GAL4 vs FUT7, FUT9, ST3GAL3, ST3GAL6). Notably, the 

expressions FUT3, FUT4, FUT6, ST3GAL4 are markedly more elevated in CRC compared 

to FUT7, FUT9, ST3GAL3, ST3GAL6. C) A correlation analysis supports the existence 
of two glycogenes groups in CRC. The correlogram shows significant positive 

correlations between FUT3, FUT4, FUT6, ST3GAL4 and negative correlations with FUT7, 

FUT9, ST3GAL3, ST3GAL6, characterizing the second group of sLe-related glycogenes. 

On the other hand, FUT7 and FUT9 correlated positively with ST3GAL3 and ST3GAL4 and 

negatively with the other group of glycogenes, reinforcing the existence of two distinct 

clusters of potentially co-expressed glycogenes. D) FUT3 and FUT4 were significantly 
decreased in more aggressive tumours (stages III/IV vs I/II), whereas FUT9 and 
ST3GAL3 transcripts were significantly increased. These observations link the group of 

tumours enriched for FUT9 and ST3GAL3 to cancer aggressiveness. E and F) 
Overexpression of ST3GAL3 and ST3GAL6 required for sLe antigens biosynthesis is 
associated with decreased survival in CRC. ST3GAL3 and ST3GAL6 overexpressing 

tumours presented significantly decreased overall and disease-free survivals. Furthermore, 

tumours showing low transcripts for these glycogenes presented lower risk of death by 

cancer (ST3GAL3: HR=0.7, p=0.05; ST3GAL6: HR=0.5, p=0.002 ) and disease progression 

(ST3GAL3: HR=0.5, p=0.02; ST3GAL6: HR=0.7, p=0.06).  

 

In summary, we found two distinct glycosyltransferases expression patterns linked 

to different prognoses. Namely, we found indications that elevated ST3GAL3 and ST3GAL6 

transcripts may be used as surrogates of poor prognosis, underscoring a connection 
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between hypersialylation driven by these glycosyltransferases and CRC aggressiveness. 

Their strong correlation with FUT7 and FUT9 supports the preferential expression of sLeX 

antigens in more aggressive tumours, aligning with our observations in patient samples. On 

the other hand, we found the high FUT3, FUT4, and FUT6 transcripts were surrogates 

favourable prognosis. Our findings further highlight the importance of gaining a deeper 

understanding of the molecular pathways underlying sLe biosynthesis and accurate 

mapping of these terminal sialoglycans through glycomics, particularly in the context of 

precision oncology.  

  

 

E-selectin affinity glycoproteome  

 To overcome the limitations arising from the non-cancer specificity of sLe antigens, 

we undertook a thorough characterization of the glycoproteome to pave the way for 

precision oncology (according to the scheme in Figure 3A). Our approach involved using 

proteins extracted from FFPE tissues as the starting material. The goal was to highlight the 

underexplored yet promising potential of this material for conducting comprehensive 

glycome and glycoproteome studies. A pool of metastatic tumours overexpressing sLeA/X 

in more than 50% of the tumour area was selected for a thorough investigation of the sLe-

glycoproteome. This involved utilizing E-selectin affinity chromatography followed by 

bottom-up identification through mass spectrometry (Figure 3A). Glycomics analysis, 

involving the in situ N- and O-deglycosylation of sLe hotspots in tumour tissues, was 

conducted in parallel to facilitate the annotation and validation of glycoproteins. We found 

high levels of sLe antigens and little alterations in the N- and O-glycome across the 

metastatic CRC samples used for this study (Figure S5; Table S3, S4). These 

glycoepitopes were mainly observed on extended core 2 O-glycans and on complex N-

glycans (Figure S5A, -B), also in accordance with previous reports on the CRC glycome 

(5). The presence of sLe antigens on N- and O-glycans was further confirmed by MS/MS 

analysis (Figure S5C, -D). This data was later used for unequivocal identification of sLe 

glycoproteoforms by mass spectrometry. 

We have identified 554 glycoproteins carrying glycopeptides indicative of the 

presence of sLe antigens (Figure 3B; Table S5, S6). Notably, the number of O-

glycoproteins (n=349; Table S5) potentially carrying sLe glycoepitopes was higher than that 

of N-glycoproteins (n=231; Table S6). Notably, it was only possible to ascertain the 

simultaneous occurrence of both types of glycosylation in 26 proteins. These included 

mucins (MUC-15; MUC-16; Figure 3B) and proteins associated with cell adhesion, such as 
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FAT2 (commonly found in the nervous system) (18) and CD6, which may serve as a co-

stimulatory molecule for T-cell activation and proliferation (19). Additionally, adhesion-

related molecules like E-selectin and L-selectin, typically associated with lymphocytes, 

hinted at the possibility that these receptors may also carry sLe antigens. Nevertheless, 

bleeding from the enrichment strategy cannot be overruled at this stage. The 

comprehensive integration of this data using GO term analysis revealed markedly different 

biological functions (Figure3C -D). Identified O-glycoproteins predominantly play a crucial 

role in facilitating the transport of inorganic molecules and ions across the cell membrane, 

accounting for over 70% of their involvement (Figure 3C). They also contribute, albeit to a 

lesser extent, to cellular functions such as adhesion, migration, chemical homeostasis, and 

participation in the G-protein coupled receptors (GPCRs) signalling pathway (Figure 3C). 

In contrast, the N-glycoproteins carrying sLe epitopes reveal distinct molecular networks 

(Figure 3C). Beyond mediating GPCRs and ion channel activities, as well as cellular 

adhesion, these proteins are associated with vasculature development and positive 

regulation of the Mitogen-Activated Protein Kinase (MAPK) cascade, a pathway linked to 

promoting proliferation, resistance to apoptosis and poor prognosis in CRC (20, 21). 

