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SUMMARY 

Pancreatic ductal adenocarcinoma (PDA) presents a dismal prognosis mainly due to its 

delayed diagnosis, its aggressiveness, and resistance to existing therapies. Aberrant 

glycosylation and, in particular, the overexpression of several sialylated determinants such as 

sialyl-Lewisx/a (sLex/a), have been associated to cancer progression and metastatic spread, in 

addition to the modulation of the immune cell component of the tumour microenvironment.  

Previous studies from our group demonstrated that the α2,3-sialyltransferases (ST) 

ST3GAL3 and ST3GAL4, two enzymes that transfer sialic acid (SA) to generate α2,3-

sialylated determinants, promote the invasive and metastatic phenotype of PDA cell lines. In 

addition, these enzymes were shown to sialylate cell adhesion molecules involved in tumour 

progression, such as α2β1 integrin and E-cadherin, regulating their function and signalling 

pathways. These findings, together with the fact that expression levels of STs and SA levels 

are generally increased in the serum of cancer patients, being indicative of poor prognosis, 

highlight the importance of reducing hypersialylation in PDA. Blocking sialylation by 

modifying ST mRNA expression or by sialidase treatment has been used to study the role of 

tumour SA, but the application of these approaches to the clinical setting is complex. 

Nonetheless, the recent discovery and development of ST inhibitors have represented a new 

strategy to pharmacologically inhibit SA expression in tumours and have opened a path to 

therapeutically target STs.  

The Epidermal Growth Factor Receptor (EGFR), an important membrane receptor 

involved in cell proliferation, contributes to several processes favouring cancer onset, 

progression, and metastatic spread in nearly all neoplasms, including PDA. EGFR is a 

glycoprotein membrane receptor that can be sialylated by STs that, in turn, can modulate its 

function. In this regard, the study of EGFR glycosylation in different cancer types has 

recently increased, although the role of EGFR sialylation in PDA progression is still unclear, 

and would be of high interest for scientists developing EGFR-targeted therapies.  

Under these premises, in this study we principally aimed to gain insight into the role of the 

STs and their generated tumour sialoglycans on the phenotype of PDA cells; as well as to 

study their effect on the function and signalling of EGFR.   

In the first part of this study we have focused on the implication of ST3GAL3 and ST3GAL4 

on the glycosylation of EGFR in two PDA cell lines, BxPC-3 and Capan-1. We have first 

characterized the EGFR expression in control and ST knockdown (KD) cells (ST3GAL3 
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KD and ST3GAL4 KD) by flow cytometry (FC) and have shown that ST3GAL3 KD and 

ST3GAL4 KD cells do not alter basal EGFR expression levels. We have addressed how 

ST3GAL3 KD and ST3GAL4 KD alter the glycan pattern of EGFR by immunopurification 

of EGFR from cell lysates and subsequent immunoblotting to detect sLex, α2,3- and α2,6-

SA expression on EGFR. We have shown that the expression levels of sLex on EGFR from 

ST silenced cells tended to decrease, in accordance with the general decrease of sLex on the 

cell surface glycoconjugates, although the expression of α2,6-SA was not significantly altered. 

The reduction of sLex on EGFR led to a higher EGFR activation induced by EGF in BxPC-

3 and Capan-1 cells, to an increase in its dimerization and its capacity to trigger downstream 

signalling pathways, with a significant increase in the phosphorylation of AKT protein for 

both ST3GAL3 KD and ST3GAL4 KD BxPC-3 cells. Regarding the functional properties, 

we detected that the higher phosphorylation levels of EGFR on ST KD BxPC-3 cells were 

translated into an increase in cell proliferation induced by EGF, while for Capan-1 no 

significant changes were observed. Furthermore, we have studied whether ST3GAL3 KD 

and ST3GAL4 KD could increase cell sensitivity to EGFR-targeted drugs that are currently 

used in clinics for different tumour treatment, with the aim of improving PDA therapy by 

using a combined treatment strategy. Unfortunately, our results indicated that BxPC-3 and 

Capan-1 responsiveness to Erlotinib was not altered by the reduction of EGFR sialylation. 

In the second part of this work, the potential of three ST inhibitors on the reduction of cell 

surface sialylation on PDA human and murine cells have been evaluated. Among the three 

inhibitors, Ac53Fax-Neu5Ac produced the highest decrease on tumour sialoglycans in PDA 

cell lines, so it was selected as the best candidate to evaluate its effect on the tumour 

phenotype of PDA cells in vitro and on PDA tumours in vivo. Ac53Fax-Neu5Ac treatment of 

human PDA cells caused a significant reduction on the cell surface expression levels of α2,3-

SA and sLex, which led to an impairment in the E-selectin-mediated adhesion capacity and 

to a reduction in the migration and invasion capacities of the PDA cells. Besides, the effect 

of Ac53Fax-Neu5Ac treatment was evaluated on four murine PDA cells, of which MSB262 

and OBB452 were the ones that reduced more markedly their SA content upon treatment 

with the inhibitor and were selected for the functional assays. Ac53Fax-Neu5Ac treatment 

significantly reduced migration and invasion capacity of MSB262 PDA cells although no 

significant reduction was found for OBB452 cells. Thus, MSB262 cells were injected into 

syngeneic mice to generate subcutaneous tumours that were posteriorly treated with Ac53Fax-

Neu5Ac. Importantly, the intratumoural Ac53Fax-Neu5Ac treatment caused a reduction in 

the tumour volume, a reduction in their SA expression and altered the tumour immune 
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compartment, causing an increase in CD8+ T cells and natural killer cells. Altogether, these 

results demonstrate that Ac53Fax-Neu5Ac treatment effectively weakens the malignant 

phenotype of PDA cells and show a positive impact of reducing SA expression in PDA by 

inhibiting cell STs.  

Overall, the results obtained demonstrate that ST3GAL3 and ST3GAL4 play a role in the 

glycosylation of EGFR, which modulates its activation and regulate downstream signalling 

pathways, promoting EGF-induced proliferation. Nevertheless, further research in PDA 

models is still needed to clarify the underlying molecular mechanisms. Finally, and up to our 

knowledge, this is the first work reporting the effect of the ST inhibitor Ac53Fax-Neu5Ac in 

PDA cells and animal models, findings that might ease the way for the use of metabolic 

inhibitors to further evaluate the role of sialylated glycans in tumour progression and for 

their putative therapeutic application. 
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RESUM 

L'adenocarcinoma ductal pancreàtic (PDA) presenta un pronòstic nefast degut principalment 

al seu diagnòstic tardà, la seva agressivitat i la resistència a les teràpies existents. La glicosilació 

aberrant i, en particular, la sobreexpressió de diversos determinants sialilats com el sialil-

Lewisx/a (sLex/a), s'han associat amb la progressió del càncer i la formació de metàstasi, a part 

de la modulació del component immunitari cel·lular del microambient tumoral.  

En estudis previs del grup s’ha demostrat que les α2,3-sialiltransferases (ST) ST3GAL3 i 

ST3GAL4, dos enzims que transfereixen àcid siàlic (SA) per generar determinants α2,3-

sialilats, promouen el fenotip invasiu i metastàtic de les línies cel·lulars de PDA. A més, s’ha 

demostrat que aquests enzims sialilen molècules d'adhesió cel·lular implicades en la 

progressió del tumor, com la integrina α2β1 i la E-cadherina, regulant la seva funció i les vies 

de senyalització. Aquests resultats, juntament amb el fet que els nivells d'expressió de les STs 

i els nivells totals de SA s'incrementen generalment en el sèrum dels pacients amb càncer 

sent indicadors de mal pronòstic, posen de manifest la importància de reduir la hipersialilació 

en PDA. La disminució de la sialilació modificant l'expressió de l'ARNm de les ST o 

mitjançant el tractament amb sialidasa s’ha utilitzat per estudiar el paper de l’SA al tumor, 

però l'aplicació d'aquestes estratègies a l’àmbit clínic és complexa. No obstant això, el recent 

descobriment i desenvolupament d'inhibidors de les ST han representat una nova estratègia 

per inhibir farmacològicament l'expressió d’SA en tumors i han portat a considerar les STs 

com a possibles dianes terapèutiques. 

El receptor del factor de creixement epidèrmic (EGFR), un receptor de membrana implicat 

en la proliferació cel·lular, contribueix en diversos processos que afavoreixen l'aparició, la 

progressió i la propagació del càncer en gairebé totes les neoplàsies, inclòs el PDA. L’EGFR 

és un receptor de membrana glicoproteic que pot ser sialilat per les STs que, alhora, poden 

modular la seva funció. En aquest sentit, l'estudi de la glicosilació de l’EGFR en diferents 

tipus de tumors ha augmentat recentment però el rol de la sialilació de l’EGFR en la 

progressió del PDA encara no està clar, i el seu estudi seria de gran interès per als científics 

que desenvolupen teràpies dirigides contra EGFR. 

Sota aquestes premisses, en aquest estudi es planteja com a objectiu principal conèixer el rol 

de les STs, i els corresponents sialoglicans tumorals generats, en el fenotip de les cèl·lules de 

PDA; així com estudiar el seu efecte sobre la funció i la senyalització de l'EGFR. 
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En la primera part d'aquest estudi ens vam centrar en la implicació de les ST3GAL3 i 

ST3GAL4 en la glicosilació de l’EGFR en dues línies cel·lulars de PDA, les cèl·lules BxPC-

3 i les Capan-1. Primer es va caracteritzar l'expressió d’EGFR en cèl·lules control i en 

cèl·lules silenciades (knockdown, KD) per les STs ST3GAL3 i ST3GAL4 (ST3GAL3 KD i 

ST3GAL4 KD) mitjançant citometria de flux i es va demostrar que en les cèl·lules ST3GAL3 

KD i ST3GAL4 KD els nivells d'expressió basal d'EGFR es mantenen estables. Es va 

estudiar com la disminució dels nivells de ST3GAL3 i ST3GAL4 alteren el patró glucídic de 

l’EGFR mitjançant la immunopurificació d'EGFR a partir de llisats cel·lulars i la posterior 

immunodetecció per determinar l'expressió sLex, α2,3- i α2,6-SA en l’EGFR. Els resultats 

obtinguts van mostrar que els nivells d'expressió de sLex en l’EGFR de cèl·lules amb les ST 

silenciades tendeix a disminuir, d'acord amb la disminució general de sLex en els 

glicoconjugats de la superfície cel·lular, tot i que l'expressió d'α2,6-SA no presentava una 

alteració significativa. La reducció de sLex en l’EGFR va portar a una major activació de 

l’EGFR (induïda per EGF) a les cèl·lules BxPC-3 i Capan-1, a un augment de la seva 

dimerització i de la seva capacitat per activar les vies de senyalització consegüents, causant 

un augment significatiu de la fosforilació de la proteïna AKT tant per les cèl·lules BxPC-3 

ST3GAL3 KD com per a les ST3GAL4 KD. Pel que fa a les propietats funcionals, es va 

detectar que l’increment dels nivells de fosforilació de l’EGFR a les cèl·lules BxPC-3 

silenciades es traduïa en un augment de la proliferació cel·lular induïda per EGF, mentre que 

per a Capan-1 no es van observar canvis significatius. A més, es va estudiar si la disminució 

dels nivells de ST3GAL3 i ST3GAL4 podrien augmentar la sensibilitat de les cèl·lules 

tumorals als fàrmacs dirigits a EGFR que s'utilitzen actualment en l’àmbit clínic com a 

tractaments anti-tumorals, amb l'objectiu de millorar la teràpia del PDA mitjançant una 

estratègia de tractament combinat. Malauradament, els nostres resultats van indicar que la 

resposta de les cèl·lules BxPC-3 i Capan-1 a Erlotinib no es veu alterada per la reducció de 

la sialilació d'EGFR. 

En la segona part d'aquest treball, es va avaluar el potencial de tres inhibidors de les ST en la 

reducció de la sialilació de la superfície cel·lular en cèl·lules humanes i murines de PDA. 

D’entre els tres inhibidors estudiats, l’Ac53Fax-Neu5Ac va ser el que va produir la disminució 

significativa dels sialoglicans tumorals en les línies cel·lulars de PDA i per aquest motiu va 

ser seleccionat per avaluar el seu efecte sobre el fenotip tumoral de cèl·lules de PDA in vitro 

i sobre tumors de PDA in vivo. El tractament de cèl·lules humanes de PDA amb l’Ac53Fax-

Neu5Ac va provocar una reducció significativa dels nivells d'expressió d'α2,3-SA i sLex de la 

superfície cel·lular, que va causar una disminució de la capacitat d'adhesió mediada per E-
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selectina i una reducció de les capacitats de migració i invasió de les cèl·lules de PDA. A més, 

es va avaluar l'efecte del tractament amb Ac53Fax-Neu5Ac en quatre línies cel·lulars murines 

de PDA, de les quals MSB262 i OBB452 van ser les que van presentar una reducció més 

gran del seu contingut d’SA després del tractament amb l'inhibidor i van ser seleccionades 

pels assajos funcionals. El tractament amb Ac53Fax-Neu5Ac va reduir significativament la 

capacitat de migració i invasió de les cèl·lules MSB262, però en les cèl·lules OBB452 no es 

va observar una reducció significativa. Així doncs, es van injectar cèl·lules MSB262 a ratolins 

singènics per generar tumors subcutanis que es van tractar posteriorment amb Ac53Fax-

Neu5Ac. De manera rellevant, el Ac53Fax-Neu5Ac va provocar una reducció del volum del 

tumor, una reducció de la seva expressió d’SA i una alteració del component cel·lular immune 

del tumor, provocant un augment de les cèl·lules T CD8+ i les cèl·lules natural killer. En 

conjunt, aquests resultats demostren que el tractament amb Ac53Fax-Neu5Ac disminueix 

eficaçment el fenotip maligne de les cèl·lules de PDA i evidencia l'impacte positiu de reduir 

l'expressió de SA als tumors de PDA mitjançant la inhibició de les ST. 

En conclusió, els resultats obtinguts demostren que ST3GAL3 i ST3GAL4 tenen un rol 

important en la glicosilació de l’EGFR, que alhora modula la seva activació i regula les vies 

de senyalització consegüents, promovent la proliferació induïda per EGF. No obstant això, 

altres investigacions en models de PDA són necessàries per esbrinar els mecanismes 

moleculars subjacents. Finalment, i fins al nostre coneixement, aquest és el primer treball que 

evidencia l'efecte de l'inhibidor de ST Ac53Fax-Neu5Ac en cèl·lules de PDA i en models 

animals, uns resultats que conviden a utilitzar inhibidors metabòlics per aprofundir en l’estudi 

del rol dels glicans sialilats en la progressió del PDA i posen de manifest l’interès per la seva 

possible aplicació terapèutica. 
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RESUMEN 

El adenocarcinoma ductal pancreático (PDA) presenta un pronóstico nefasto debido 

principalmente a su diagnóstico tardío, su agresividad y la resistencia a las terapias existentes. 

La glicosilación aberrante y, en particular, la sobreexpresión de múltiples determinantes 

sialilados como sialil-Lewisx/a (sLex/a), se han asociado con la progresión del cáncer y la 

diseminación metastásica, además de la modulación del componente inmune celular del 

microambiente tumoral. 

En estudios previos de nuestro grupo se ha demostrado que las α2,3-sialiltransferasas (ST) 

ST3GAL3 y ST3GAL4, dos enzimas que transfieren ácido siálico (SA) para generar 

determinantes α2,3-sialilados, promueven el fenotipo invasivo y metastásico de las líneas 

celulares de PDA. Además, se ha demostrado que estas enzimas sialilan moléculas de 

adhesión celular involucradas en la progresión tumoral, como la integrina α2β1 y la E-

cadherina, regulando su función y vías de señalización. Estos resultados, junto con el hecho 

que los niveles de expresión de STs y los niveles totales de SA generalmente están 

aumentados en el suero de pacientes con cáncer, siendo indicativos de mal pronóstico, 

remarcan la importancia de reducir la hipersialilación en PDA. La disminución de la 

sialilación modificando la expresión del ARNm de ST o mediante el tratamiento con 

sialidasas se ha utilizado para estudiar el papel de los SA tumorales, pero la aplicación de estas 

estrategias al entorno clínico es todavía compleja. No obstante, el reciente descubrimiento y 

desarrollo de inhibidores de ST ha representado una nueva estrategia para inhibir 

farmacológicamente la expresión de SA en tumores y nos lleva a considerar las STs cómo 

posibles dianas terapéuticas. 