Notably, the most significant and markedly different biological function is related to axon 

guidance (>30% of the glycoproteins; Figure 3D). This involves the processes through 

which developing nerve cells navigate and extend their axons to establish connections 

within the nervous system. Interestingly, a more detailed revisitation of the identified N- and 

O-glycoproteins, supported by the Human Protein Atlas database, identified several protein 

species typical of neural cells, namely CNTN6, NRCAM, NFASC, TENM4, and NCAM1. 

The presence of glycans carrying sLe antigens on these glycoproteins was further 

confirmed by manual annotation of MS/MS spectra (Figure S6). These observations 

strongly suggest that these sialoglycoproteins may originate from the neuroendocrine 

system, constituting novel findings that warrant more in-depth confirmation in future studies. 

Interestingly, in explorative settings, we observed that all three tumours pooled for this study 

presented significant vascularization (high CD34; Figure S7), and one also displayed high 

levels of the neuroendocrine marker synaptophysin (Figure S7). Such observations align 

with the connection between the identified glycoproteins, angiogenesis, and neural 

features. Another noteworthy discovery was the identification of the immune checkpoint PD-

1, now being described as an E-selectin binder for the first time. However, the implications 

of these findings for protein functionality as well as its clinical significance remain 

unaddressed and merit future investigations. We then compared our findings with the limited 

information on E-selectin ligands from CRC cell lines (5, 22)(Figure S8) While the number 

of glycoproteins identified by our study significantly broadens the understanding of the E-



CHAPTER II. 
 

 
E-selectin Affinity Glycoproteomics Reveals Neuroendocrine Proteins and the Secretin Receptor as a Poor Prognosis 
Signature in Colorectal Cancer 147 

 

selectin affinity CRC glycoproteome compared to current literature, we were able to identify 

some common grounds with a recent investigation on a sLeX-expressing cell line (22) 

(Figure. S8). We particularly highlight nervous system associated glycoprotein L1CAM, 

which suggests that cells of epithelial origin may gain capacity to express neuronal markers 

carrying sLe antigens.  

 
Figure 3. E-selectin affinity glycoproteomics identifies relevant functional molecular 
signatures and targetable glycoproteins potentially carrying sialylated Lewis 
antigens. A) Schematic representation of the analytical workflow explored for 
identification of E-selectin ligands in CRC. The top panel illustrates how sialylated Lewis 

antigens may facilitate the intravasation and extravasation of cancer cells through 

interactions with E-selectin on endothelial cells. The middle panel outlines the workflow for 
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the isolation and identification of glycoproteins, along with the curation of glycoproteomics 

data to identify potentially targetable molecular signatures. In brief, protein extracts from 

FFPE  metastatic CRC tissues were pooled, enriched for sialylated Lewis antigens 

expressing glycoproteins through affinity for E-selectin and separated by SDS-PAGE. The 

bands were excised, and the proteins were reduced, alkylated, and digested with trypsin 

before being analysed by nanoLC-ESI-HCD-MS/MS. Identified glycoproteins were ranked 

using an in-house algorithm (target score), which utilizes information from the Human 

Protein Atlas to sort proteins based on their targetability, by summing cancer specificity and 

association with poor prognosis, while penalizing expression in healthy tissues. Relevant 

glycoproteins were then orthogonally validated in cancer tissues for sLe antigen expression 

using different immunoassays such as immunohistochemistry, PLA, and western blot. B) 
More O-glycoproteins potentially carrying sialylated Lewis antigens were identified 
compared to N-glycoproteins. Notably, only 26 glycoproteins were found carrying both 

modifications. C) The most notable distinction in terms of biological functions 
between the O- and N-glycoproteomes was the association of N-glycoproteins with 
neuronal traits. GO term analysis showed that O-glycoproteins were mainly involved in 

plasma membrane molecular transport and cellular homeostasis regulation, as well as in 

cell adhesion, migration, and G protein-coupled receptor signalling pathways. Furthermore, 

proteins linked to sensory functions suggest an association with neuroendocrine functions, 

mirroring observations for N-glycoproteins. N-glycoproteins are primarily associated with 

axon guidance, and to a lesser extent, with G protein-coupled receptor and ion channel 

activities, as well as cell adhesion, similarly to O-glycans. Notably, glycoproteins involved 

in vasculature development and positive regulation of the MAPK cascade were also 

observed. D) SCTR emerged as one of the top ranked targetable glycoprotein in CRC. 
Most abundant glycoproteins were ranked using our in-house target score algorithm, which 

builds on the Human Protein Atlas database to ascertain cancer specificity and associations 

with poor prognosis. Notably, this approach identified SCTR, along with TENM4, IL6ST, 

and CNTN6, as top-ranked glycoproteins. 

 

Target Selection 

 Finally, we have conducted a thorough exploitation of the identified glycoproteins to 

uncover potential targetable signatures, considering cancer specificity and prognostic links. 

This comprehensive analysis utilized an in-house algorithm, previously successful in 

identifying cancer-specific glycoproteoforms in esophageal (8), gastric (9), and bladder 

cancer (10). The algorithm systematically utilizes the protein databank to prioritize 
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associations with cancer, poor prognosis, preferential localization at the cell membrane for 

enhanced targetability, and low expression in relevant healthy organs to minimize potential 

off-target effects. Conversely, the algorithm-imposed penalties for the presence of 

glycoproteins in healthy tissues. Accordingly, the most abundant glycoproteins were then 

analysed by this approach. Notably, amongst the top ranked glycoproteins carrying sLe 

antigens was TENM4 and the SCTR (Figure 3E; Table S7). Interestingly, both 

glycoproteins have been observed in nerve cells (23, 24).  

 

SCTR and SCTR sialoproteoforms in CRC  

In this study, we focused on assessing the cancer specificity and the clinical 

relevance of the SCTR in CRC, aiming to gain more information about this protein, which 

has been poorly studied in this context. This membrane glycoprotein was expressed in all 

primary advanced cases and was significantly increased in tumours with distant metastasis 

(Figure 4A, -B, -C). Notably, the SCTR was diffusely expressed across the tumour tissue 

(>70% of the tumour area). It was also detected in 50% of lymph node metastases (3/6) 

and 30% of distant metastasis (3/10; Figure 4B, Figure S9). Strikingly, all distant positive 

metastases were observed in the liver, suggesting some degree of tropism. Complementary 

transcript analysis from TCGA confirmed the observations made in our patient series, 

linking the SCTR receptor with CRC aggressiveness. It revealed that SCTR is 

overexpressed in more advanced tumours (stage III/IV) compared to less aggressive 

lesions (stage I/II; Figure 4D). Also, SCTR overexpression was associated with decreased 

overall (SCTRlow tumours: HR=0.5; p= 0.004) and progression-free (SCTRlow tumours: HR= 

0.7; p= 0.05; Figure 4E-H) survivals. Interestingly, TCGA analysis also unveiled a 

significant positive correlation between SCTR and SCT for a relevant subset of colorectal 

tumours (Figure 6B). Notably, SCT binding to the SCTR receptor has been found required 

for initiating physiological responses (25). Furthermore, SCT was also significantly 

overexpressed in stage III/IV CRC and associated to worse prognosis (overall survival for 

SCTlow tumours HR=0.5, p= 0.001; disease free survival HR=0.5, p= 0.001; Figure 4F-H). 

Notably, clustering analysis revealed an association between SCRT and SCT with 

glycosyltransferases linked to the unfavourable prognosis glycosyltransferase phenotype. 

(Figure 6A). These findings were further reinforced by correlation analysis, where SCTR 

and SCT expressions correlated positively with FUT4, 5, and 9 linked to the worst prognosis 

(Figure 6A-B). Conversely, SCRT correlates negatively with FUT3 and FUT4, associated 

with favourable prognosis (Figure 6A-B). SCT expression correlated positively with FUT7 

and negatively with FUT3 and FUT4. Additionally, it correlated positively with poor 
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prognosis marker ST3GAL3 (Figure 6B).  These observations reinforce a link between 

SCTR and SCT cancer aggressiveness and sLe antigens driven by a particular subset of 

glycosyltransferases, which merits future validation.  

 
Figure 4. The SCTR is overexpressed in metastatic tumours as well as in the 
metastases and associates with poor prognosis in CRC. A-B) The SCTR is highly 
expressed in both aggressive primary tumours as well as lymph node and distant 
metastases. The SCTR exhibits diffuse expression in most colorectal tumours and may 

also be present in some lymph nodes (in 50% of cases) and distant metastases (in 25% of 

cases), predominantly in the liver. Notably, no signs of SCTR expression were observed in 

peritoneal metastases. C) The SCTR is significantly more expressed in primary 
tumours showing metastasis. D) The SCTR gene is overexpressed in advanced stage 
CRC. TCGA analysis showed that the number of SCTR transcripts was higher for advanced 

tumours (stages III/IV vs I/II). E) SCTR overexpression associates with decreased 
survival. Tumours exhibiting SCTR overexpression showed significantly lower overall and 
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progression-free survivals compared to tumours with low SCTR expression. F) SCT is also 
overexpressed in advanced stage tumours. Advanced stage tumours present 

significantly higher number of SCT transcripts, which encode for a key activating ligand of 

SCTR. G) SCT overexpression associates with worse survival. Tumours exhibiting high 

SCT transcript levels present significantly lower overall and disease-free survival rates 

when compared to SCT-low tumours. H) Low SCTR or SCT transcript levels are 
associated with a decreased risk of death. 

 

We then assessed the glycosylation of SCTR, aiming to determine cancer 

specificity. Approximately 70% of the cases positive for SCTR, either tumours or 

metastases, co-expressed sLe antigens in the same tumour area (Figure 5A). PLAs 

targeting sLeA and sLeX provided additional support for the hypothesis that SCTR could 

function as a carrier for these glycoepitopes (Figure 5A). Furthermore, PLA analysis of the 

same tumour tissue sections, post-digestion with PNGase F to eliminate N-glycans, led to 

the disappearance of the SCTR-sLe signals (data not shown). The hypothesis that sLe 

antigens could be attached to N-glycans was further supported by tandem mass 

spectrometry, revealing glycopeptides with complex N-glycans terminated by sLe antigens. 

(Figure 5B.  PLA analysis further showed a higher density of SCTR-sLeA in comparison to 

the SCTR-sLeX glycoproteoform in CRC (Figure 5A). SCTR immunoprecipitation and 

western blotting reinforced these observations (Figure 5C). Additionally, in our Western blot 

analysis of SCTR-immunoprecipitates, multiple bands were observed, but mass 

spectrometry confirmed the presence of the SCTR glycoprotein only below 75 kDa and at 

approximately 50 kDa and 37 kDa. The blots for sLeX displayed a faint band at 75 kDa, 

suggesting also residual cross-reactivity with bands at 50 kDa and 75 kDa, in line with the 

low abundance of SCTR-sLeX observed through PLA. Notably, E-selectin did not recognize 

the 75 kDa band, likely due to low expression levels. Conversely, both E-selectin and the 

anti-sLeA antibody exhibited noticeable cross-reactivity with bands above 50 kDa and a low 

molecular weight proteoform at 37 kDa. Notably, non-specific signals were detected in the 

sLeA and sLeX blots at 25 kDa (corresponding to the Ig light chain) where SCTR was 

absent. Additionally, non-specific cross-reactivities with the 50 kDa band, potentially 

containing IgG heavy chains, cannot be ruled out. Nevertheless, our findings strongly 

support the existence of a short SCTR-sLeA glycoproteoform with significant affinity for E-

selectin.  
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Figure 5. The SCTR is a major carrier for sialylated Lewis antigens in CRC but not on 
healthy tissues. A) The SCTR predominantly carries sLeA in CRC. 
Immunohistochemistry analysis revealed a co-expression of both sLeA and sLeX 

glycoepitopes along with SCTR in the same tumour area, which was not observed in healthy 

tissues denoting some degree of cancer specificity. PLA analysis further confirmed SCTR 

as a potential carrier for these glycans, a finding absent in healthy colon samples. Moreover, 