El receptor del factor de crecimiento epidérmico (EGFR), un importante receptor de 

membrana involucrado en la proliferación celular, contribuye a varios procesos que 

favorecen el inicio, la progresión y la diseminación metastásica del cáncer en casi todas las 

neoplasias, incluido el PDA. EGFR es un receptor de membrana glicoproteico que puede 

ser sialilado por STs que, a su vez, pueden modular su función. En este sentido, el estudio 

de la glicosilación del EGFR en diferentes tipos de cáncer ha aumentado recientemente, 

aunque el papel de la sialilación del EGFR en la progresión del PDA aún no está definido y 

sería de gran interés para los científicos que desarrollan terapias dirigidas contra EGFR. 

Bajo estas premisas, el objetivo principal de este estudio fue conocer el papel de las STs y los 

correspondientes sialoglicanos tumorales generados en el fenotipo de las células de PDA; así 

como estudiar su efecto sobre la función y señalización del EGFR. 
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En la primera parte de este estudio nos centramos en la implicación de ST3GAL3 y 

ST3GAL4 en la glicosilación de EGFR en dos líneas celulares de PDA, BxPC-3 y Capan-1. 

En primer lugar, se caracterizó la expresión de EGFR en células control y silenciadas 

(knockdown (KD) para ST3GAL3 y ST3GAL4 (ST3GAL3 KD y ST3GAL4 KD) por 

citometría de flujo y se demostró que los niveles de expresión de EGFR basal se mantienen 

estables en las células ST3GAL3 KD y ST3GAL4 KD. Se analizó cómo las células ST3GAL3 

KD y ST3GAL4 KD alteran el patrón glucídico de EGFR a través de la inmunopurificación 

del EGFR a partir de lisados celulares y subsiguiente inmunotransferencia para detectar la 

expresión de sLex, α2,3 y α2,6-SA en EGFR. Se observó que los niveles de expresión de sLex 

en EGFR de células con  las ST silenciadas tiende a disminuir, de acuerdo con la disminución 

general de sLex en los glicoconjugados de la superficie celular, aunque la expresión de α2,6-

SA no presentó una alteración significativa. La reducción de sLex en EGFR condujo a una 

mayor activación de EGFR inducida por EGF en células BxPC-3 y Capan-1, a un aumento 

en su dimerización y su capacidad para activar las vías de señalización consiguientes, con un 

aumento significativo en la fosforilación de la proteína AKT en las células BxPC-3 ST3GAL3 

KD y ST3GAL4 KD. En cuanto a las propiedades funcionales, se detectó que los niveles 

más altos de fosforilación de EGFR en las células BxPC-3 KD se traducían en un aumento 

de la proliferación celular inducida por EGF, mientras que para Capan-1 no se observaron 

cambios significativos. Además, se estudió si la disminución de los niveles de ST3GAL3 y 

ST3GAL4 podría aumentar la sensibilidad celular a los fármacos dirigidos a EGFR que se 

utilizan actualmente en clínica para el tratamiento de diferentes tumores, con el objetivo de 

mejorar la terapia del PDA mediante el uso de un tratamiento combinado. 

Desafortunadamente, nuestros resultados indicaron que la respuesta de las células BxPC-3 y 

Capan-1 a Erlotinib no se ve alterada por la reducción de la sialilación de EGFR. 

En la segunda parte de este trabajo, se evaluó el potencial de tres inhibidores de las ST en la 

reducción de la sialilación de la superficie celular de células de PDA humanas y murinas. De 

los tres inhibidores, Ac53Fax-Neu5Ac fue el que produjo la mayor disminución de 

sialoglicanos tumorales en las líneas celulares de PDA, por lo que fue seleccionado como el 

mejor candidato para evaluar su efecto sobre el fenotipo tumoral de las células de PDA in 

vitro y sobre tumores de PDA in vivo. El tratamiento con Ac53Fax-Neu5Ac de células de PDA 

humanas provocó una reducción significativa en los niveles de expresión de α2,3-SA y sLex 

en la superficie celular, lo que condujo a una disminución de la capacidad de adhesión 

mediada por E-selectina y a una reducción de la migración e invasión de las células de PDA. 

Además, se evaluó el efecto del tratamiento con Ac53Fax-Neu5Ac en cuatro líneas celulares 
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murinas de PDA, de las cuales MSB262 y OBB452 fueron las que presentaron una reducción 

más marcada de su contenido de SA tras el tratamiento con el inhibidor y fueron 

seleccionadas para los ensayos funcionales. El tratamiento con Ac53Fax-Neu5Ac redujo 

significativamente la migración y la capacidad de invasión de las células MSB262, aunque no 

se obtuvo una reducción significativa para las células OBB452. Así pues, se inyectaron células 

MSB262 en ratones singénicos para generar tumores subcutáneos que posteriormente se 

trataron con Ac53Fax-Neu5Ac. De manera relevante, el tratamiento intratumoural con 

Ac53Fax-Neu5Ac provocó una reducción del volumen tumoral, una reducción de su 

expresión de SA y alteró el componente celular inmunitario del tumor, provocando un 

aumento de las células T CD8+ y las células natural killer. En conjunto, estos resultados 

demuestran que el tratamiento con Ac53Fax-Neu5Ac disminuye eficazmente el fenotipo 

maligno de las células de PDA y demuestra el impacto positivo de reducir la expresión de SA 

en PDA mediante la inhibición de las ST. 

En conclusión, los resultados obtenidos demuestran que ST3GAL3 y ST3GAL4 juegan un 

papel importante en la glicosilación de EGFR, que a su vez modula su activación y regula las 

vías de señalización consiguientes, promoviendo la proliferación inducida por EGF. Sin 

embargo, se requieren otras investigaciones en modelos de PDA para determinar los 

mecanismos moleculares subyacentes. Finalmente, y hasta donde tenemos conocimiento, 

este es el primer trabajo que evidencia el efecto del inhibidor de ST Ac53Fax-Neu5Ac en 

células de PDA y en modelos animales, unos resultados que promueven el uso de inhibidores 

metabólicos para evaluar con más profundidad el papel de los glicanos sialilados en la 

progresión tumoral y ponen de manifiesto el interés para su futura aplicación terapéutica. 
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1. Cancer 

Cancer is a leading cause of death and represents an important limitation to the increase in 

life expectancy worldwide. In 2020, 19.3 million new cancer cases were estimated and almost 

10.0 million cancer deaths occurred 1. In most of the developed countries, cancer ranks to 

first or second cause of premature death (i.e. at ages 30-69 years)2 and the global cancer burden 

in 2040 is expected to rise nearly a 50% from 2020, being a reflex of population aging and 

changes associated to socioeconomic development. These data evidence the need to improve 

the understanding of the mechanisms driving cancer genesis, progression, and metastasis 

formation to develop more efficient diagnostic methods and therapies.  

The term cancer encompasses a large group of diseases characterized by an excessive and 

uncontrolled cell growth, and the potential of the cells to invade or spread to distant parts of 

the body. Carcinogenesis, the multistep process by which a cell ultimately becomes malignant 

due to the dysregulation of the multiple mechanisms that regulate normal cell proliferation 

and tissue homeostasis, begins when a phenotypically altered cell starts to grow out of control 

and forms an accumulation of cells called primary tumour. If this mass remains localized at 

the original site and is resectable, it is referred as a benign tumour. However, when it has the 

potential to detach from the primary tumour and colonize other parts of the body to establish 

and form a secondary tumour (metastasis), it is considered a malignant tumour 3,4.  
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Although more than 100 distinct types and subtypes of human cancers can be differentiated 

depending on the tissue or organ affected, Hanahan and Weingberg described a set of ten 

essential functional capabilities and enabling characteristics acquired by human cells during 

malignant transformation that are shared by all types of cancer cells (Figure 1). Very recently, 

Hanahan has proposed four new parameters as new hallmarks of cancer, encouraging the 

research community to continue with the experimental investigation and conceptual 

discussion to better define the basis of cancer disease 5,6. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Hallmarks of Cancer. The fundamental characteristics that a cell acquires to become malignant are 

depicted in this figure, together with the two emerging hallmarks (unlocking phenotypic plasticity and senescent 

cells) and two enabling characteristics (nonmutational epigenetic reprogramming and polymorphic 

microbiomes) (extracted from Hanahan, 2022 6 ).  

1.1 Stages of tumour progression 

The process of tumour progression results from a complex molecular cascade of events, a 

large series of sequential and interrelated steps that disseminating tumour cells must complete 

to ultimately produce a metastasis 3,4,7,8. In addition to the intrinsic properties of tumour cells, 

their interaction with extra-tumour factors, the action of stochastic factors, and epigenetic 

changes dictate the outcome of this process that can be summarized as follows:  

a) The initiation of tumorigenesis normally results from the summation of 

oncogenes and inactivated tumour-supressor genes, genes that normally control the cell cycle 

or deoxyribonucleic acid (DNA) repair genes 9, which are responsible for the various 
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pathologic features characteristic of cancer, leading to a progressive growth of neoplastic 

cells and the formation of a benign tumour mass, with nutrients initially supplied by simple 

diffusion. 

b) To exceed a diameter of 2mm, solid tumours must acquire new vasculature 

through the process of tumour angiogenesis 10–12, a process in which the synthesis and 

secretion of proangiogenic factors are of key importance. At this point, hypoxia represents a 

strong selective pressure and activates proangiogenic genes, anaerobic metabolism, cell 

survival, and invasion 13–15.  

c) Specific cells escape from the primary tumour mass and migrate through the 

surrounding tissue starting a local invasion, a step that requires the ability of cells to detach 

from one another, and from the extracellular matrix (ECM), the remodelling of cell-surface 

adhesion receptors and ligands, and the degradation of ECM components by the secretion 

of proteolytic enzymes and glycosidases 16. 

d) Tumour dissemination occurs via the intravasation of tumour cells into fine 

capillaries or lymphatic channels within the tumour, which represent a low resistance 

entrance pathway to vasculature and lymphatic system. Inside the blood vessels, the vast 

majority of circulating cells are rapidly destroyed but few of them are able to aggregate with 

host lymphocytes and platelets 17, which facilitate their survival by protecting them from 

hemodynamic shear forces and immune-mediated killing 18. 

e) Surviving cells might arrest in the capillary beds of distant organs and enter in 

the small vessels by mimicking the homing of leucocytes 19,20, with the final aim to proliferate 

within the vessels or extravasate into the target organ site.  

f) Proliferation and establishment of a secondary tumour in a new organ 

completes the metastatic process. The development of a new vascular network (angiogenesis) 

and the evasion of host immune system by the micrometastasis are required to maintain 

tumour growth. Finally, the metastatic cells can invade, penetrate to blood vessels, and enter 

again into circulation to extravasate and form additional metastases.  

The outcome of the metastatic process is limited by the compliance of each of the sequential 

steps by metastatic cells, being the post-extravasation cell growth a major limiting step 21. 

However, it also depends on multiple and complex interactions of the tumour cells with host 

homeostatic mechanisms, and specifically with the properties of the receptive tissue or organ, 

as postulated at the Paget’s “seed and soil” theory 22. In addition, the enriched tumour 
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microenvironment (TME) and the interaction of tumour cells with the host cells plays a 

critical role in the promotion of tumour growth, invasion, and metastasis 8,23.  

1.2 Pancreatic ductal adenocarcinoma (PDA) 

The pancreas is a glandular organ in the digestive and endocrine system, located in the 

abdominal cavity, behind the stomach. It is a retroperitoneal organ that can be divided 

histologically and functionally in two distinct components:, the endocrine pancreas, which 

is in charge of glucose metabolism, including the production of insulin, glucagon, 

somatostatin, and other important hormones; and, the exocrine pancreas, which facilitates 

food digestion and nutrient absorption in the small intestine via the secretion of pancreatic 

juice that contains digestive enzymes. The exocrine pancreas (95% of the pancreatic mass) is 

composed of acinar cells, structurally organized in functional units termed acini, which are 

responsible for the production and secretion of digestive enzymes and for their draining to 

the tubular network of ducts, formed by ductal cells, which secrete bicarbonate and mucins 

(MUC), and channel the pancreatic secretions to the duodenum to facilitate the digestive 

process 24.   

Pancreatic ductal adenocarcinoma (PDA) is the most common neoplasia of the exocrine 

pancreas, accounting for more than 90% of all pancreatic malignancies 25. Although the 

incidence of PDA is very low (around 3% of all new cancer cases per year), it represents the 

seventh leading cause of cancer-related mortality worldwide, with an overall 5-year survival 

rate of 11% in the United States (U.S.) 2. Contrarily to most cancer types, and despite the 

efforts and achievements in PDA research, death rates are constantly rising. Projections 

indicate a more than two-fold increase in the number of cases by 2030, pushing PDA to the 

second cause of cancer-related deaths in the European countries as well as in the U.S 1,26,27. 

PDA is associated with a dismal prognosis for several reasons: it is usually diagnosed at 

advanced stages due to the absence of symptoms or lack of specific ones, and due to its 

aggressive nature, with metastasis occurring in early stages 28. In addition, it is characterised 

by resistance to existing therapies, including chemotherapy, radiotherapy, and molecular 

targeted therapy, being surgical resection the only treatment that increases the 5-year survival 

rate (15-20% approximately), although only 10-20% of all the patients have potentially 

resectable tumours 25. Finally, the early onset of multiple genetic and epigenetic alterations, 

and the dense and complex TME also contribute to the discouraging prognosis. Considering 

all these data, global PDA research community, supported by several health-care 

organisations, have recognised that there is an urgent need to find reliable tumour markers 
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for an early detection and effective therapies in order to, at least, revert the negative tendency 

of the disease 29.  

This malignancy is associated with several risk factors, including smoking, type 2 diabetes 

mellitus, and chronic pancreatitis that account for nearly 30% of all cases. Advanced age is 

another relevant risk factor 30, as most of cases are diagnosed between 60 and 80 years of age 

31,32. There is also a positive correlation between PDA and other risk factors such as male sex 

(with an incidence nearly 50% higher in men than in women) 31, obesity, cystic lesions of the 

pancreas, non-0 blood group, and diverse viral infections (e.g. Helicobacter pylori, hepatitis B, 

and C viruses) 33,34. Moreover, about 10% of pancreatic cancer patients have a family history 

of the disease, which significantly increases their risk of developing the disease due to an 

inherited genetic predisposition. Other well-defined hereditary syndromes caused by 

germline mutations, such as familial atypical mole-multiple melanoma (FAMMM) syndrome 

(CDKN2A), Lynch syndrome (the mismatch repair genes), Li-Fraumeni syndrome (TP53), 

hereditary breast-ovarian cancer syndrome (BRCA2) among others, have been associated 

with PDA 32,35.  

1.2.1 PDA progression model and precursor lesions 

PDA arises from a series of non-invasive precursor lesions that as a consequence of genetic 

alterations, define the multi-step progression model of pancreatic carcinogenesis, initiated by 

acinar-to-ductal metaplasia (acinar cells trans-differentiation to a more ductal-like phenotype) 

36,37, followed by pancreatic intraepithelial neoplasia (PanIN), dysplasia, in situ carcinoma, and 

eventually invasive carcinoma (Figure 2) 30,38,39. 