PLA analysis strongly suggests that SCTR is predominantly modified with glycans carrying 

sLeA. B) Western blot analysis of SCTR-immunoprecipitates provides evidence for 
the existence of SCTR-sLeA glycoproteoforms acting as ligands for E-selectin. 
Western blot analysis of SCTR immunoprecipitates revealed multiple bands, with the most 

intense below 75 kDa, at 50 kDa, and 25 kDa. However, SCTR was detected by mass 

spectrometry only at approximately 75 kDa (band 1), 50 kDa (band 2), and 37 kDa (band 

3). The anti-sLeX antibody displayed less reactivity, with faint bands observed 
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predominantly between 75 kDa and 50 kDa and at 25 kDa. The sLeA antigen stained 

strongly, exhibiting clear bands at 50 kDa, 37 kDa, and 25 kDa. Furthermore, E-selectin 

showed affinity for bands at 50 kDa and 37 kDa. Notably, all blots also displayed signals 

from the antibody used for immunoprecipitation at 50 kDa (IgG heavy chain) and 25 kDa 

(IgG light chain). Collectively, these findings strongly suggest the existence of a low 

molecular weight SCTR-sLeA glycoproteoform with affinity for E-selectin at 37 kDa. The 

existence of another glycoproteoform at 50 kDa cannot be fully confirmed due to antibody 

signals. C) MS and MS/MS spectra for an SCTR N-glycopeptide potentially carrying 
sialylated Lewis antigens. The MS and MS/MS spectra support the existence of a 

complex type N-glycan potentially carrying sialylated Lewis antigens. Collectively, multiple 

orthogonal validations support the modification of SCTR with glycans carrying sialylated 

Lewis antigens, most likely sLeA. 

 

In summary, we have established a connection between SCTR overexpression in 

CRC, poor prognosis, and the presence of metastases. Additionally, we have demonstrated 

that, despite the high expression of sLeX in CRC cancer, the receptor is a preferential carrier 

for sLeA and can be targeted by E-selectin, potentially explaining its presence in metastatic 

contexts. 

 

SCTR and SCTR sialoproteoforms in Healthy Tissues 

Finally, we conducted a more in-depth investigation on the cancer specificity of the 

SCTR exploiting documented analysis in the human protein atlas. The receptor has been 

found highly expressed in the gastrointestinal tract and, to a lesser degree, in the respiratory 

system as well as in the pancreas, kidney, and urinary bladder. Low expressions could also 

be found in proximal digestive tract, in male, connective and soft tissues (Figure S10). 

Additionally, and for validation purposes, we also analysed the cohort of healthy tissues 

previously screened for sLe antigens. We confirmed the expression of SCTR across the 

digestive tract (stomach, colon, appendix; Figure 6B) in cells of the glandular epithelium as 

well as in respiratory tract in cells that compose the bronchus and bronchiole epithelia. The 

thyroid, testicle, liver, and pancreas were negative (Figure 6B), which contrasted with the 

low expression described by the human protein atlas. However, despite the expression of 

sLe antigens in some of these tissues (lung, pancreas, colon, appendix, skin; Figure 1B), 

we found no indications of overlapping with SCTR-sLe expressing areas, a finding later 

confirmed by negative PLA (Figure 6C). Furthermore, we identified SCTR in around 50% 

of leukocytes, predominantly present in granulocytes (approximately 70%), and to a lesser 
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extent, in 20% of lymphocytes and 10% of monocytes (Figure 6D; Figure S11). However, 

less than 10% of these cells also exhibited positivity for sLeA, with a comparable distribution 

observed among granulocytes, lymphocytes, and monocytes (Figure 6D; Figure S11). In 

summary, our findings indicate a constrained expression pattern for SCTR-sLeA 

glycoproteoforms in healthy tissues, in clear contrast with their elevated presence in 

colorectal primary tumours and metastases.  

 

Figure 6. SCTR-sLe glycoproteoforms associate with worst prognosis and present a 
very restricted pattern in human healthy tissues and cells. A) The SCTR and its 
activating ligand SCT cluster with sLe-related glycogenes linked to worst prognosis 
in CRC. SCTR and SCT expressions clusters with the expression of FUT5, FUT7, FUT9, 

ST3GAL3 and ST3GAL4 linked to worst prognosis in CRC. B) The SCTR is significantly 
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correlated with SCT and the glycogenes linked to worst prognosis. The SCTR receptor 

positively correlates with SCT and glycogenes linked to a poor prognosis, while both are 

negatively correlated with the glycogenes associated with a favourable prognosis. C) SCTR 
presents relevant expression in several human healthy organs (respiratory system; 
gastrointestinal tract; pancreas; kidney and urinary bladder). The analyses of healthy 

organs revealed moderate SCTR expression in the healthy glandular epithelium of the 

gastrointestinal tract, specifically in the stomach, colon, and appendix, as well as in the 

bronchi and bronchioles. D) SCTR-SLeA glycoproteoforms were not detected in healthy 
tissues. PLAs conducted on healthy tissues, including SCTR-positive/SLeA tissues (colon, 

pancreas, skin) did not reveal signs of proximity, consistent with the observation that the 

glycoepitope and the SCTR are not expressed in the same region. E) SCTR-sLeA 
glycoproteoforms are residually expressed by circulating leukocytes. SCTR is highly 

expressed in leukocytes, with approximately 50% of them showing expression, primarily in 

granulocytes (80%) and some lymphocytic populations. Additionally, a residual population 

of approximately 8% of monocytes expresses both SCTR and sLeA. 