PanINs are the most common precursor lesions to invasive PDA40 and refer to microscopic 

lesions (<5mm diameter) that affect the smaller pancreatic ducts and are not directly visible 

by pancreatic imaging 41,42. PanINs present a spectrum of morphological alterations and are 

characterised by varying amounts of mucins 43. Considering the graded stages of dysplastic 

growth and cytonuclear atypia, PanINs are classified in two categories 44. The low-grade 

(PanIN-1) lesions present hyperplasia but not dysplasia, with a flat (PanIN-1A) or papillary 

(PanIN-1B) mucinous epithelium, and low cytonuclear atypia. High-grade lesions include 

PanIN-2, which show increasing cellular atypia and a slight loss of nuclear polarity; and 

PanIN-3 lesions, advanced lesions also referred as high-grade dysplasia, in situ carcinoma or 

intraductal carcinoma, which exhibit severe nuclear atypia, luminal necrosis but are still 

restricted within the basement membrane. Importantly, in the last two decades several studies 

have challenged this linear and progressive model of PDA tumorigenesis proposing 
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alternative models 45,46, such as a direct progression from normal ductal epithelium to PanIN-

2 state 44 or the presence of ductal complexes as intermediate states 47, although further 

investigations are required. In addition to the microscopic PanIN lesions, pancreatic cancers 

can also evolve from macroscopic precursor lesions, such as intraductal papillary mucinous 

neoplasms (IPMNs), and mucinous cystic neoplasms (MCN) 48–50.  

Figure 2. Precursor lesions of PDA: PanINs. Normal acinar cells progress to infiltrating PDA (left to right) 

through a histologically defined precursor lesions (PanINs), accompanied by genetic and epigenetic alterations 

(in red arrows) and increasing desmoplasia (Extracted from Orth, 2019 28). 

The accumulation of multiple genetic alterations leads to PDA transformation preceding 

invasive adenocarcinoma, and the most frequent is mutational activation of the Kristen Rat 

Sarcoma virus (KRAS) oncogene, inactivation of tumour-suppressor genes including 

CDKN2A, TP53, and SMAD4, widespread chromosomal losses, gene amplifications 51, and 

telomere shortening 52. KRAS mutations are detected in nearly all PDA cases (95%)46, and is 

usually the first identified alteration in PDA 53, even found, although at low frequency, in 

low-grade PanIN lesions 54. Thus, it is accepted as a driver mutation of the disease. Mutations 

in KRAS (not only its presence, but also its frequency 53) play a critical role in early 

tumorigenesis as well as in metastasis as they dysregulate the GTPase activity, leading to 

uncontrolled cellular proliferation, angiogenesis, suppression of apoptosis, and evasion of 

immune system 55,56. Inactivation of the tumour suppressor gene CDKN2A, present in 70-

90% of PDAs 57,58, disrupts retinoblastoma (Rb) and p53 pathways (loss of function of 

INK4A/p16 and ARF/p14, respectively), leading to uncontrolled cell-cycle progression and 

resulting in enhanced proliferation 59. Inactivation of TP53 gene, which encodes p53 DNA-

binding protein, is detected in 50-70% of tumours but usually at high-grade PanIN lesions 
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and leads to deregulation of programmed cell death, leading to the survival and proliferation 

of tumour cells, and favouring angiogenesis 60. Finally, the inactivation of SMAD4 gene 

occurs in nearly 50% of PDAs at late stages and enhances cancer promotion by inhibiting 

the transforming growth factor (TGF) pathway 61, being considered a marker of complex 

PDA as it is associated with distant metastasis, and with worse overall survival (25,26).  

In addition to these well-known altered genes, there are numerous genetic alterations at lower 

frequencies (with a prevalence of approximately 10%) 62, which include oncogenes and DNA 

repair genes such as BRCA1, BRCA2, RPA1, ATM 55,63, BRAF, MYB, AKT2, EGFR, FHIT, 

and STK11; and mutations in tumour-suppressor genes such as MAP2K4, STK11, TGFBR1, 

TGFBR2, ACVR1B, ACVR2A, FBXW7, and EP300 42,51. Recently, whole genome analysis 

and genomic characterization studies of PDA 52,64 have revealed new insights into the 

complex molecular landscape of PDA and identified important modifications of known and 

novel candidate genes in PDA, as well as the main cluster of signalling pathways and 

processes that are genetically altered in a high percentage of PDA cases, such as TGF-β, 

Wnt/Notch, and Hedgehog 51. Epigenetic dysregulation has also been described to 

contribute to PDA initiation and progression, including alterations in DNA methylation and 

histone modification and non-coding RNAs 42,62. Moreover, overexpression of microRNAs 

(miR) in pancreatic cancer, such as miR-21, miR-34, miR-155, and miR-200, is thought to 

contribute to PDA progression, and considering that they are detectable in plasma, they 

could be useful diagnostic markers 65–67.  

In conclusion, all the major genetic changes in invasive PDA are already present in pre-

neoplastic lesions but its progression also corresponds to the increasing accumulation of 

genetic and epigenetic alterations, and the activation of a coordinated transcriptomal 

program 44. Importantly, interactions between the neoplastic cells and the TME are of special 

relevance in PDA due to its high desmoplastic component and play a key role in tumour 

initiation, progression, and metastasis.  

1.2.2 Role of tumour microenvironment in PDA 

PDA’s TME is characterised by a particularly high desmoplastic stroma, which can constitute 

up to 90% of the tumour volume 68,69. Accumulating evidence has suggested that non-tumour 

cells composing the TME influence tumour proliferation, metabolism, cell death, therapeutic 

resistance, and immune profile (Figure 3) 28,70,71. In addition, it is considered a source of 

therapeutic targets and novel biomarkers 72.  
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PDA stroma is formed by the accumulation of an altered ECM composed by non-cellular 

components and diverse cell types including fibroblasts, stellate cells, immune, and 

inflammatory cells (both lymphoid and myeloid cells)73, neuronal cells and cells of the 

vasculature (endothelial cells and pericytes)70,71,74. The main cellular component of the TME 

are the cancer-associated fibroblasts (CAFs), either with myofibroblastic or inflammatory 

phenotypes 75, which are mainly derived from pancreatic stellate cells 74,76,77 that upon 

activation (by e.g. chronic inflammation, environmental factors such as reactive oxygen 

species or secretory molecules) start generating high amounts of ECM. During tumorigenesis 

and PDA progression there is a sustained crosstalk between tumour cells and stromal cells 

76,78. Cancer cells can secrete growth factors (e.g.VEGF, PDGF, EGF, and TGF-β) 79 and 

proteolytic enzymes to form a pro-tumour surrounding stroma, and activated CAFs secrete 

growth factors and cytokines (TGF- β, Interleukin (IL)-6, and IL-8 among others)28,80 , and 

upregulate the expression of serine proteases and matrix metalloproteinases (MMPs) that 

promote tumour cell proliferation, survival, migration, invasion, and angiogenesis 81. 

Accumulating evidence suggest that PDA stroma is altered to form an immunosuppressive 

niche and to support tumour progression. Hypoxia and desmoplasia, two interlinked key 

factors in PDA 82,83, represent barriers to T cell infiltration although they are associated to an 

accumulation of myeloid cells 73,84, as M2-like macrophages and myeloid-derived supressor 

cells (MDSCs), which are potent suppressors of T cell function 85. Besides, the presence of 

immunosuppressive T and B subpopulations (regulatory T cells, γδ T cells, and regulatory B 

cells) in the TME help blocking the activation and the infiltration of effector T cells, 

supporting tumour immune-system evasion 86,87.  
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Figure 3. PDA interaction with TME. Cross talk between tumour cells and non-tumour cells in PDA 

microenvironment. Red arrows indicate inhibition and black arrows promotion or positive effect (extracted 

from Cortesi, 2021 71).  

The acellular component of the stroma is mainly represented by ECM, a three-dimensional 

network composed by fibrillar collagens, fibronectin, elastin, laminin, proteoglycans, and 

matricellular proteins 70, as well as cytokines, enzymes, and growth factors 28,71. It is of key 

importance in PDA as it provides physical scaffolds, favours tumour progression processes 

such as growth and migration through a coherent signalling function 88, as well as a physical 

barrier to immune cell infiltration and to anti-tumour drug penetration 72. Interestingly, the 

formation of desmoplasia, regulated by the expression of focal adhesion kinase 1 (FAK1) by 

PDA cells, has been recently pharmacologically targeted and considered as a potential 

therapeutic target 89. 

1.2.3 PDA diagnosis, biomarkers and treatment 

Unfortunately, despite the increasing research focused on improving PDA diagnosis, the vast 

majority of PDA patients are still diagnosed at late stages, when only 10-20% of patients 

have potentially resectable tumours 25. Surgery in combination with chemotherapy and 

radiotherapy is usually the only treatment option 90,91. The first reason for the late diagnosis 

is that clinical manifestations of PDA are usually inexistent until late-stages and if present, 

they are not specific (jaundice, unexplained weight loss, digestive problems deriving to back-
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pain, nausea, new-onset diabetes mellitus, etc) 92,93. Secondly, the existing tumour biomarkers 

used for PDA detection are still not completely reliable, and therefore, the discovery of novel 

ones with increased sensitivity and specificity would be of great importance. After the 

physical examination of the patient, imaging techniques are the currently used diagnostic 

tools, including multiple detector computed tomography (MDCT) 93,94 for initial stages of 

PDA and evaluation of the involvement of adjacent organs; dual or multi-phase dynamic 

contrast to analyse the vascular system involved and pancreatic lesions 95, and magnetic 

resonance imaging (MRI) for high resolution imaging of pancreatic ducts and cysts, as well 

as liver metastasis 96. Positron emission tomography (PET) is normally used for monitoring 

the response to treatment and to detect recurrence after resection, as it is more sensitive than 

computer tomography 97. Moreover, endoscopic ultrasonography (EUS) is used in most cases 

to obtain a definitive diagnosis, as it provides excellent resolution of the pancreas, and the 

vascular and lymphatic system involved, as well as the possibility to obtain a tissue sample 

required for tumour classification 98–100. 

Referring to tumour markers, serum carbohydrate antigen 19-9 (CA19-9) is the only 

biomarker approved by the Food and Drug Administration (FDA) for monitoring PDA 

disease 25,101,102. It is a carbohydrate antigen named sLea that is present on cell surface 

molecules such as gangliosides and MUC, and its expression is frequently elevated in PDA 

patients. Although it is routinely used as a biomarker of PDA, it is not sensitive enough to 

be used for general screening of asymptomatic population 102 since it is also elevated in other 

pathologies such as pancreatitis, jaundice, hepatic, and pancreatic cysts, and other cancers as 

colorectal and breast. Nonetheless, recent findings indicate that CA19-9 is upregulated 2 

years prior to PDA diagnosis suggesting that it could be used to detect the disease in an early 

state 103. The combination of this biomarker with albumin or IGF has shown to increase the 

sensitivity and specificity of the diagnosis, allowing to discriminate between PDA and 

chronic pancreatitis 104. Other protein-based biomarkers have been described, although its 

sensitivity and specificity remained lower than desired 105. Similarly, the presence of cell-free 

circulating tumour DNA (ctDNA) or circulating tumour cells (CTC) have been explored as 

novel non-protein biomarkers 106–110, since higher levels ctDNA encoding mutant KRAS and 

other frequently mutated genes in PDA such as TP53 have been detected in early and late 

stages of PDA, rather than in benign pathologies or healthy patients 106,107,111. Other 

approaches include the detection of systemic metabolic alterations 112, the analysis of 

circulating exosomes, including the presence of heparin sulphate on its outer layer 113, or the 

detection of miRNA 114, and the evaluation of plasma miRNA signatures 115.  
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On the basis that glycosylation is commonly altered during tumour progression, and glycan 

aberration increases progressively with malignant transformation, glycan alterations have 

been considered as putative reliable predictive biomarkers 116. In the last decades, numerous 

glycoproteomic studies have focused on the analysis of aberrant glycosylation profiles of 

diverse glycoproteins involved in PDA progression with the aim to find an effective PDA 

biomarker 117–121 or future therapeutic targets (altered glycosylation as novel biomarker in 

cancer will be addressed at section 3.1).  

Therapy for patients with PDA is still a challenge for the cancer research community since 

the majority of the patients are diagnosed in an advanced and unresectable stage of the 

disease, when chemotherapy alone or in combination with other treatments is the only 

option, although its effectivity is low 122. Historically, very few effective drugs have been 

discovered for PDA treatment, mainly due to the high desmoplasia that impedes drug 

delivery, and to the high treatment resistance, which is associated with the activating 

mutation of KRAS, present in nearly all PDA cases, and other factors 91. Currently, the most 

common treatments of PDA patients are surgery, chemotherapy (including neoadjuvant and 

adjuvant ones), radiation, and palliative care 31,123, and they are applied depending on the 

tumour stage and the patient’s health status (Table 1)123. Until date, the most used 

chemotherapeutic agent is gemcitabine (approved for the U.S. FDA in 1997), a nucleoside 

analogue that moderately improves patient’s survival rate and quality of life 124. At present, 

gemcitabine is used in combination with other drugs to increase its efficacy. For instance, it 

can be used in combination with Erlotinib 125, a tyrosine kinase inhibitor (TKI) of Epidermal 

Growth Factor Receptor (EGFR)126 for locally advanced, inoperable, or metastatic pancreatic 

cancer; it can also be administered with FOLFIRINOX (a combination of folinic acid 

(leucovorin), 5-fluorouracil, irinotecan, and oxaliplatin), although it generates severe toxicity 

and it is only recommended for patients with good performance status. The combination of 

gemcitabine with albumin-bound paclitaxel was introduced 10 years ago 127, with slightly 

softer side effects but improved efficacy, and finally, the combination of liposomal irinotecan 

with 5-fluoracil and leucovorin following first-line therapy with gemcitabine has also been 

approved by the FDA 128.   
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Table 1. Stage dependent treatment recommendations for pancreatic cancer. (Information extracted 

from Kleef, 2016 25).  

Disease stage Treatment recommendations 

Resectable disease • Upfront surgery followed by adjuvant therapy (gemcitabine or 5-fluorouracil)* 

Borderline 
resectable disease 

• Neoadjuvant chemotherapy with FOLFIRINOX or gemcitabine plus albumin-

bound paclitaxel with or without chemoradiation followed by surgery 

• Upfront surgery followed by adjuvant therapy as above 

Locally advanced 
disease 

• Chemotherapy as for metastatic disease (see below) 

• Chemoradiation is not indicated after gemcitabine monotherapy, but is often 

used after combination chemotherapy as above (followed by surgery in highly 

selected cases) 

Metastatic disease 
(first line) 

• FOLFIRINOX (for patients with an ECOG performance status of 0-1)* 

• Gemcitabine plus albumin-bound paclitaxel (for patients with an ECOG 

performance status of 0-2)* 

• Gemcitabine monotherapy or best supportive care (for patients with an ECOG 

performance status of >2) 

• Radiotherapy can be used in selected circumstances for palliation of pain and 

the prevention of pathological fractures 

Metastatic disease 
(second line) 

• Following gemcitabine-based first-line therapy, 5-fluorouracil-based chemotherapy (5-

fluorouracil and oxaliplatin or 5-fluorouracil and liposomal irinotecan)* 

• Following 5-fluorouracil-based first-line therapy, gemcitabine monotherapy or 

gemcitabine plus alumbin-bound paclitaxel 

• Radiotherapy can be used in selected circumstances for palliation of pain and the 

prevention of pathological fractures 
ECOG, Eastern Cooperative Oncology Group; FOLFIRINOX, folinic acid (leucovorin), 5-fluorouracil, irinotecan and 

oxaliplatin. *Supported by data from randomized controlled trials.  

In addition to the mentioned systemic therapies, the discovery of biologically targeted 

therapies and immunotherapies with higher specificity for PDA are of prominent 

importance. In this regard, diverse preclinical studies have focused on downstream effectors 

of the four major driver genes in PDA (KRAS, CDKN2, TP53, and SMAD4). For instance, 

targeting EGFR with cetuximab in addition to gemcitabine-based chemotherapy was 

evaluated in a phase III trial, although there was no significant improvement in clinical 

outcome probably due to the compensation mechanism exerted by integrin β1 129,130. The 

ErbB family inhibitor afatinib in combination with gemcitabine was evaluated in a phase II 

trial as first-line treatment for metastatic PDA, but the results were not favourable 131. In 

addition, blocking other important pathways in PDA such as mammalian target of rapamycin 

(mTOR) 132–134 or targeting angiogenesis process 135 have been evaluated in several studies with 

discouraging results. Besides, the strategy of targeting epigenetic alterations in PDA, in 

conjunction with chemotherapy or with alternative therapeutic agents is being evaluated 136. 