 

Discussion and Concluding Remarks 
This work establishes a roadmap for identifying glycoproteoforms carrying sialylated 

antigens in CRC, with potential applicability to other tumours. The study was motivated by 

the crucial role played by these glycans driving metastasis (26, 27). They facilitate cancer 

cell engagement with endothelial cells, aiding intravasation, enabling travel through the 

bloodstream, and ultimately directing them to distant locations via interactions with E-

selectin (3, 28). In fact, blocking cancer cell binding to E-selectin has been demonstrated to 

prevent CRC metastasis (29, 30). However, this binding is influenced not only by the 

structural characteristics of the terminal sLe epitope but also by the protein scaffold carrying 

these post-translational modifications (31, 32). Still, the identity and functions of 

glycoproteoforms carrying these glycoepitopes in CRC and other tumours remain mostly 

elusive, hindering a comprehensive understanding of their biological roles and precision 

oncology. In fact, most studies concerning CRC have been exclusively conducted on cancer 

cell lines, leading so far to the identification of a limited number of glycoproteins such as 

CD44 (33), carcinoembryonic antigen (34), podocalyxin-like protein (35), lysosomal 

membrane glycoprotein-1 and 2 (28), and several types of integrins (22). The low cancer 

specificity of sLe antigens also poses a limitation for targeted therapies. 

To address these challenges, we applied E-selectin affinity chromatography and 

tandem mass spectrometry, a methodology successfully employed in breast (13), gastric 
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(9), and CRC cancer cell models (22) to analyse glycoproteomics in tumour tissues. 

Notably, FFPE tissues, predominant in cancer biobanks, proved invaluable for glycome and 

glycoproteome characterization, expanding beyond recent demonstrations on CRC 

glycome characterization in these tissues (5, 36). Our investigation revealed a broader 

spectrum of CRC glycoproteins with affinity for E-selectin compared to previous reports in 

cell models (22, 33). We observed significant differences between the O- and N-

glycoproteomes in terms of identified glycoproteoforms and key biological functions. Crucial 

glycoproteins were identified for cell adhesion, maintenance of cellular homeostasis, 

response to microenvironmental stimuli, and activation of relevant oncogenic pathways, 

particularly MAPK cascade (37, 38). We also unveiled a significant number of glycoproteins 

associated with neovascularization and introduced novel observations regarding the 

substantial presence of glycoproteins characteristic of the colorectal enteric nervous 

system, recognized for autonomously regulating physiological functions (39) but poorly 

characterized in CRC. Among these glycoproteins is the neuron-associated glycoprotein 

LICAM1, also described in a recent study on the FUT6-transfected sLeX-overexpressing 

SW620 cell line as a major E-selectin binding molecule (22). LICAM1, characteristic of 

nervous cells, has been implicated in neuronal migration, neurite fasciculation, and synaptic 

plasticity, observed in several types of tumours, including CRC (40-42). Its identification and 

overexpression, promoted by FUT6/sLeX in an adenocarcinoma cell line with epithelial 

morphology (22), pose a provocative hypothesis. It suggests that CRC cancer cells may 

acquire neurological traits potentiated by sLe, emphasizing the need for further 

confirmation. Our study demonstrates that glycosylation with sLe antigens is a molecular 

feature shared by glycoproteins associated with vascular and neuro functions, reinforcing 

potential yet undetermined links between these two systems. Additionally, we identified PD-

1, a well-known immune checkpoint receptor targeted in clinics to enhance anti-cancer 

immune responses (43, 44). While PD-1 N-glycosylation is critical for receptor functionality 

and recognition by therapeutic antibodies (45, 46), the presence of sLe antigens is being 

reported for the first time, and its biological role remains unknown. Nevertheless, these 

findings strongly indicate the presence of T cells in the tumour bulk carrying sLe antigens, 

known to play a key role in T cell recruitment to inflammation sites by enabling adhesion to 

E-selectin (47, 48). Overall, we hypothesize that the diversity found in the sLe 

glycoproteome could potentially arise from shared microenvironmental pressures affecting 

different types of cells (immune, vascular, neuronal, tumour) within the tumour ecosystem. 

Specifically, it is well-established that sLe antigens expression may be triggered by pro-

inflammatory signals in various conditions, including cancer (49, 50). In chronic gastric 

inflammation induced by H. pylori, the expression of sLe antigens has been linked to the 
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modulation of glycosyltransferases by pro-inflammatory cytokines, namely TNF-α (51). 

Additionally, in a primary invasive ductal carcinoma cell line, the inhibition of fucosylation 

suppressed sLeX antigen and E-selectin ligands expression, resulting in lower migration 

capacity and reduced IL-8 and TGF-β expressions (37). Furthermore, FUT6 silencing has 

been shown to reduce TGF-β-mediated epithelial-mesenchymal transition and inhibit 

migration in CRC (52). These findings highlight the pivotal role of the microenvironment on 

the expression of sLe antigens. Future studies should explore the functional impact of these 

seminal observations and their consequences for organ functionality and disease 

progression. Emerging single cell proteomics approaches will be unvaluable tools towards 

this objective (53-55). 

Finally, we have conducted a thorough analysis of identified glycoproteins to 

uncover potential targetable signatures using an in-house algorithm successful in various 

cancers (8-10). The G protein-coupled SCTR emerged as a top-ranked glycoprotein and 

was selected for in-depth evaluations due to its relatively unexplored nature in CRC. 

Notably, the SCTR has been previously identified in both glandular cells and subsets of 

putative secretomotor/vasodilator neurons in the healthy colon (56). This reinforces the 

hypothesis that many sLe-expressing glycoproteins may originate from the peripheral 

nervous system. While it remains poorly studied in CRC, the SCTR has been found 

overexpressed in gastrinomas (57), bronchopulmonary carcinoid tumours (58) 

cholangiocarcinoma (57), esophageal and pancreatic ductal adenocarcinomas (57) and 

considered a candidate target for molecular tumour imaging as well as for peptide receptor 

radioligand therapytherapy (59).(59). Here, we describe that both SCTR and its activating 

ligand SCT are overexpressed at advanced stages and associated with distant metastases, 

being predictors of worse prognosis. The correlation between elevated SCTR and SCT 

levels in CRC may imply yet unknown alterations in fluid balance, colonic motility, and 

interactions with the enteric nervous system, with implications for disease progression and 

dissemination. These constitute novel observations raising fundamental questions about 

SCTR's role in CRC biology. Furthermore, we have verified SCTR as a primary carrier of 

sLe antigens, proposing that these glycoepitopes might confer cancer specificity to the 

glycoprotein and enable adhesion to E-selectin. However, further in-depth analysis is 

essential to validate this hypothesis, evaluate the impact of glycosylation on SCTR 

functionality, and explore targeted therapeutic opportunities. Interestingly, we also linked 

the SCTR and SCT to a group of sLe-related glycogenes defining worst prognosis, 

reinforcing the association with CRC aggressiveness. Furthermore, we have uncovered a 

novel clinical context and a potential co-regulatory mechanism among sialyl Lewis (sLe)-
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related glycogenes in CRC, providing novel insights to better understand their biological 

functions and role in disease, which remain controversial. 