Altogether, despite all the preclinical efforts, no successful therapeutic strategy has been 

established so far.  
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Referring to immunotherapy, the number of preclinical trials for PDA is rapidly growing 

and, considering that it has already been implemented in some solid tumours, it has been 

accepted as an emerging option for the treatment of patients with PDA. Principally, trials 

have used passive products of the immune system (peptide vaccines and antibodies) in 

combination with chemotherapy (mainly gemcitabine). Therapeutic antibodies targeting 

immune checkpoints as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and programmed cell 

death protein 1 (PD-1) axis were previously tested in melanoma and lung cancer showing 

promising results 137,138, however, in trials carried out with PDA patients, only 2% showed 

clinical benefits 139,140. Several types of vaccines have been developed and tested including 

antigen, peptide, whole tumour, vector and dendritic cell vaccines (accurately reviewed by 

Rangelova and Kaipe 141), as well as few adoptive transfer therapy trails 142,143. Interestingly, 

preclinical studies demonstrated that the tumour-specific antigens CEA, mesothelin 

(MSLN), and MUC1, which are overexpressed in PDA, are promising determinants for 

chimeric antigen receptor (CAR) T cell therapy 144,145. Overall, the clinical effectiveness of the 

clinical trials performed up to date is still limited, although the immunological effects 

observed in almost all trials show that immunotherapy is a feasible therapeutic option for 

PDA. 

2. EGFR 

The Epidermal Growth Factor Receptor (EGFR) is a transmembrane (TM) glycoprotein 

that belongs to the ErbB family of receptor tyrosine kinases (RTKs) and, in physiological 

conditions, exerts critical functions in the regulation of epithelial tissue development and 

homeostasis 146. The ErbB family involves four distinct members with common structural 

elements, including EGFR (HER1/ErbB1), ErbB2 (HER2/Neu), ErbB3 (HER3), and 

ErbB4 (HER4) 147,148.  

The human EGFR is encoded on the chromosome 7 short arm q22 and it is synthetized as 

a precursor of 1210 amino acid residues, which is then cleaved at the N-terminal to form the 

mature 1186 residue EGFR. Structurally, it consists of i) an extracellular, highly variable, 

cysteine rich N-terminal region, ii) a hydrophobic TM domain, and iii) an intracellular, highly 

conserved, C-terminal tail domain with tyrosine kinase activity (Figure 4). The extracellular 

region is subdivided into four domains, organised as tandem repeats of two types of domains. 

Domain I (L1) and III (L2) are leucine rich fragments involved in ligand binding, while 

domain II (CR1) and IV (CR2) are cysteine rich fragments involved in receptor dimerization. 

In particular, domain II contains the dimerization arm to form homo- or heterodimers with 
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other members of the ErbB family, and domain IV forms disulphide bonds to domain II, 

and links to the TM domain. The EGFR is anchored to the membrane by a single pass 

structure of the TM domain 149, which has also been suggested to be involved in receptor 

dimerization 150,151. Finally, the intracellular domain can be subdivided in three regions: a 

flexible juxtamembrane segment; a tyrosine kinase domain (TKD) constituted by an N-lobe 

(principally a β-sheet structure), a C-lobe (a mainly α-helical structure), with an adenosine 5’ 

triphosphate (ATP)-binding site located between them 152; and a tyrosine rich C-terminal tail 

153.  

 

Figure 4. Structural representation of a ligand-bound EGFR dimer. Left, a schematic diagram of ligand-

bound EGFR dimer. Right, crystal structures of EGFR fragments (extracellular dimeric domain bound to EGF, 

TM helix dimer, and intracellular asymmetric dimer of kinase domains (figure extracted from Huang, 2021154).  

2.1 ErbB ligands 

ErbB family of receptors can be activated by at least eleven different ligands in humans, all 

of which contain an EGF-like domain responsible for receptor binding and activation. 

Ligands are synthesised as TM precursors that undergo extracellular domain cleavage to 

release soluble ligands 155. Ligands can be classified in three groups 156,157. First, the group of 

ligands that exclusively bind to EGFR include EGF, TGF-α, amphiregulin (AREG), and 

epigen (EGN); a second group of ligands that bind both EGFR and ErbB4, which includes 

betacellulin (BTC), heparin-binding EGF-like growth factor (HB-EGF), and epiregulin 

(EPR); and the third group of ligands that consists of all the neuregulins (NRG1-NRG4), of 
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which NRG1 and NRG2 bind to ErbB3 and ErbB4, whereas NRG3 and NRG4 only bind 

to ErbB4 157. To date, no soluble ligand has been described for ErbB2 157.   

EGFR ligands have been shown to induce different cellular responses and intracellular 

trafficking of the receptor 158, resulting in a ligand functional selectivity, although they can 

auto- or cross-induce one another 159. In that sense, each of the seven EGFR ligands has 

been described to be involved in diverse physiological processes, both in normal and disease 

states 160–166. For instance, TGF-α increases proliferation through activation of EGFR 

downstream signalling and also induces mucous production and inhibition of gastric acid 

secretions 165; and BTC is involved in the differentiation of pancreatic-β cells, as well as in 

reproductive processes and the control of neural stem cells 166. Interestingly, a comparative 

study described an increased preference of EGF and TGF-α ligands for the formation of 

EGFR:ErbB2 heterodimers compared to EGFR:EGFR, whereas BTC and AREG showed 

a similar preference to induce both types of dimers 167. Nonetheless, in this work we will 

focus on the EGF ligand, one of the main human EGFR activators, together with TGF-α.  

2.2 EGF ligand 

Human EGF is a 6kDa protein made up of 53 amino acids. It consists of a T-knot three-

dimensional structure 168, stabilized by three intramolecular disulphide bonds formed 

between cysteines (with a conserved sequence pattern) that are basic to maintain its biological 

activities 169. The three paired cysteines interact with the three contact sites between EGF 

and EGFR, the first located at domain I of EGFR, the second and the third at domain III, 

mainly by hydrophobic interactions of the residues involved, as well as by hydrogen bonds 

and Van der Waals contacts 168. Physiologically, human EGF has been detected in a variety 

of body fluids and the innate concentration is regulated by diverse organs (not systemically) 

170, ranging from high concentrations (50-500 ng/mL), as in bile, urine, or milk, to medium 

concentrations (5-50 ng/mL), as in tears or sperm, and to low concentrations (1-2 ng/mL) 

as in plasma or saliva 170. Functionally, EGF binds to EGFR, activates its dimerization and 

intrinsic tyrosine kinase activity, initiating downstream signalling pathways that control cell 

proliferation, differentiation, survival, and motility (detailed at section 2.2.2) 171,172  

2.3 Ligand-induced dimerization and activation of EGFR 

EGFR is expressed in almost all human cell types at levels ranging from 40000 to 100000 

receptors per cell, while in cancer cells an overexpression of more than 106 receptors per cell 

is observed 171. Ligand binding induces important conformational rearrangements in the 
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extracellular region of the receptor allowing its homo- or heterodimerization with other ErbB 

family members, the activation of its intracellular TKD and the trans-autophosphorylation 

of critical residues of the C-terminal tail, finally triggering the downstream signalling cascade. 

In a physiological state, EGFR is involved in the activation of genes responsible for cell 

proliferation, survival, and differentiation 146,173, although emerging roles of EGFR have been 

identified, such as in the regulation of autophagy and metabolism 174. EGFR also plays a key 

role in wound healing and epithelial regeneration of diverse organs such as gastrointestinal, 

respiratory, skin, and corneal epithelia 175,176. In addition, during embryogenesis, EGFR 

regulates morphogenesis of organs like teeth, brain, reproductive and gastrointestinal tracts, 

and cardiovascular system 177. 

2.3.1 Dimerization 

In the absence of bound ligand, the extracellular regions of EGFR form the closed, 

“tethered” structure, associated with its inactive state, in which the intramolecular 

interactions of domain II and domain IV maintain the domain II dimerization arm in an 

inaccessible position 178. Upon ligand binding, domain I and III change their conformation 

to form the extended, “untethered” conformation of the receptor, breaking the domain 

II/IV tether and exposing the dimerization site (Figure 5) 179. The formation of the 

dimerization interface with a homologous domain II is followed by reorganizations in the 

TM domain and juxtamembrane segment, which form interactions with the kinase domain 

and contribute to stabilize the EGFR dimer 180. In contrast to the vast majority of RTKs, 

ligand binding to EGFR does not make a direct contribution to the dimerization interface, 

each EGFR monomer binds a ligand, and the receptors interact through domain II to form 

the dimers interface 171. After the dimerization of the extracellular regions, the intracellular 

part of the receptors forms an asymmetric dimer that leads to kinase activation 181, in which 

the carboxy lobe of the “activator” TKD allosterically activates the amino lobe of the 

“receiver” TKD by inducing several conformational changes, and once activated it trans-

phosphorylates tyrosines in the tail of the activator 181.  
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Figure 5. Model for EGF-induced dimerization and activation of EGFR. In the absence of bound ligand, 

the EGFR is largely monomeric, the extracellular region is maintained in a tethered position, and the TKD is 

inactive. Upon ligand binding, the receptor experiments a dramatic conformational change that “extends” the 

extracellular region, which dimerizes and induces intracellular TKD activation. In the asymmetric intracellular 

dimer, the “activator” TKD is represented in grey and the “receiver” kinase in cyan (figure extracted from 

Lemmon, 2014 179).  

2.3.2 Activation of EGFR signalling pathways 

The activation of EGFR by ligand binding induces the trans-autophosphorylation of tyrosine 

residues on the intracellular C-terminal tail, triggering the downstream signalling pathways. 

Each ligand induces the phosphorylation of a particular set of tyrosines, which act as docking 

sites for adaptor proteins and activate specific signalling pathways, accounting for the 

differences in ligand intrinsic activity. The main signalling pathways activated by EGFR are 

ERK MAPK, PI3K-AKT, SRC, PLC-γ1-PKC, JNK, and JAK-STAT, all of which are inter-
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linked and stimulate a vast number of processes such as cell proliferation, growth, 

differentiation, migration, and inhibition of apoptosis. The phosphorylated tyrosine residues 

on EGFR include Y703, Y920, Y992, Y1045, Y1068, Y1086, Y1148, and Y1173, and also 

other tyrosine or serine, and threonine residues such as Y845, Y1101, T654, S971, or 

S1046/S1047 (Figure 6), that are phosphorylated later by other kinases (e.g. c-SRC, PKC, 

CaM kinase II). These phosphorylated residues serve as docking sites for the signal-

transducing molecules containing phospho-tyrosine-binding residues, such as those with Src 

homology 2 (SH2) and phosphotyrosine binding (PTB) domains 182, which then stimulate 

the coupling of a large number of signalling effectors. For example, pY1173 binds to SHC 

(Src homology collagen), Grb2 (growth factor receptor binding protein 2), PLC-γ1, and 

SHP1; pY1068, pY1086, pY1148, and p1173 all bind to Grb2, activating ERK MAPK and 

PI3K-AKT signalling pathways 183, while pY1045 184 and pS1046/47 185,186 are involved in 

several negative regulatory loops in the EGF-stimulated EGFR, such as receptor 

internalization/downregulation and desensitization of the kinase domain.  

 

 

 

 

 

 

 

 

 

Figure 6. Important phosphorylation sites in the C-terminal region of EGFR and their interactions 

with signalling effectors. EGFR tyrosine residues that can potentially be phosphorylated and interact with 

SH2 or PTB domain containing-proteins to activate downstream signalling pathways. Some of the binding 

proteins and effectors are represented, although many others are involved: Shc (Src homology collagen), Grb2 

(growth factor receptor binding protein 2), PLCγ (phospholipase C γ) (adapted from Conte and Sigismund, 

2016 170).  

The RAS-RAF-MEK-ERK MAPK pathway is the most important pathway downstream of 

EGF-induced EGFR activation, in which ERK MAPK initiate diverse physiological and 

pathological responses, including growth, proliferation, differentiation, migration, and 

inhibition of apoptosis 187. In brief, Grb2 directly binds to the phosphorylated Y1068 and 

Y1086 residues, and SHC can be recruited by pY1148 and pY1173, leading to the recruitment 
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of Sos (a nucleotide exchange factor) to the plasma membrane to activate RAS. Activated 

RAS mediates RAF activation, by phosphorylating two important residues (S338 and Y341) 

that are relevant binding sites for MEK1/2. MEK1/2 binding allows its activation and the 

following activation of ERK1/2, which then catalyse the phosphorylation of multiple 

cytoplasmic and nuclear substrates including regulatory molecules and transcription factors 

to induce several biological responses. 

PI3K-AKT is also one of the most important pathways activated upon EGFR activation, 

either by direct interaction with the p85α subunit of PI3K, by the interaction with the adaptor 

protein Grb2 or via activated RAS 188,189. The PI3K-AKT-mTOR signalling pathway controls 

metabolism, proliferation, cell size, survival, and motility 183. In short, PI3K binds to the 

receptor through its regulatory subunit (p85α), which binds to phospho-YXXM motifs (X 

indicates any amino acid) of the RTK, or can be activated by the binding of the adaptor 

protein GRB2, which binds preferentially to phospho-YXN motifs of the RTK. Grb2 binds 

to the scaffolding protein GAB, which in turn can bind to p85α 189. Then, the PI3K catalytic 

domain (p110) phosphorylates the lipid phosphatidylinositol-4,5-biphosphate (PIP2) to 

generate phosphatidylinositol-3,4,5-triphosphate (PIP3), a potent secondary messenger that 

mediates PI3K activity. PIP3 links PI3K to downstream effectors, including AKT, RHO, 

RAC, RAS, ARF, and GAB1/2 proteins. Once localized at the plasma membrane (PM), 

AKT is phosphorylated and mediate cell survival, by phosphorylating components of the cell 

death machinery (Bcl-2-associated death promoter (BAD), caspase-9 or FOXO1); mediating 

mTOR signalling cascade involved in the regulation of cell growth and autophagy; as well as 

cell metabolism and glycolysis in cancer 171. 

The quality, amplitude and duration of the complex signalling network activated upon ligand 

binding to the EGFR are strictly regulated by several mechanisms including the 

compartmentalization and trafficking of the EGFR along the endocytic pathway (Figure 7). 

After the activation of EGFR at the PM, the first mechanism of regulation is EGFR 

internalization through multiple endocytic pathways, such as clathrin-mediated endocytosis 

(CME) and several nonclathrin endocytic pathways (NCE), which are active at different 

ligand concentrations and are cell type specific 158. CME is active at low EGF concentrations 

and directs EGFR towards recycling instead of degradation, to maintain and prolong its 

signalling, and achieve a sustained proliferative response. Contrarily, NCE are only active at 

high EGF concentrations and are critical for long-term attenuation of EGFR signalling, since 

they direct EGFRs to lysosomal degradation (via EGFR ubiquitination) 190. Furthermore, 

EGFR can be translocated to the nucleus, where it can regulate cell proliferation, tumour 
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progression, and DNA repair, by acting as a transcriptional co-activator 191–194. In addition, 

other mechanisms have been described in nuclear translocation such as secondary 

phosphorylation 195, early loops involving miRNAs 196 and late mechanisms regulated by 

newly synthesized proteins and miRNAs 197. 

2.4 EGFR and cancer 

EGFR was one of the first identified oncogenes and has been described to contribute to 

several processes that are crucial for cancer onset and progression, including angiogenesis, 

metastasis, and apoptosis, in addition to its physiological role of promoting proliferation, 

growth, and cell survival 198. It is activated in nearly all the solid neoplasms (e.g. lung, 

glioblastoma, head and neck, ovarian, breast, colorectal, prostate, and pancreatic) 199 either 

by gene mutation, amplification, or overexpression, although the EGFR aberration type, 

mutation frequency and distribution in functional domains differs among cancer types 200,201. 

In many of the tumours, the number of EGFR receptors expressed by malignant cells can 

be up to 10-fold higher than in normal cells 171. For instance, EGFR is overexpressed in 

between 30-50% of pancreatic tumours, 40-80% of non-small cell lung carcinomas (NSCLC) 

and 15-90% of breast tumours 199.  

Diverse EGFR genetic alterations that are found in cancer induce a weakening of the 

negative-feedback mechanisms or an enhancement of positive regulation, prolonging the 

activation of EGFR signalling 197. For example, the in-frame deletion of exons 2-7 of the 

extracellular domain of the receptor results in the most frequent EGFR mutant, the EGFR-

variant III, which has been described to occur in diverse carcinomas such as glioblastoma, 

breast, ovarian, and lung cancers 202. EGFRvIII is constitutively active due to the deletion of 

autoinhibitory residues, and because its abnormal conformation evades endocytic down-

regulation, achieving a low intensity but prolonged signalling sufficient to enhance 

tumorigenicity 203. Likewise, gene amplification or high polysomy, and small in frame 

deletions or mutations in the TKD have been found in human carcinomas 204, as well as 

many other genetic alterations summarised in Table 2.  

 

 

 

 



INTRODUCTION 

21 

 

Table 2. Genetic alterations of ErbB receptors in human carcinoma. Data extracted from Normanno, 

2005 204. 

Furthermore, several alterations in the dimerization, intracellular trafficking of EGFR, 

protein turnover or in the regulatory loops are also responsible of dysfunctional EGFR 

regulation (Figure 7) 205,206. Nuclear EGFR (nEGFR) localization in cancer cells promotes 

survival by acting as nuclear kinase or co-transcriptional activator and has been associated 

with poor overall survival in breast and NSCLC patients 207–211. Another deregulation in 

EGFR trafficking is the secretion of EGFR inside small extracellular vesicles (sEVs) outside 

the tumour cells, which contribute to immune evasion, pre-metastatic niche preparation, 

angiogenesis, cancer cell stemness, and horizontal oncogene transfer 212. Finally, EGFR 

signalling regulation can also be affected by the deficiency of one of its negative regulators, 

such as the E3 ubiquitin ligase CBL, ImmunoGlobulin-like domains 1 (LRIG1), Mitogen-

Inducible Gene 6 (Mig6), Mucin 15 (Muc15) among others 213–216.  
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Figure 7.Schematic representation of EGFR trafficking (extracted and modified from Levantini, 2022 202). 

2.5 EGFR targeted therapies 

The critical role of EGFR in the cell signalling pathways makes it a primary target in cancer 

therapy. Inhibitors of this receptor have been among the most successful examples of 

targeted cancer therapies to date 217. The anti-EGFR therapies can be subdivided into two 

important pharmacological approaches: monoclonal antibodies (mAbs) and small-molecule 

TKIs. The artificially-synthesized EGFR mAbs act as competitors of the natural EGFR-

ligands for binding to the extracellular domain of EGFR, inhibiting the activation of the 

receptor. Small-molecule EGFR TKIs compete with ATP for binding to the intracellular 

TKD of EGFR, decreasing dimer auto-phosphorylation and downstream signalling 218.  

During the last 30 years, several mAbs and TKIs EGFR have been developed and translated 

into clinics for cancer treatment 219. Although the initial responses have been frequently 

encouraging, the development of chemoresistance after a treatment period has represented 

a major drawback, since it drastically decreases the response rates of anti-EGFR therapies. 

Thus, the development of anti-EGFR targeted drugs has evolved to overcome treatment 

resistance and improve the progression-free survival of patients 219,220.  

On the one hand, all the small molecules TKIs that have been synthesised and evaluated can 

be categorised into first- to fourth generation of EGFR TKIs 219. First generation TKIs are 

reversible competitors of the intracellular ATP binding site of EGFR and include Gefitinib 



INTRODUCTION 

23 

 

and Erlotinib, two therapeutic agents approved for cancer treatment by the FDA 221,222. At 

least one single mutation on the exons encoding the TKD of EGFR (L858R and del19) is 

required for the treatment with TKIs to obtain positive clinical responses. Second-generation 

TKIs are irreversible inhibitors that target EGFR and other ErbB-family members such as 

ErbB2, and include afatinib (BIBW2992, approved by the FDA), dacomitinib (PF-

00299804), and neratinib (HKI-272) among others. Nonetheless, the secondary drug 

resistance appears frequently, being the EGFR gatekeeper T790M mutation the most 

important mechanism (threonine substitution alters the ATP binding pocket and increases 

the receptor affinity for ATP, preventing the binding of TKIs). Third-generation TKIs, 

including Osimertinib (AZD9291) and Olmutinib (HM617l3) among others, were designed 

to overcome T790M mutation, as they selectively and covalently bind mutant EGFRT790M 

active site over wild-type EGFR 223, and are proposed for patients with resistance to the first- 

and second-generation TKIs. Finally, fourth-generation TKIs are being developed with 

novel design strategies mainly to target triple mutant EGFR with C797S mutation. Currently, 

there are at least five inhibitors at phase I clinical trial (BLU-945, BLU-701, TBQ3804, BBT-

176, and BPI-361175), although any of them has not yet been approved for the clinical use224.  

On the other hand, Cetuximab (Erbitux) and Panitumumab (Vectibix) are the two mAbs 

currently used in cancer treatment, although resistance to these inhibitors has limited their 

use 217. Cetuximab binds to the EGFR with higher affinity than the natural ligands TGF-α 

and EGF, and promotes receptor internalization and degradation without its activation, 

resulting in a decrease of the receptor availability at the PM and less activation of downstream 

signalling. Indeed, it has been described to bind to the mutant receptor EGFRvIII, to inhibit 

cell cycle progression as well as the production of pro-angiogenic factors 217.  

Recently, many other strategies have been designed as novel therapies, including combination 

therapies and multitarget agents, such as the use of anti-EGFR agents with drugs targeting 

other signalling pathways (e.g. PI3K inhibitor pictilisib) 225, or the dual inhibition of the extra- 

and intracellular domains of the EGFR (with mAbs and TKIs against EGFR) 226. 

Interestingly, a strategy for selective delivery of the anti-EGFR agent to EGFR-

overexpressing cancer cells has been developed, which consists of the use of nanoparticles 

containing a cytotoxic agent and coated with an anti-EGFR mAb (EDV EnGeneIC Dream 

Vector)-D682), and is currently in a phase II trial 227. Likewise, diverse types of nanoparticles 

conjugated to EGF or other types of ligands have been studied in pancreatic cancer showing 

promising results 228,229.  
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3. Glycobiology 

Glycobiology is the study of the structure, biosynthesis, biology, and evolution of saccharides 

(also called carbohydrates, sugar chains, or glycans) that are widely distributed in nature, and 

of the proteins that recognize them 230. Glycans were first considered as a source of energy 

or as structural materials, without other biological activities. However, the development of 

new technologies to study their complex structures and functions during the 1980s opened 

a new field in molecular biology. At present, glycobiology is one of the fields in the natural 

sciences that is growing faster due to the relevant biological roles of glycans in most of the 

living organisms 231.  

Glycosylation, defined as the enzymatic process that produces glycosidic linkages of 

saccharides to other saccharides, proteins, or lipids 232, is one of the most important post-

translational modifications (PTM). Together with other relevant PTM such as 

phosphorylation, methylation, and ubiquitination, it helps explaining how the complexity and 

diversity characteristic of different cell types can be generated from the limited number of 

protein coding genes of the human genome. Glycosylation is considered the most complex 

PTM and probably one of the most frequent, with 50-80% of all proteins described to have 

potential glycosylation sites 233,234. Glycans are ubiquitously present in all cells in nature, 

usually expressed on its outer surface and ECM, although they can also be in organelles such 

as the Golgi apparatus (GA), the endoplasmic reticulum (ER), lysosome, cytosol, and the 

nucleus. Glycans play crucial roles in several physiological functions and, therefore, they are 

involved in multiple human diseases, including cancer 232.   

The basic structural units of glycans are the monosaccharides, carbohydrates that cannot be 

hydrolysed into a simpler form, which are typically attached to other monosaccharides or to 

other molecules by a covalent glycosidic linkage, generating α- or β-linkages via the hydroxyl 

group of the anomeric center of one unit and the hydroxyl of the second molecule. In 

mammals, carbohydrates are composed of ten common monosaccharide units, all derived 

from glucose 235,236: glucose (Glc), galactose (Gal), N-acetylglucosamine (GlcNAc), N-

acetylgalactosamine (GalNAc), fucose (Fuc), mannose (Man), xylose (Xyl), glucoronic acid 

(GlcA), iduronic acid (IdoA), and 5-N-Acetlylneuraminic acid (Neu5Ac or sialic acid (SA)) 

(Figure 8).  
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Figure 8.Chemical structures of human monosaccharides and depiction of each glycan according to 

the Consortium for Functional Glycomics (CFG) notation. All monosaccharides are shown as their free 

reducing sugars (extracted and modified from Rakus and Mahal, 2011 235).   

3.1 Glycoconjugates 

The term glycoconjugate is used to refer to compounds formed by one or more 

monosaccharide or oligosaccharide units (glycon) covalently linked to a non-glycosyl part 

(aglycon) that can be a protein or a lipid; and are classified according to the nature of this 

linkage. The most common classes of glycoconjugates in mammalian cells are represented at 

Figure 9, and include glycosylphosphatidylinositol (GPI)-anchored glycoproteins, 

proteoglycans, glycosphingolipids, and glycoproteins 232.  
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Figure 9. Major types of glycosylation in humans. Schematic representation of the most common glycan 

structures on animal cells and monosaccharides in CFG notation. Glycoproteins can contain N-glycans, 

attached to Asn (N) of the consensus glycosylation motif Asn-X-Ser/Thr (in which X denotes any amino acid 

except for Pro), or O-glycans, attached to Ser (S) or Thr (T) residues. Different types of O-glycosylation are 

represented, mucin-type glycans, O-linked fucose (Fuc) and O-linked mannose (Man), which often occurs in 

specific proteins or protein domains, such as epidermal growth factor (EGF) repeats, thrombospondin type I 

(TSR) repeats or dystroglycan. Proteoglycans represent a major class of glycoproteins, defined by the presence 

of long glycosaminoglycan (GAG) chains attached to proteins. Glycosylphosphatidylinositol (GPI)- anchored 

glycoproteins and glycosphingolipids represent another wo major class of glycoconjugates (extracted from 

Reily, 2019 237).  

Contrary to proteins, glycan structures are not encoded directly in the genome; their 

biosynthesis, assembly, and addition to aglycons are produced as PTM driven by the 

regulated action of several enzymes (glycosyltransferases (GT) and glycosidases), generating 

a high number of glycan combinatorial possibilities.  

Protein glycosylation is produced in a site-specific manner and not all the potential 

glycosylation sites are occupied on a given protein, generating a variation termed as 

macroheterogeneity. Likewise, the presence (or absence) and the specific composition of 

glycans in a particular glycosylation site of a given protein can derive into the formation of 

numerous “glycoforms” of the protein, a diversity that is cell-type specific, and can be rapidly 

modified by glycosylation and deglycosylation reactions taking place primarily in the GA, 

creating the phenomenon known as microheterogeneity 230.  

Glycans can have an effect on many of the physicochemical properties of the glycoprotein 

they are attached to, such as its conformation, folding, flexibility, charge and hydrophobicity, 

subcellular trafficking, turnover, and half-life. Thus, glycosylation can modulate many cellular 

and molecular processes, including receptor activation, signal transduction, endocytosis, and 
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cell adhesion and drives the concomitant regulation of physiological and pathological events, 

such as cell growth, migration, differentiation, tumour metastasis, and host-pathogen 

interactions 238.  

Referring to glycoproteins, glycans can be classified into two major groups, according to the 

covalent bond established between them and the polypeptide backbone: via an asparagine 

(Asn) (N-linked glycans) or via serines or threonines (O-linked glycans). In very few cases, 

the linkage can be via a tryptophan residue (C-linked glycan), but this will not be further 

addressed in this thesis.  

3.1.1 N-glycosylation 

In N-glycosylation, the glycan chains are covalently attached to Asn residues of the protein 

by an N-glycosydic bond. All eukaryotic N-glycans begin with a GlcNAc attached through a 

β-glycosylamine linkage between the hydroxyl group of its anomeric carbon and the amide 

nitrogen of the Asn side chain (GlcNAc β1-Asn), in an Asn belonging to a consensus amino 

acid sequence, Asn-X-Ser/Thr in which “X” is any amino acid except proline 239. 

Nonetheless, recent work has demonstrated other possible consensus sequences 240.  

All human N-glycans are generated from a core oligosaccharide of three Man residues and 

two GlcNAc (Man3GlcNAc2), linked to the Asn (Manα1,3(Manα1,6) 

Manβ1,4GlcNAcβ1,4GlcNAcβ1-Asn-X-Ser/Thr). According to the residues attached to the 

core sequence, N-glycans are classified into a) high mannose or oligomannose type, when 

all the terminal monosaccharides (at the non-reducing end) of the glycan are Man b) 

complex N-glycans, when no Man are found at the terminal positions of the glycan, and c) 

hybrid N-glycans, when there are both Man and other monosaccharides at the terminal 

positions of the glycan. The complex ones are subdivided according to the number of 

GlcNAc attached to the core (branches or antennae), into bi-, tri-, and tetrantennary 

structures, being the biantennary structures the most abundant extracellular glycans in 

vertebrates (Figure 10)241. 
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Figure 10.Types of N-glycan and complex N-glycans found on mature glycoproteins.  Top panel: a) 

High mannose type, b) Complex type, c) Hybrid type structures. The dashed red box highlight the core or 

common penta-saccharide region that the three types of N-glycans share. Bottom panel: Biantennary, 

Triantennary and Tetraantenary complex N-glycan typical structures. A LacNac unit (bracketed) on any branch 

may be repeated many times (extracted and modified from Essentials of Glicobiology230).  

N-glycan biosynthesis occurs in two different organelles, the ER and GA, where the enzymes 

that catalyse this process are located. This process occurs in three major phases:  

i) The synthesis of the lipid-linked precursor oligosaccharide: this is a highly 

conserved phase in eukaryotes that takes place at the ER cytoplasmic membrane, starting 

with the transfer of a GlcNAc-1-P to a dolichol-phosphate (Dol-P), to generate Dol-P-

P-GlcNAc. Next, a second GlcNAc and five Man residues are transferred to Dol-P-P-

GlcNAc to form GlcNAc2Man5-P-P-Dol, which is “flipped” into the luminal side of the 

ER. Subsequently, GlcNAc2Man5-P-P-Dol is extended by the addition of four Man and 

three Glc residues, transferred from Dol-P-Man and Dol-P-Glc, respectively, to form the 

14-sugar mature N-glycan precursor Glc3Man9GlcNAc2-P-P-Dol.  
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ii) Transfer of the N-glycan precursor to nascent proteins: the oligosaccharide part of 

Glc3Man9GlcNAc2-P-P-Dol precursor is transferred by oligosaccharyltransferase (OST) 

to the Asn (Asn-X-Ser/Thr) of the proteins as they emerge from the translocon in the 

ER membrane.  

iii) Processing of the oligosaccharide: after the transfer of the precursor oligosaccharide 

by OST to the nascent protein, the processing of the glycan occurs in the ER and GA by 

the action of glycosidases and GTs. The early processing in the ER lumen begins with 

the sequential removal of three Glc residues by two glucosidases, and the removal of a 

Man residue by an ER mannosidase, reactions that are tightly related to glycoprotein 

folding and protein fate (to GA processing or to degradation). Misfolded glycoproteins 

are recognised at this point by degradation-enhancing α-mannosidase I-like (EDEM) 

proteins and targeted to ER degradation. Next, the high-mannose glycoprotein is 

transferred to the cis-Golgi cisternae, where three Man residues are sequentially removed 

(Man5GlcNAc2Asn) by α1-2 mannosidases IA and IB (MAN1A1, MAN1A2). In the late 

processing steps, the biosynthesis of hybrid and complex N-glycans is initiated in the 

medial-Golgi by the addition of a Glc residue to the core α1-3 Man residue of the 

Man5GlcNAc2Asn by the action of an N-acetylglucosaminyltransferase (GnT) (MGAT1). 