In summary, this study presents a strategy for unravelling the cancer 

glycoproteome's complexity, identifying clinically relevant signatures, and shedding new 

lights on the sialoglycoproteome's links to the colonic peripheral nervous system. The 

recently recognized impact of nerves and neoinnervation on various cancer types (60-62) 

underscores the imperative need for deeper exploitation. Specifically, while interactions 

between cancer, vascular and nervous cells have been shown to contribute to cancer 

progression (63, 64), the precise mechanisms driving CRC and the role played by protein 

glycosylation in this context remain unexplored. We anticipate that this knowledge may 

provide a novel research avenue at the intersection of neurology and oncology, paving the 

way for precision oncology and novel strategies to counteract metastases development. 

Furthermore, our investigation revealed an overexpression of SCTR carrying sLeA and 

targeted by E-selectin in metastatic colorectal tumours, as well as a significant number of 

associated lymph node and distant metastases. Notably, this overexpression contrasts with 

the restricted expression pattern observed in healthy human tissues and immune cells. 

While the possibility of cancer specificity remains, further studies leveraging a 

comprehensive characterization of the human glycoproteome are essential. Nonetheless, 

these findings provide a foundation for targeted approaches to address aggressive CRC 

tumours and metastases more effectively. 
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Figure S1. SLeA and sLeX are abundantly expressed in primary tumours and 
to a high extent in lymph node and distant metastases. A) SLe glycoepitopes 
expression according to the degree of invasion (pT) and clinical staging. A 

Chi-square analysis was performed and showed no associations of sLeA and sLeX 
with T (sLeA: p=0.25; sLeX: p=0.512) and clinical stages (sLeA: p=0.389; sLeX: 
p=0.109). B) SLe glycoepitopes expression in primary tumours vs lymph node 
and distant metastases. 
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Figure S2. Flow cytometric gate strategy to identify sLeA and sLeX positive 
leukocytes in peripheral blood of healthy donors. (A) Singlets are selected 

according to forward scatter-height (FSC-H) versus forward scatter-area (FSC-A). 

(B) Leukocytes are selected, and erythrocytes and debris were excluded using side 

scatter-area (SSC-A) versus FSC-A. (C) Live leukocytes are isolated by selecting 

the CD45 positive and DAPI negative cells. (D) Live leukocytes are subtyped into 

lymphocytes, monocytes, and granulocytes according to CD45 expression and 

SSC-A dispersion. (E) sLeA+/sLeX+ leukocytes are isolated using fluorochrome-

coupled specific antibodies. (F) Isolating the sLeA positive leukocytes, 30.0% of the 

cells are lymphocytes, 55.4% are monocytes, and 7.9% are granulocytes. (G) 

Isolating the double positive leukocytes for sLeA and sLeX, 24.9% of the cells are 

lymphocytes, 60.0% are monocytes, and 7.9% are granulocytes. (H) Isolating the 
double negative leukocytes for sLeA and sLeX, all the events are lymphocytes. (I) 

Isolating the sLeX positive leukocytes, 13.6% of the cells are lymphocytes, 0.3% are 

monocytes, and 84.5% are granulocytes. 
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Figure S3. Expression of glycosyltransferases involved in sLe biosynthesis in 
CRC and normal adjacent tissues. The analysis of transcripts encoding key 

glycosyltransferases involved in sLe antigen biosynthesis was conducted on 598 

tumour samples and 51 normal adjacent tissue samples from the TCGA database. 
FUT4 and FUT7 mostly linked to sLeX biosynthesis, were significantly 

overexpressed, whereas all the other glycosyltransferases were downregulated. 

FUT5 is residually expressed by few cases in healthy tissues and CRC. 
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Figure S4. Overexpression of highly correlated FUT3, FUT4 and FUT6 
associate with a favorable prognosis in CRC, whereas FUT9 presents a trend 
link to worst prognosis. TCGA analysis revealed that high FUT3, FUT4, and FUT6 

transcripts associated with favourable overall and disease-free survivals. Also, 
decreased FUT3, FUT4, and FUT6 correlated with higher cancer-related mortality 

and progression risk (FUT3low: HR-1.8, p=0.04/ HR-1.7, p=0.04;  FUT4low: HR-

2.4, p=0.02/ HR-1.8, p=0.002; FUT6low: HR=1.6, p=0.01/ HR-1.6, p=0.01). Notably, 
FUT3 and FUT6 showed a strong positive correlation. Conversely, FUT9 

overexpression, inversely correlated with FUT3 and FUT6, trended with decreased 
overall survival. Additionally, tumors with low FUT9 mRNA levels had lower hazard 

ratios for overall (HR: 0.7, p=0.09) and disease-free survivals (HR:0.7, p=0.18).  
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Figure S5. A) Typical MS spectra reflecting the N-glycome of metastatic 
colorectal tumor tissues used in this study. Dashed glycans are consistent with 

carrying sialylated Lewis antigens as terminal epitopes. B) Typical MS spectra 
reflecting the O-glycome of metastatic stage IV colorectal tumor tissues used 
in this study. C) MS/MS of a complex N-glycan carrying sialylated Lewis 
antigens. The spectrum highlights typical glycosidic linkage fragments consistent 

with the presence of sialylated Lewis antigens. D) MS/MS of an extended core 2 
O-glycan carrying sialylated Lewis antigens. 
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Figure S6. MS/MS spectra for unglycosylated peptides (top panels) and 
glycopeptides (bottom panels) supporting the expression of neuroendocrine-
related glycoproteins NCAM1 and TENM4 potentially carrying sialylated Lewis 
antigens. * Modification of cysteine with carbamidomethyl 
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Figure S7.  CRC tumours pooled for E-selectin enrichment and 
glycoproteomic analysis showed evidence of relevant neovascularization 
(CD34+), neuroendocrine features (Synaptophysin+), and high levels of 
sialylated Lewis antigens in the same tissue area. 
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Figure S8. Venn Diagram highlighting E-selectin affinity glycoproteins 
identified to date in the context of CRC. The Venn Diagram highlights some 

common proteins between our study and the analysis of a sialyl-Lewis 

overexpressing cell line, including L1CAM which is a typical nervous system-
associated glycoprotein. 
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Figure S9. The SCTR receptor is highly expressed in colorectal tumours and 
may also be found in lymph node and distant metastases. 
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Figure S10. SCTR presents relevant expression in several human healthy 
organs (respiratory system; gastrointestinal tract; pancreas; kidney and 
urinary bladder). According to the Human Protein Atlas (A), SCTR exhibits high 

expression in the gastrointestinal tract, moderate expression in the respiratory 

system, pancreas, kidney, and urinary bladder, and low to vestigial expression in 

the proximal digestive tract, male tissues, and connective and soft tissues. 

Expression levels are defined as high, moderate or low, according to the Human 

Protein Atlas (www.proteinatlas.org/). 
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Figure S11. Flow cytometric gate strategy to identify sLeA and SCTR positive 
leukocytes in peripheral blood of healthy donors. (A) Singlets are selected 

according to FSC-H versus FSC-A. (B) Leukocytes are selected, and erythrocytes 

and debris were excluded using SSC-A versus FSC-A. (C) Live leukocytes are 
isolated by selecting the CD45 positive and DAPI negative cells. (D) Live leukocytes 

are subtyped into lymphocytes, monocytes, and granulocytes according to CD45 

expression and SSC-A dispersion. (E) sLeA+/SCTR+ leukocytes are isolated using 

fluorochrome-coupled specific antibodies. (F) Isolating the double negative 

leukocytes for sLeA and SCTR, around 100% of the cells are lymphocytes. (G) 

Isolating the double positive leukocytes for sLeA and SCTR, 22.5% of the cells are 
lymphocytes, 67.6% are monocytes, and 3.0% are granulocytes. (H) Isolating the 

sLeA negative and SCTR positive leukocytes, 15.7% of the cells are lymphocytes, 

0.45% are monocytes, and 82.3% are granulocytes. (I) Isolating the SCTR positive 

leukocytes, 17.2% of the cells are lymphocytes, 8.6% are monocytes, and 72.1% 

are granulocytes. 
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CONCLUDING REMARKS & FUTURE PERSPECTIVES 
 

Precision oncology for esophageal and colorectal cancer hinges on molecular 

understanding, with systems biology and omics data integration being pivotal. This 

approach identifies key proteins for intervention, requiring multi-layered biomolecular 

information, combining genomics, transcriptomics, proteomics, and post-translational 

modifications (PTM) identification. Proteomics, facilitated by genomics-informed workflows 

and PTM analysis, is essential for pinpoint neoantigens for clinical implementation. 

Glycosylation patterns, especially the presence of sialylated glycans, such as STn and sLeA 

antigens, on cell surface correlate with cancer severity [1]. Recent glycoproteomic studies, 

specially, in the context of esophageal and colorectal cancers, have unveiled the impact of 

cancer-associated glycans, like STn and sLeA, which modify protein function and serve as 

potential biomarkers. These glycans, while not exclusive to malignancies, have a limited 

presence in healthy tissues, marking them as distinctive cancer signatures. Functional 

analyses indicate that the presence of STn promotes cancer metastasis by enabling cell 

movement, tissue invasion, and evasion of the immune system [2]. Indeed, emerging 

research on circulating tumour cells (CTC) evidences the expression of this short chain O-

glycan on these cells that have the capacity to recapitulate the primary lesion on distant 

lesions. Moreover, studies suggest that STn antigen analysis could enhance liquid biopsy 

sensitivity with an impact on patient management. The current implemented serological 

analysis of these antigens inform clinical prognosis and treatment monitoring, however 

without a clear impact on patient management [1]. The accumulated evidence from both 

clinical and functional perspectives now strongly supports the development of interventions 

targeting these glycan alterations in clinical practice. 

 The current challenge lies in distinguishing cancer-specific glycopeptides from those in 

benign conditions to enhance the efficacy of glycan focused therapies. Despite the lack of 

extensive research on tumour-specific STn/sLeA glycoproteomes, the pursuit of such 

studies is crucial for the advancement of glycoproteomics in clinical applications. Integrating 

glycoproteomics with proteogenomics could unravel functional glycoepitopes, enhancing 

our understanding of tumour development and aiding in the refinement of serological tests. 

Additionally, mapping glycosignatures on therapeutic targets like PD-L1 may reveal 

resistance mechanisms to current innovative treatments, providing avenues for 

personalized medicine. Moreover, the glycosylation status of cancer cells plays a role in 

immune evasion and metastasis, with glycoproteins interacting with siglecs and selectins 

on immune cells, potentially leading to new immune checkpoint inhibitors [3]. The link 
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between STn expression and chemoresistance also suggests that glycoproteomic profiling 

could identify patients who might benefit from alternative therapeutic strategies [4]. 

Focusing on the glycosylation changes in metastasis and disease progression, especially 

the roles of STn and sLeA, can reveal critical insights for clinical applications. Integrating 

glycoproteomics into a multi-omic approach is anticipated to not only refine patient 

stratification but also to identify novel glycobiomarkers for targeted therapies, ensuring a 

more personalized and effective cancer treatment paradigm. 