Subsequently, most glycans are trimmed by the action of two α-mannosidase II enzymes 

(MAN2A1 and MAN2A2), which remove terminal Man residues (α1-3Man and α1-

6Man), and then a second Glc residue is added to the α1-6Man in the N-glycan core by 

the action of MGAT2, to form the precursor for all biantennary, complex N-glycans. If 

the second mannosidase is inactive, the first hybrid N-glycans are formed 

(GlcNAcMan4GlcNAc2). Besides, hybrid and complex N-glycans can suffer additional 

branching by the addition of GlcNAc to α1-3Man and α1-6Man to yield tri- and tetra- 

antennary N-glycans, or the transfer of a bisecting GlcNAc, attached to the core βMan. 

Finally, the maturation of N-glycans (Figure 11) takes place in the medial- and trans-Golgi, 

where further monosaccharide additions convert the limited glycan repertoire into a 

complex and extensive array of mature N-glycans. Monosaccahride can be added to the 

N-glycan core (α1-6Fuc is the main core modification in vertebrates), or can also be added 

to elongate the branches, by the transfer of β-linked Gal and GlcNAc residues. 

Furthermore, additional monosaccharide residues can be added for the “decoration” or 

“capping” of the glycan antennas, including SA, Fuc, Gal, and GlcNAc among the most 

important ones. To facilitate its presentation to lectins and antibodies, these capping 

sugars are normally α-linked. Overall, the final glycan product will depend on the 
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monosaccharide donor availability and the presence and accessibility of different GTs 

within the medial- and trans-GA. 

 

Figure 11. N-glycans biosynthesis and maturation in the secretory pathway. Extracted from Essentials, 

4th edition 230. 

3.1.2 O-glycosylation 

In O-glycosylation, the glycans are linked to a protein via the hydroxyl group of a Ser/Thr 

residue of the polypeptide chain. There are several types of O-glycans, including α-linked O-

Fuc, β-linked O-xylose, α-linked O-mannose, β-linked O-GlcNAc, α- or β-linked O-galactose 

and α- or β-linked O-glucose glycans 230,236. However, the most common O-glycosylation type 

in animals is the linkage via a GalNAc molecule, creating the O-GalNAc glycans or also 

called mucin-type-O-glycans 242.  
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O-glycosylation is an evolutionary conserved PTM that, unlike N-linked glycosylation, begins 

when protein synthesis starts and folding is already completed 242,243. A large family of 

enzymes named polypeptide-N-acetylgalactosaminyltransferases (ppGalNAcT) initiates the 

O-glycosylation process in the cis-Golgi by adding a single GalNAc residue, and the 

elongation process of the glycoprotein is followed by the stepwise addition of other 

monosaccharides within the GA by GTs 242,243.  

The first common structure GalNAcα-Ser/Thr, also named Thomsen-nouvelle antigen or 

Tn-antigen, is used as a substrate to form extended chains by the addition of Gal or GlcNAc 

residues catalysed by GTs (Figure 12), giving place to core 1 and core 3 structures, from 

which most of the additional O-glycan core types are formed (core 1-4 in addition to Tn-

antigen and Sialyl-Tn antigen)244. Besides Gal and GlcNAc, other sugars are found in O-

glycans including GalNAc, Fuc, and SA, generating mainly linear or bi-antennary chains with 

variable length, from a single GalNAc to more than 20 monosaccharide residues. O-GalNAc 

glycans are heavily expressed on MUCs, contributing to its conformation and to its adhesive 

properties and thus, O-GalNAc glycans have an important role in protecting the epithelia in 

mucus sites, as they provide a barrier (by forming a mucus) to many external threats such as 

intestinal microbes. Furthermore, the overexpression of MUCs in several types of cancers 

and the aberrant glycosylation carried on these protein have been related to tumour 

progression, invasiveness, metastasis formation, and drug resistance 245.  
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Figure 12. Biosynthesis of O-glycans. Representation of the most common mucin-type O-glycosylation core 

1-4 biosynthetic pathways in mammals. Data for the figure was extracted from Essentials 4th edition, 2022; 

Bennet et al., 2012; and Tran et al., 2013 230,242,243. 

3.2 Sialic acids and sialyltransferases 

SA are a family of nine-carbon backbone sugars that are typically attached to the outermost 

ends of glycoconjugate chains 246, commonly added to N- or O-linked glycans of glycolipids 

or glycoproteins. There are two major SA core structures (Figure 13), the 2-keto-

deoxynonoic acid (Kdn) and neuraminic acid (Neu) 230,247, sharing the nine-carbon backbone 

and differing at the C5-position. In mammals, the following two derivatives of Neu are the 

most common SA structures: N-acetylneuraminic acid (Neu5Ac) and its hydroxylated form, 

N-glycolylneuraminic acid (Neu5Gc). However, humans lack Neu5Gc due to an inactivating 

mutation of a hydroxylase that catalyses the reaction of CMP-Neu5Ac to CMP-Neu5G 246,247 

and thus, the most common SA in humans is the Neu5Ac. Importantly, the carboxylate 

group at C1-position of Neu5Ac is normally deprotonated at physiological pH, conferring a 

negative charge to the glycan 230. The glycerol-like side chain (C-7, C-8, and C-9, each carrying 

a hydroxyl group) can establish hydrogen bonds and the N-acetyl group facilitates 

hydrophobic interactions, all of them participating in binding specificities and functions of 

sialylated glycans 230. In addition, the four SA core molecules (Kdn, Neu, Neu5Ac, and 

Neu5Gc) can be naturally modified via esterification (with acetyl, lactyl, sulfate or 

phosphate), O-methylation, lactonization, or lactamization, giving rise to over 50 variations 

246,247. These modifications, together with the net negative charge, can strongly influence in 
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the physicochemical properties of the glycans and in its recognition by glycan binding 

proteins (GBPs) such as sialic-acid-binding immunoglobulin-like lectins (Siglecs), thus 

conditioning their physiological roles. 

Figure 13. SA core molecules. From left to right, Ketodeoxynonulosonic acid (Kdn), Neuraminic acid (Neu), 

N-acetylneuraminic acid (Neu5Ac), and N-glycolylneuraminic acid (Neu5Gc) (extracted and modified from 

Essentials 4th edition230).  

Sialylation, the process of adding SA residues to terminal non-reducing positions of 

oligosaccharide chains of glycoproteins and glycolipids, is one of the most relevant “capping” 

reactions in the biosynthesis of glycans, which provides diversity, both in structure and 

function to the glycans. Sialylation is catalysed by a family of GTs enzymes known as 

sialyltransferases (STs). In all vertebrates, STs are type II TM glycoproteins predominantly 

located at the trans-Golgi, which use the nucleotide sugar CMP-Neu5Ac as a donor to 

transfer SA to the glycan chains. STs can generate different linkage types when binding SA 

to the glycan chain and, based on the linkage and glycan type, they have been classified into 

four major subfamilies: ST3Gal, ST6Gal, ST6GalNAc, and ST8Sia. SAs can be transferred 

via their C-2 anomeric carbon in α-configuration, commonly to the C-3 or C-6 positions of 

Gal by α2,3-STs (ST3Gal I-VI) and α2,6-STs (ST6Gal I-II) respectively. SAs can also be 

attached to the C-6 position of GalNAc in α2,6-linkage by ST6GalNAc I-VI and additionally, 

SA can be attached to the C-8 or C-9 position of another SA molecule, generating a linear 

homopolymer of SA also referred as polysialic acid structure by ST8Sia I-VI 230,248.  

In human and murine genomes, there are twenty known genes encoding STs enzymes. Six 

of these genes (ST3GAL1, ST3GAL2, ST3GAL3, ST3GAL4, ST3GAL5, and ST3GAL6) 

encode for α2,3-STs enzymes, which transfer SA in an α2,3 linkage to the Gal of type-1, or 

-2 structures in glycoproteins or glycolipids (Galβ1,3GalNAc or Galβ1,4GlcNAc structures 

respectively). In mammals, α2,3-sialylation of N-glycans is catalysed by the enzymes ST3Gal 

III, ST3Gal IV and ST3Gal VI, being ST3Gal III and ST3Gal IV the principal enzymes since 

ST3GAL3 and ST3GAL4 genes are broadly expressed 249. α2,3-STs compete with other GTs 

such as α1,2-FucTs (fucosyltransferase), α1,3-GalT, GlcNAcTs, and GalNAcTs for the 

transfer of additional monosaccharide residues to the terminal Gal residue, enzymes that 

cannot act when α2,3-SA has previously been linked to Gal terminal residues by α2,3-STs 230.  
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ST6GAL1 and ST6GAL2 genes codify for the α2,6-STs that transfer SA to Gal in α2,6-

linkage, while ST6GALNAC1-6 genes codify for the α2,6-STs that transfer SA to GalNAc. 

In addition, ST8SIA1-6 genes codify for the α2,8-STs that transfer SA to other SA residues 

230.  

In vertebrates, Neu5Ac is synthetized in the cytosol (detailed process represented at figure 

14), converted to activated cytidine monophosphate (CMP)-Neu5Ac (donor) in the nucleus 

by condensation with cytidine tryphosphate (CTP), returned to the cytosol and transferred 

into Golgi compartments by a CMP antiporter. At trans-Golgi, where the STs reside, SAs are 

transferred to lipid and protein glycans, which are transported to the cell surface to be part 

of the PM or secreted 230.  

 

Figure 14. Metabolism of N-acetylneuraminic acid in vertebrate cells. On the left, schematic pathways  

and compartments of biosynthesis of Neu5Ac: biosynthesis in the cytosolic compartment, converted to 

activated CMP-Neu5Ac in the nucleus, transferred to lipid and protein glycans in the Golgi, transported to the 

cell surface, secreted or recycled into lysosomes and degraded. On the right, details of enzymatic steps leading 

to CMP-Neu5Ac biosynthesis (extracted from Essentials 4th edition 230). 
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The presence of SA on glycoconjugates is regulated by the activity of STs (which is mainly 

regulated at gene transcription level and also by PT controls, epigenetic events, and Golgi 

pH 250, as well as by the availability of the SA nucleotide sugar donor (conditioned by the 

activity of the enzymes that regulate its synthesis) and the co-localization of substrate and 

enzymes in the Golgi compartments. Moreover, SA can be removed from the 

glycoconjugates by the enzymatic activity of sialidases (also called neuraminidases) either 

intracellularly to recycle sialoglycans, or on the cell-surface to regulate sialylation and 

modulate receptor-mediated signalling 230. 

SAs have been described to play diverse important roles, which are not mutually exclusive. 

The presence of SA modulates the biophysical environment of sialoglycoproteins such as 

mucins, conferring a negative charge and inducing its hydrophilic properties to promote its 

efficacy as hydrating molecules. SAs have also been described to mask underlying glycans 

and prevent its recognition by glycan-binding proteins. They are specifically recognised by 

SA-binding proteins, which mediate important biological processes. Among the most 

important roles, SAs are involved in the modulation of cellular recognition, cell signalling, 

cell adhesion, neural signalling and plasticity, and glomerular filtration, and are used as 

binding sites for many human pathogens and toxins, facilitating its colonization and 

spreading 247,251–255. Considering the roles of SA in modulating several important biological 

processes, its deregulation or modification has been reported in numerous diseases, including 

cancer, an issue that will be addressed in section 3.4.2. 

3.3 Lewis blood group determinants 

The Lewis blood group antigens are a set of glycans that carry Fuc residues in α1,3/α1,4 

linkage (Figure 16). Type-1 and type-2 structures in N-glycans, O-glycans and 

glycosphingolypids 256 can be further modified by the sequential action of diverse FucT and 

STs, which catalyse the addition of Fuc and SA residues to generate type-1 and type-2 Lewis 

antigens. Some of the members of Lewis blood group antigens play important roles as 

selectin ligands on glycoproteins, being involved in several physiological processes such as 

the extravasation of the leucocytes to the tissues, as well as many pathological processes such 

as tumour cell extravasation and metastasis formation 256–263. Thus, given their potential role 

in tumorigenesis and metastasis in various cancers, we will give special emphasis to sialyl 

Lewis A (sLea) Neu5Acα2,3Galβ1,3(Fucα1,4)GlcNAc and sialyl Lewis X (sLex) 

Neu5Acα2,3Galβ1,4(Fucα1,3)GlcNAc antigens. 
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For the biosynthesis of sLea antigen, type-1 glycan chains (Galβ1,3GlcNAc) are used as 

precursor structures by the α2,3-STs ST3Gal III and, with lower catalytic efficiency by 

ST3Gal IV, which catalyse the transfer of a SA residue to the terminal Gal in α2,3-linkage, 

generating the Dupan-2 antigen. Then, the addition of a Fuc residue in α1,4-linkage to the 

GlcNAc by the FucTs FucT III and FucT V generates sLea antigen 264 (Figure 15).  

For the biosynthesis of sLex antigen, type-2 glycan chains (Galβ1,4GlcNAc) are used as 

precursors, and initially modified by the addition of α2,3-linked SA to the terminal Gal 

catalysed by the ST3Gal III, ST3Gal IV, and ST3Gal VI STs. In the subsequent step, the 

addition of a Fuc to the GlcNAc in α1,3-linkage by the action of a α1,3-FucTs FucT III, 

FucT V, FucT VI, or FucT VII finally produces the sLex antigen 265–268 (Figure 15). 

Figure 15. Schematic representation of type I and II Lewis antigens. Lewis and sLe structures are depicted 

(highlighted by the dashed blue boxes). The key enzymes involved in their synthesis are indicated (adapted from 

Pinho, 2015 232). 

Interestingly, recent studies have focused on the particular importance of some of these 

enzymes in the biosynthesis of sLe antigens, although results differ between the tissues 

studied. In humans, ST3Gal IV was reported to be the major STs in the biosynthesis of E-, 

P- and L-selectin ligands in leukocytes 269. Nonetheless, diverse studies from our group 

reported that in pancreatic cancer cell lines both ST3Gal III and ST3Gal IV participate in 

the biosynthesis of sLex antigen 270,271. Referring to FucTs, it has recently been described that 

FucT III, FucT VI, and FucT VII are the enzymes that more importantly contribute to sLex 

biosynthesis pathway 272,273.  
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3.4 Altered glycosylation in cancer 

Aberrant expression of glycans and glycoconjugates has been associated with numerous 

pathologies, including congenital disorders 274, immunodeficiencies and cancer 232,257,275. 

During the last decades, aberrant glycosylation has emerged as a hallmark of cancer due to 

its contributions in malignant transformation of cancer cells, tumour progression, and 

ultimately, metastasis formation. Additionally, increasing evidence propose glycans as a novel 

source of clinical biomarkers, and consider glycans and the biosynthetic pathways involved 

in glycan structures as promising targets for cancer therapy, due to their ability to modulate 

diverse stages of tumour progression and metastasis 276.  

In cancer, glycan alterations have been related to cell-cell adhesion, cell-matrix interactions, 

activation of oncogenic signalling pathways, tumour angiogenesis, immune modulation, and 

induction of pro-metastatic phenotypes 232,277,278. Glycan alterations can occur in core 

structures of O-glycans and N-glycans, present either on the tumour cell surface or in 

secreted glycoproteins and host elements 3. The principal alterations found in cancer are 

truncated O-glycans, highly branched N-glycans, diverse fucosylated and sialylated terminal 

structures, and alterations in glycosphingolipid expression (Figure 16)279. Among these 

changes, the formation of highly fucosylated glycans, such as Lewis antigens (Lea/b and Lex/y), 

and sialylated antigens (such as sLex and sLea), are of special relevance during the neoplastic 

transformation.  

Figure 16. Alterations in protein glycosylation during cellular transformation and progression. The 

main changes in the glycosylation of membrane or soluble proteins are highlighted in pink, changes in O-

glycans (T, Tn, and STn antigens) and altered branching and fucosylation of N- and O-glycans, including 

changes in sialylated Lewis antigens (sLex and sLea) (extracted from Stowell, 2015 236).  
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These modified glycans, also called tumour-associated carbohydrate antigens (TACAs) as 

they are generated during tumorigenesis and cancer development, offer the possibility to 

discriminate the glycosylation pattern of proteins expressed either on normal or tumour cells 

276. Although it remains insufficiently understood, diverse mechanisms have been proposed 

as the origin of the main glycan alterations: changes in expression levels of GTs and 

glycosidases 242,280, whose expression is frequently deregulated in cancer, changes of GTs 

location in the ER and GA 281, modified molecular chaperone activity 282, and substrate and 

donor availability 283,284. Recently, alterations in glycosylation have been linked to the 

acquisition of the cancer hallmarks capabilities proposed by Douglas Hanahan 285, reinforcing 

the concept that glycosylation plays crucial roles during all steps of tumour progression, 

regulating tumour proliferation, invasion, angiogenesis, and metastasis 3,232.   

3.4.1 Altered glycosylation affects key cell receptors and influences their 
activity, as well as tumour cell adhesion and invasion capabilities 

RTKs are glycosylated TM receptors that regulate key processes in malignant transformation 

and cancer progression such as cell division, differentiation, migration, and angiogenesis. 

Recently, it has been reported that alterations in the glycosylation of RTKs can cause its 

aberrant activation and signalling. Glyosaminoglycans (GAGs), glycosphingolypids, and 

gangliosides have been described as modulators of RTKs activation and signal transduction 

for receptors such as EGFR, FGFR, MET, and IGFR 286–288. Besides, N-glycans on RTKs 

are important regulators of cell proliferation and arrest. For instance, as commented above, 

N-glycan branching of EGFR has been described to modulate tumour cell phenotype in 

several cancer types. Its aberrant glycosylation promotes the retention of the receptor at the 

cell surface mediated by the galectin lattice, facilitating its activation 289–291. In addition, the 

increase of α2,3-sialylation, linked to the increase of sLe epitopes, caused a more invasive 

phenotype on gastric carcinoma cells through the hyperactivation of the RTKs MET and 

RON 292,293.  

Referring to tumour cell-cell interactions, increasing evidence suggest that the glycosylation 

of cadherins, principally E-cadherin, affects its stability and thus, mediate cell-cell adhesion, 

cell motility, and cell growth differentiation. Dysregulated N-glycosylation of E-cadherin 

might be present on diverse cancer types, modulating protein junctions between cancer cells 

and its adhesive capabilities 294–297. Fucosylation of E-cadherin by FUT8 (α1,6-FucT) was 

reported to promote breast cancer cell migration 276 as well as to increase cell-cell adhesion 

in human colon carcinoma cells 298. Furthermore, previous research from our group reported 
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that alterations in E-cadherin and α2β1-integrin sialylation, caused by ST3GAL3 and 

ST3GAL4 overexpression, resulted in enhanced migratory and invasive properties of PDA 

cells 271,299. 

The integrin family of receptors comprise the major regulators of the adhesion of cells to the 

ECM elements (collagens, fibronectin and laminin among others), regulating cell growth and 

proliferation. Importantly, diverse glycan modifications have been reported to affect the 

expression of integrins: β-1,6 branching of complex N-glycans on integrins catalysed by the 

Gn-T III promoted invasion and metastasis in melanoma cells, similarly to the highly N-

glycosylated α5β3 integrin 276. Sialylation and fucosylation are also involved in the modulation 

of integrin functions. The overexpression of ST3GAL3 in PDA cells caused an increase in 

sialylated antigens (sLex) on α2β1 integrin, leading to FAK phosphorylation and increased 

invasive phenotype 299. Moreover, the inhibition of fucosylation in liver cancer cells supressed 

migration and the intracellular FAK signalling linked to β1 integrin 300.   

3.4.2 Hypersialylation in cancer 

In cancer cells, glycan chains of glycoconjugates are often terminated by numerous sialylated 

determinants. This hypersialylation correlates with higher malignancy, invasion, and cancer 

cell survival 301–303. First, regarding to the physicochemical properties, hypersialylation of 

glycans confers a negative charge to the glycan chain that contributes to cell-cell and cell-

matrix detachment, thus promoting invasion to other tissues and metastasis 3,258,304. Second, 

the increased expression of selectin ligands at the cell surface, such as sLex and sLea, enhances 

the metastatic properties of cancer cells by their interaction with the E-selectin expressed on 

the activated endothelium, which allows their extravasation. 305–307.  

The aberrant expression of these sialylated determinants in tumours is linked to the enzymes 

regulating their addition and removal (STs and sialidases, respectively), being ST3Gal III, 

ST3Gal IV, and ST3Gal VI of critical importance 308. In addition to sialylated determinants, 

a more generic increase in α2,3 and α2,6-sialylation resulting from the overexpression of 

ST3Gal and ST6Gal STs, and the dysregulated activity of sialidases, have been reported as a 

hallmark of cancer 285,309–313.  

Several STs are implicated in cancer, but ST6GAL1 has been the most studied ST in recent 

years. ST6GAL1 is upregulated in numerous types of cancer (including pancreatic, prostate, 

colon, breast, and ovarian cancer) 314–316, contributing to increase tumour aggressiveness, 

metastasis and resistance to chemotherapy. The mechanisms by which ST6Gal I mediated-
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α2,6-sialylation facilitates tumour progression and metastasis are still poorly understood, 

although recent research has provided valuable results: upregulation of ST6GAL1 blocked 

apoptotic signalling via the increased α2,6-sialylation of FasR 317; ST6GAL1 mediated 

sialylation was reported to enhance HIF-1α signalling, protecting tumour cells against 

hypoxia 318; and ST6GAL1 overexpression was reported to promote survival signalling and 

resistance to cytotoxic stress under serum growth factor withdrawal situations, sustaining 

proliferative capacity of tumour cells 319. In addition, increased α2,6-sialylation of EGFR has 

been described as a key factor in modulating its activation and the sensitivity of tumour cells 

to EGFR-targeted drugs 320–322. Finally, ST6Gal I activity has been described to inhibit 

galectin binding and function, modulating tumour immunity 323.  

Regarding ST3GAL3 and ST3GAL4, the increased expression of sLex, caused by ST3GAL4 

overexpression, was reported to induce invasive phenotype in gastric cancer cells through 

the activation of c-Met pathway 293 and RON RTK 292. In ovarian cancer, ST3GAL3 down-

regulation sensitized cisplatin-resistant cells to cisplatin, meaning that targeting α2,3-linked 

SA might contribute to prevent resistance and relapse of this cancer type. Similarly, it has 

been recently revealed that increased α2,3-sialylation in PDA cells can be recognised by 

Siglec-7 and Siglec-9 expressed on myeloid cells, modulating its function in multiple stages 

of tumour-associated macrophage (TAM) differentiation towards a reduced pro-

inflammatory profile, by upregulating PD-L1, IL-10, IL-6, and CD206, to promote immune 

system evasion 322. Moreover, previous studies from our research group demonstrated that 

ST3GAL3 and ST3GAL4 were overexpressed in PDA tissues compared to control ones 

271,324, and proved that the increase in α2,3-SA in PDA cell lines derived of ST3GAL3 and 4 

overexpression positively correlated with E-selectin adhesion and cell migration capabilities. 

In further studies, it was demonstrated that the injection of PDA cells overexpressing α2,3-

STs into athymic nude mice increased metastasis formation and reduced mice survival 

270,271,299,325. Additionally, ST3GAL3 and ST3GAL4 knockdown (KD) in PDA cell lines 

impaired cell migration and invasive capabilities, as well as its binding and rolling to E-

selectin, reinforcing the importance of α2,3-sialylation in the PDA metastatic process 326.  

Considering all these findings in diverse cancer models, and the fact that expression levels of 

STs and total serum sialylation levels are generally increased in cancer patients, normally 

being indicative of a poor prognosis, aberrant sialylation has been considered as a therapeutic 

target and inhibitors of STs activity have emerged as a pharmacological therapy for cancer.  
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3.5 EGFR glycosylation  

The extracellular region of ErbB family members is heavily glycosylated, accounting to nearly 

50 kDa of the total molecular weight of the receptor (⁓175 kDa) 327. This PTM has been 

shown to modulate receptor structure, functionality, and therapeutic response and thus, it 

has represented a source of novel clinical biomarkers and therapeutic targets for human 

cancers. Twelve potential sites for N-glycosylation have been identified along the 

extracellular region of EGFR (Figure 17) 327,328, eleven of which consist of the typical N-

glycosylation consensus sequences (N-X-S/T, where X is any amino acid except proline) 

(N104, N151, N172, N328, N337, N389, N420, N504, N544, N579, N599), and another one 

(N32) that is known to be an atypical glycosylation site (N-X-C) 329,330. Nonetheless, other 

studies have proposed additional residues as potential glycosylated and fucosylated sites 328,331.  

Figure 17. N-glycosylation sites of EGFR. Schematic diagram of the structural protein domain and N-

glycosylation sites of EGFR. The amino acid numbering is for the mature form of the receptor and does not 

include signal peptides of the N-terminal 24 amino acids of EGFR (extracted and modified from Takahashi, 

2022 332). 

The site specific N-glycosylation status of EGFR has been described for endogenous and 

recombinant EGFR expressed in different cancer cell types, indicating that most of the N-

glycosylation sites are 100% glycosylated (only some of them are partially or not glycosylated) 

and that the most common glycan types are high-Man or complex ones 332. 

Several studies have reported that N-linked glycosylation of the EGFR affects its 

conformation, which is crucial for the regulation of its dimerization and function 333. In a 

normal state, a basal N-glycosylation of EGFR has been described to be required for the 

proper sorting to the cell surface and for ligand binding 330,334–336. Besides, considering that 

aberrant glycosylation is a common feature in cancer development and progression, several 

works have demonstrated that in diverse cancer types, EGFR-bound glycans modulate the 

malignancy of tumour cells 331,337–339. The glycome of EGFR and its neighbouring receptors 

has been described to highly influence on the ability of EGFR to trigger oncogenic signalling, 

by allowing the correct folding of the receptor, its trafficking to the cell membrane and 

stabilizing its expression there  340,341. O-linked glycosylation has also been described to affect 

ErbB-dependent oncogeneicity, as demonstrated in glycoengineered gastrointestinal cell 
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models in which the activation threshold of EGFR and ErbB2 was significantly altered 342,343. 

Importantly, since the glycosylation profile of the ErbB receptors determines their stability 

and residence time at the PM, it might alter the therapeutic effect of EGFR-targeted drugs 

and thus, the combination of anti-EGFR agents with drugs targeting its glycosylation has 

been considered as a promising strategy to treat cancer and to overcome acquired TKI 

resistance 344,345.  

The specific N-glycosylation plays a key role in the regulation of receptor properties, 

including receptor trafficking to the cell surface, ligand-binding, dimerization capacity, 

phosphohrylation and endocytosis 332. For instance, it has been reported that the N-glycans 

on N420 of EGFR are involved in dimerization, as their deletion promote ligand-

independent dimerization and autophosphorylation 346, while N-glycan on N579 contributes 

to stabilize the tethered conformation of EGFR, by preventing ligand-independent 

dimerization 347. Another mechanism by which N-glycans functionally regulate EGFR is the 

interaction of specific N-glycans with carbohydrate recognition molecules such as lectins, as 

suggested in the study performed with diverse lung adenocarcinoma cell lines, in which the 

binding of the pulmonary surfactant protein D (SP-D) to N-glycans of EGFR down-

regulated EGF signalling in these cells 348. Similarly, the specific terminal structures of the 

EGFR N-glycans interact with carbohydrate recognition molecules, such as galectin-3, an 

interaction that regulates receptor endocytosis 290,349.  

Referring to EGFR N-linked terminal sialylation and fucosylation, several studies have 

addressed their impact on EGFR activation and resistance to EGFR therapies in different 

tumour cell models, by either up-regulating or down-regulating a specific sialyl- or FucT that 

can modify the pattern of EGFR glycosylation. Depending on the tumour cell model and 

the GTs up- or down-regulated, some studies reported that specific EGFR glycosylation 

patterns favour EGF binding to the receptor and the consequent EGF-induced dimerization, 

as well as to increase its autophosphorylation threshold 350, thus increasing tumour cell 

malignancy 320,321,331,343,351–353. In addition, it has been recently postulated that aberrant 

glycosylation patterns on EGFR in cancer cells, may contribute to the evasion of antitumour 

immunity via interaction with inhibitory immune receptors 320–322,354. Nonetheless, other 

studies reported the contrary, describing that some EGFR glycosylation patterns reduce its 

activation 351,352,355.   
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3.6 Sialyltransferase inhibitors 

In the last two decades, several ST inhibitors have been identified in natural products or 

microbial metabolites, specifically designed or discovered via high-throughput screening 

methods. Based on their properties or origin, most of these inhibitors can be classified into 

five groups: i) acceptor analogues, ii) donor analogues, iii) bisubstrate analogues, iv) 

transition-state (TS) analogues and v) inhibitors from nature. Importantly, although many of 

these inhibitors have low-cell permeability and are not suitable for therapeutic intervention, 

some of them have shown promising effects in vivo and can potentially be used for clinical 

treatment of cancer metastasis.  

i) Acceptor analogues 

STs catalyse the transfer of a SA residue from a sugar nucleotide donor to a glycoconjugated 

acceptor, and their specificity is determined by the terminal structure of the acceptor glycan 

(Figure 18). To date, few acceptor analogues inhibitors have been synthesized but most of 

them exhibit only modest activity. The ones with remarkable inhibitory activity towards α2,6-

or α2,3-STs respectively are the 6’-deoxy analogue, an analogue of methyl N-acetyl-β-

lactosaminide from lactose 356, and the imino-linked methyl 5a’-carba-β-lactoside, a carba-

oligosaccharide with a similar structure to the natural activated oligosaccharides 357.  

 

Figure 18.ST mechanism of action. Transfer of SA to a suitable glycan (ST accepter) using CMP-SA catalysed 

by STs (extracted from L.Wang et al. 2016 358).  

 ii) Donor analogues 

Most of the inhibitors designed and synthetized recently are CMP-SA analogues (donor 

analogues), small molecules that bind to the active site of STs and prevent SA transfer by 

competing for its binding with the natural donor CMP-Neu5Ac. Based on the structural part 

of the CMP-Neu5Ac to which they resemble, these inhibitors can be classified into two 

subgroups: the cytidine analogues and the SA analogues.  

First, the cytidine analogues, which generally contain a cytidine component that is essential 

for binding to the enzyme 359, helped to determine that the environment in the active site 

significantly differs between STs subtypes, since the methylcytosine derivatives of CMP 
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selectively inhibited ST3Gal III and ST3Gal IV, but not ST6Gal I 360. In addition, CMP-

Neu5Ac cytidine analogues such as cyclopentane α-hydroxyphosphonate coupled with 

cytidine phosphoramidite or with 5’-amino-5’-deoxyuridine fragment, were shown to block 

ST8SIA2-mediated polysialylation 361, as well as to strongly inhibit ST6Gal I by mimicking 

the planar structure of the donor in the TS (Figure 19) 362,363.  

 

Figure 19. Proposed mechanism of ST-catalysed reactions and transition state (extracted from Pérez et 

al., 2021364 ).  

Second, the SA analogues, include the 2-deoxy-2-fluorosugar nucleotide that had reduced 

ability to inhibit fucosyl- and STs 365 and the peracetylated analogue of Neu5Ac, called 

2,4,7,8,9-pentaacetyl-3Fax-Neu5Ac-CO2Me (Ac53Fax-Neu5Ac), recently reported by 

Paulson and co-authors 366. Ac53Fax-Neu5Ac is characterized by a fluorine atom at the 3-

position of the SA backbone (proximal to the endocyclic oxygen) that prevents SA transfer 

by destabilizing the oxocarbenium ion-like TS of the catalytic process 367,368. Ac53Fax-Neu5Ac 

is able to cross the cell membrane by passive diffusion (due to the acetylation) and inside the 

cell, it is deacetylated by esterases and converted into activated CMP-3F-NeuAc (by the CMP 

N-acetylneuraminic acid synthetase (CMAS)), an extremely poor substrate for STs due to the 

electron-withdrawing effect of the fluorine atom, with the consequent inhibition of the 

synthesis of sialoglycoproteins (Figure 20). Moreover, the structural similarity of the inhibitor 

with the natural donors induces feedback inhibition of the de novo synthesis of CMP-Neu5Ac, 

by inhibiting UDP-GlcNAc 2-epimerase/ManNAc kinase (GNE), which is involved in N-

acetylmannosamine (ManNAc) biosynthesis, the metabolic precursor of SA 369,370.  
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Figure 20. Biosynthesis of SA and mechanism of action of Ac53Fax-Neu5Ac ST inhibitor. Ac53Fax-

Neu5Ac enters the cell by simple diffusion and it is activated into a poor substrate for STs (CMP-3Fax-Neu5Ac), 

inhibiting STs action and preventing de novo formation of Neu5Ac.  