Clinical management of EC remains challenging due to the absence of cancer-specific 

biomarkers, either for prognosis or treatment. On this matter, we conducted an analytical 

study focusing the identification of relevant glycoproteoforms on EC that could represent a 

step forward into the personalized medicine. Our study demonstrates that aggressive 

tumours with poor prognosis overexpress the STn antigen, potentially reflecting 

dysregulation in O-glycosylation pathways. High STn expression correlates with increased 

distant metastases, supported by its presence in CTC and association with cellular invasion 

in vitro. To our knowledge, this is the first report of STn expression in esophageal CTC. 

Future studies must evaluate its clinical value in liquid biopsies for early detection, 

prognosis, and treatment decisions. Appling an in-house developed algorithm (Target Score 

algorithm), allied with a glycoproteomic analysis, we were able to identify clinically relevant 

glycoproteins. Future research should validate our findings in larger patient populations and 

elucidate the underlying mechanisms of STn dysregulation. This underscores the need for 

personalized approaches to improve EC outcomes. In our study, preliminary findings using 

a database identified GLUT1 as a cancer-associated protein modified with STn antigens. 

This suggests potential for EC patient stratification based on GLUT1-STn overexpression. 

Immunoassay-based studies imply dependency on antibody specificity, warranting 

comprehensive mass spectrometry interrogation of the human proteome for validation. Our 

investigation supports previous reports on protein glycosignatures' clinical relevance, albeit 

limited by the original proteomics data's scope. While not initially designed for detailed 

glycoproteomic analysis, our study sets a precedent for tailored approaches in EC research, 

advocating for precision medicine guided by glycobiomarkers. 

The study in CRC extensively analyses glycoproteins to identify potential targetable 

signatures using the Target Score algorithm, successful in various cancers [5, 6]. Multi-

omics approach has identified the G protein-coupled SCTR as a top-ranked glycoprotein, 

warranting in-depth evaluations due to its relatively unexplored nature in CRC. Notably, 

SCTR has been identified in healthy colon cells, suggesting origins from the peripheral 

nervous system. Although poorly studied in CRC, SCTR is overexpressed in various 

cancers and associated with worse prognosis, suggesting potential roles in disease 

progression. Elevated SCTR and SCT levels in CRC may indicate unknown alterations in 
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fluid balance and colonic motility, raising fundamental questions about their roles in 

colorectal carcinogenesis. We propose SCTR as a primary carrier of sLe antigens, 

potentially conferring cancer specificity and enabling adhesion to E-selectin, but further 

validation is necessary. Additionally, we linked SCTR to a group of sLe-related glycogenes 

associated with worse prognosis, providing insights into their biological functions in CRC. 

This study unveils a strategy for unravelling cancer glycoproteome complexity and 

identifying clinically relevant signatures. The link between the sialoglycoproteome and the 

colonic peripheral nervous system is highlighted, suggesting a novel avenue for research 

at the intersection of neurology and oncology. Deeper exploration is needed to understand 

the precise mechanisms driving CRC and the role of protein glycosylation in cancer 

progression. Understanding these mechanisms may pave the way for precision oncology 

and novel strategies to counteract metastasis development. Additionally, our investigation 

revealed SCTR overexpression in metastatic colorectal tumours, suggesting potential 

cancer specificity. Further studies leveraging comprehensive glycoproteome 

characterization are necessary to validate these findings and develop targeted approaches 

for aggressive CRC tumours and metastases. 

Overall, this work provides sufficient grounds on the pattern of glycosylation of digestive 

tumours, vowing the development of more accurate diagnosis and prognosis tools, such as 

STn-based liquid biopsy, and putative glycan-based therapeutic solutions. Furthermore, the 

identification of cancer-specific glycoproteoforms of GLUT1 and SCTR creates the 

necessary rationale to foster more in-depth studies envisaging glycan-based precision 

medicine. Future studies should focus on elucidating the biological roles of both 

glycoproteins in esophageal and colorectal cancer pathogenesis. Additionally, 

comprehensive investigations are warranted to assess the presence of GLUT1 and SCTR 

antigens in the sera and CTC of cancer patients. Furthermore, a systematic mapping of 

GLUT1 glycoforms, alongside SCTR and other cancer-associated glycoproteins (TENM4, 

PD-L1, e.g.), holds promise for providing crucial structural data essential for the 

development of highly specific biomarkers and targeted therapeutic strategies. 

 

 
 
 
 
 
 
 
 



CONCLUDING REMARKS & FUTURE PERSPECTIVES   
 

 
 182 

 

References 
1. Fernandes, E., et al., Esophageal, gastric and colorectal cancers: Looking beyond 

classical serological biomarkers towards glycoproteomics-assisted precision oncology. 

Theranostics, 2020. 10(11): p. 4903-4928. 

2. Pinho, S., et al., Biological significance of cancer-associated sialyl-Tn antigen: 

modulation of malignant phenotype in gastric carcinoma cells. Cancer Lett, 2007. 249(2): 

p. 157-70. 

3. Peixoto, A., et al., A roadmap for translational cancer glycoimmunology at single cell 

resolution. J Exp Clin Cancer Res, 2022. 41(1): p. 143. 

4. Peixoto, A., et al., Protein Glycosylation and Tumor Microenvironment Alterations 

Driving Cancer Hallmarks. Front Oncol, 2019. 9: p. 380. 

5. Peixoto, A., et al., Glycoproteomics identifies HOMER3 as a potentially targetable 

biomarker triggered by hypoxia and glucose deprivation in bladder cancer. J Exp Clin 

Cancer Res, 2021. 40(1): p. 191. 

6. Fernandes, E., et al., Nucleolin-Sle A Glycoforms as E-Selectin Ligands and 

Potentially Targetable Biomarkers at the Cell Surface of Gastric Cancer Cells. Cancers 

(Basel), 2020. 12(4). 

 