Ac53Fax-Neu5Ac was reported to effectively reduce the synthesis of sialylated glycan epitopes 

and to alter the cellular glycome in different cell models, and even in in vivo assays. In that 

sense, Büll and coauthors reported that Ac53Fax-Neu5Ac had the potency to cause depletion 

of α2,3- and α2,6-linked SAs in B16F10 murine melanoma cells, and consequently diminish 

adhesion and migratory cell capacities, and in vivo tumour growth 371. In a posterior study, 

Ac53Fax-Neu5Ac was reported as a global ST inhibitor in vivo, reducing sialylation in all the 

analysed tissues, although it produced kidney and liver dysfunction 372. In order to selectively 

direct the inhibitor to cancer cells and reduce cytotoxicity, the inhibitor was encapsulated 

into poly (lactic-co-glycolic acid) nanoparticles coated with antityrosinase-related protein-1 

antibodies, and its administration resulted in long-term SA blockade and prevented 

metastasis formation in a murine lung metastastis model 373. This compound was also shown 

to suppress the interaction of α4 integrins with E-selectin, MADCAM1, and VCAM1 

receptors by altering α4 integrin sialylation, thus preventing the entrance of myeloma cells 

into the protective bone marrow, where they are less sensitive to chemotherapeutics such as 

bortezomib 374. Recently, Boltje group developed potent sialylation inhibitors via 

modification of the SA backbone of Ac53Fax-Neu5Ac to generate C-5-modified 3-fluoro SA 

analogues, showing that the substitution of the natural N-acetamide group with a carbamate 

functionality increased the potency of the novel inhibitors due to a more efficient metabolism 

to its CMP analogue 375.  



Miró Domènech, L. 

46 

 

iii) Bisubstrate analogues 

These inhibitors are designed to mimic donor and acceptor substrates and contain covalently 

bound motifs of donor and acceptor substrates. Usually formed by a lactose unit connected 

to an intact CMP-Neu5Ac, or a CMP-KDN, linked by a thioether or alkanedithiols, they 

have been described to modestly inhibit both α2,3- and α2,6-ST activity 376,377. Although 

recent advances have been shown referring to the specific residues of the donor or acceptor 

fragment of the inhibitors involved in protein-ligand molecular interactions 378, further 

investigations are needed to clarify the potential of bisubstrate analogues.  

iv) Transition state analogues 

These compounds mimic the oxocarbenium-like TS of the STs mechanism (Figure 19), and 

several of them are generated by the addition of a planar structure bound to the CMP 

(resembling the geometry and charge distribution of CMP-Neu5Ac in the transition state) 

and the replacement of the carboxylate group with phosphonate 379–381. Recently, the 

characterization of crystal structures of several STs, molecular docking and molecular 

dynamics simulations, as well as computational analysis have provided valuable knowledge 

of the binding of these compounds to the catalytic site of each STs, and the relevance of 

designing selective TS-based inhibitors for each STs subfamily 367,368,382–385.   

v) Natural products 

Natural products have been used as a source to obtain ST inhibitors, although their 

identification and purification processes are still a limiting factor. One of the more important 

compounds included in this group is the Soyasaponin-I (SsaI), a rigid pentacyclic system 

with a trisaccharide component derived from crude soybean saponin 386. This inhibitor was 

initially described to compete with CMP-Neu5Ac for the binding to ST3Gal I, selectively 

reducing α2,3-linked SA expression without affecting other surface glycans 386, and posterior 

studies also related SsaI sialic inhibition with impaired adhesion, migratory, and metastatic 

abilities of breast and melanoma tumour cells 387,388.  

Another subgroup of the nature-derived inhibitors are the steroidal compounds, which 

includes lithocolic acid (Lith), a compound that mimic the pentacyclic ring of SsaI, and its 

synthetic derivatives 389. Among these derivatives, Lith-O-Asp was shown to reduce α2,3- 

and α2,6-sialylation by inhibiting ST3Gal I, ST3Gal III, and ST6Gal I, and to reduce 

migration ability in vitro and metastasis formation in vivo 390. Another Lith derivative that 

showed encouraging results was AL10, a selective inhibitor of α2,3-STs activity, that was 

reported to impair cell adhesion, migration, and invasion of lung cancer cells by decreasing 
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sialylation of α5, αv, and β1 integrins, as well as to supress lung metastasis in vivo 391. Recently, 

two Lith-O-Asp analogues (FCW34 and FCW36) were generated following the Lith 

extension strategy, in which one or more ethylene glycol units were added to the 

cyclopentane ring side chain of Lith-O-Asp to form the isozyme-specific, cell-permeable STs 

inhibitors. FCW34 inhibitor was shown to inhibit tumour growth, metastasis, and angiogenic 

activity in diverse breast cancer animal models 392. In addition, there are many other STs 

inhibitors derived from natural products such as flavonoids, alginate oligosaccharides and 

ginsenosides that have been recently reviewed by Pietrobono et al 393.  

Among all the above mentioned ST inhibitors, few of them have shown promising results in 

in vivo biological and preclinical studies (Table 3) and some of them are commercially available 

(Ac53Fax-Neu5Ac, SsaI, Lith, and Lith-O-Asp). However, the discovery of subtype-selective 

and effective ST inhibitors is still necessary 364.  
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Table 3. Selected promising ST inhibitors as antimetastasic candidates. EC50 refers to the half maximal 

effective concentration, and IC50 refers to the half maximal inhibitory concentration of the inhibitors (extracted 

and adapted from Perez et al., 2021 364). 
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Tumour aberrant glycosylation, in particular several sialylated determinants such as sLex/a, 

has been associated with cancer progression and metastasis spread as well as in modulating 

the immune component of the TME.  In this regard, STs, which are the enzymes that transfer 

the SA to generate those tumour sialylated determinants, have been postulated as potential 

therapeutic targets. Previous studies performed in our group determined the importance of 

the α2,3-STs ST3GAL3 and ST3GAL4 in the tumour phenotype of PDA cell lines as well 

as the effect of ST3GAL3 and ST3GAL4-mediated sialylation on cell adhesion molecules 

involved in tumour progression, such as α2β1 integrin and E-cadherin. Considering the key 

role of EGFR on intracellular signalling pathways involving cell proliferation, apoptosis and 

metastatic spread, the study of EGFR glycosylation in several cancer types has increased in 

the recent years. Nonetheless, the role of EGFR sialylation on PDA progression is still 

unclear. This knowledge would be of interest to develop anti-EGFR combined cancer 

therapies. Besides, the recent discovery and development of ST inhibitors have represented 

a potent strategy to therapeutically target tumour cell STs and reduce tumour cell sialylation.  
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Based on this evidence, the main goal of this thesis is to gain insight into the role of the STs 

and their corresponding tumour sialoglycans on the phenotype of PDA cells as well as to 

study their effect on the function and signalling of EGFR. In order to accomplish this 

purpose, two studies were defined addressing the following aims and specific sub-objectives:  

1. To determine the impact of α2,3-STs ST3GAL3 and ST3GAL4 knockdown on EGFR 

signalling in BxPC-3 and Capan-1 PDA cells: 

1.1. To determine the effect of ST3GAL3 KD and ST3GAL4 KD on EGFR 

sialylation pattern by immunopurification of EGFR from PDA cells. 

1.2. To study the effect of ST3GAL3 KD and ST3GAL4 KD on EGFR activation, 

dimerization, downstream signalling and cell proliferation rate upon EGF-

induction.  

1.3. To assess the sensibility of ST3GAL3 KD and ST3GAL4 KD PDA cells to the 

anti-EGFR drugs Erlotinib and Cetuximab.  

2. To assess the effect of three potential ST inhibitors on the reduction of sialylation of 

PDA human and murine cells and to evaluate their effect on the tumoural phenotype of 

these cell lines in vitro as well as their effect in an in vivo mice model:  

2.1. To determine the potential of three ST inhibitors to reduce cell sialylation in 

BxPC-3 and Capan-1 human PDA cell lines and identify the best candidate to 

proceed with the following sub-objectives.  

2.2. To study the effect of the SA reduction caused by the ST inhibitor treatment on 

the E-selectin adhesion, migration and invasion capabilities of human and 

murine PDA cells in vitro. 

2.3. To generate pancreatic subcutaneous tumours from murine PDA cells in 

immunocompetent syngeneic mice in order to evaluate the effect of 

intratumoural STs inhibitor injections on tumour growth, tumour SA expression 

and tumour immune component.  
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1. Cell lines 

The origin, genetic background and routine culture conditions for the human and mice 

pancreatic adenocarcinoma cell lines are described in this section. 

1.1 Human PDA cell lines 

The human PDA cell lines used in this study are BxPC-3 and Capan-1:  

BxPC-3 was obtained from the cell repository at Hospital del Mar Medical Research Institute 

(IMIM), Barcelona, Spain. This cell line was originally obtained from a 61-year-old woman’s 

adenocarcinoma and it has been considered as a non-metastatic cell line. Particularly, these 

cells contain wild type (WT) KRAS 394. It has medium expression of ST3GAL3 and 

ST3GAL4 STs genes, and express medium levels of sLex 326.  

Capan-1 was purchased from the American Type Culture Collection (ATCC, HTB-79) and 

is a well-differentiated cell line. It was obtained from a liver metastasis of a 40-year-old male 

with a pancreatic adenocarcinoma, and it has been described to have a high tumorigenic and 

metastatic potential 394. This cell line has medium expression of ST3GAL3 and ST3GAL4 

STs genes, and express high levels of sLex 270,324,326. Regarding genetic alterations, this cell line 

presents the four most common mutations in PDA, affecting KRAS, TP53, CDKN2A/p16, 

and SMAD4 genes. 



Miró Domènech, L. 

52 

 

To investigate the role of ST3GAL4 and ST3GAL3 in human PDA, our group previously 

targeted both genes for silencing through shRNA technology in BxPC-3 and Capan-1 cell 

lines, generating the corresponding ST3GAL3 and ST3GAL4 Knocked Down (KD) cell 

lines. Parental cells were simultaneously transduced with a scramble control containing a 

non-targeting sequence (shScramble cells). For the expression of sLex, sLea and α2,3- and 

α2,6-SA were characterized by flow cytometry (FC) and Western Blot (WB) 326.  

Cells were cultured at 37 ºC in a 5% CO2 humidified atmosphere. BxPC-3 and Capan-1 were 

routinely grown in Dulbecco’s modified Eagle’s Medium (DMEM) from Gibco, 

supplemented with 100 U/mL penicillin, 100 U/mL streptomycin and 2 mM L-glutamine, 

and 10% fetal bovine serum (FBS) for BxPC-3 and 20% for Capan-1 cells. BxPC-3 or Capan-

1 KD cells or cells containing irrelevant vector (shScramble) were cultured with DMEM 

containing puromycin dihydrochloride (Sigma) at a final concentration of 1.5 µg/mL for 

BxPC-3 and 1 µg/mL for Capan-1 cells. Cells were grown in adherent conditions until 70-

80% of confluence was reached and passaged following conventional protocols. All cell lines 

were routinely tested with the Venor® GeM OneStep Mycoplasma Detection Kit (Minerva 

Biolabs) to confirm the absence of mycoplasma.  

1.2 Murine PDA cell lines 

Murine PDA cell lines MLK2343, MLK2242, MLK2300, MJU241, MJU222, MJU215, 

ATQ79, ATQ1730, MSB188, MSB262, OBB452, and OBB473 were obtained from the 

Spanish National Cancer Research Center (CNIO) Experimental Oncology group (kindly 

given by Dra.Guerra, CNIO, Madrid).  

MLK2343, MLK2242, MLK2300, MJU241, MJU222, MJU215 cell lines were extracted and 

generated from mice with TetoCre (+/T): Kras (+/LSLG12Vgeo) p53 (lox/lox) genotype 

(LSL). ATQ79 and ATQ1730 cell lines from ELA (+/E) TetoCre (+/T) Kras 

(+/LSLG12Vgeo) p53 (+/+). MSB188 from Tg-Pdx1-Cre (+/+) Kras LSLG12D (+/KI) 

Raf 1 (+/lox) Ptf1-Cre (+/T) P53 (+/+); MSB262 from Tg-Pdx1-Cre (+/+) Kras 

LSLG12D (+/KI) Raf 1 (+/+) Ptf1-Cre (+/T) P53 (+/+) (KC); OBB452 from Tg.Pdx1-

Cre (+/T) Kras_LSLG12D (+/KI) p53_ lox (+/lox) (KPC); and OBB473 from Tg.Pdx1-

Cre (+/T) Kras_LSLG12D (+/KI) p53_ lox (+/lox) (KPC). 

Cells were cultured at 5% CO2 and 37 ºC stable temperature. DMEM (Gibco), supplemented 

with 10% FBS, 100 U/mL penicillin, 100 U/mL streptomycin, and 2 mM L-glutamine, was 
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used for all cell lines. Mycoplasma absence was confirmed by routinely testing all cell lines 

with Venor® GeM Mycoplasma Detection Kit (Minerva Biolabs).  

2. Cell lysis 

Cells were seeded in individual 60-mm cell culture dishes or in 6-well plates until they reached 

a confluence of 75-80% or until the treatment was finished (STs Inhibitor treatment).  Cells 

were washed twice with cold Dulbecco’s phosphate buffered saline (DPBS, Lonza) and 

incubated with  Tris or phosphate RIPA lysis buffer on ice for 15 min. Tris based RIPA lysis 

buffer  (25 mM Tris-HCl pH 7.4, 1% NP-40 (v/v), 100 mM NaCl, 2 mM EDTA, 10 mM 

sodium fluoride, 1 mM PMSF, 0.2 mM sodium orthovanadate, and complete™ ULTRA 

tablets protease inhibitors cocktail (Roche)) was used for EGFR immunopurification assays 

and phosphate based RIPA lysis buffer (20 mM Sodium Phosphate pH 7.4, 150 mM NaCl, 

1% Triton X-100, 250 µg/mL sodium orthovanadate, and cOmplete™ ULTRA tablets 

protease inhibitors cocktail (Roche)) was used for the other experiments. Afterwards, cells 

were detached using a cell scrapper, collected and mechanically lysed with a 25-gauge needle. 

Then, lysates were cleared by centrifuging at 14000 g for 10 min at 4 ºC and the protein 

concentration in the supernatants was quantified with the QuickStartTM Bradford Protein 

Assay (Bio-Rad) kit (see Materials & Methods section 3) and immediately used for 

subsequent analysis or stored at -80 ºC.  

For PDA murine cell lines, total protein extracts were provided by the group “Cancer 

Molecular Targets” of the associated Unit Hospital del Mar Medical Resarch center (IMIM)- 

Institute of Biomedical Research of Barcelona (IIBB). Lysates were prepared using Laemmli 

Buffer 1X (2% SDS, 40% glycerol, 5% 2-mercaptoethanol (β-ME), 0.005% bromophenol 

blue, 62.5 mM Tris HCl, pH 6.8), boiling at 100 ºC for 10 min and centrifuged for 5 min at 

13000 g.  

3. Protein quantification 

Protein concentration in the cell lysates was determined using the QuickStartTM Bradford 

Protein Assay (Bio-Rad) kit in 96 well plates (Corning) following manufacturer’s instructions 

and using Bovine Serum Albumin (BSA) as standard (Bio-Rad). The standard curve was 

diluted with the equivalent lysis buffer concentration of the diluted samples. Each sample 

and standard curve was prepared in triplicate and absorbance was read at 595 nm with the 

Synergy 4 automated microplate reader (BioTek).  
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4. SDS-PAGE  

Prior to SDS-PAGE, protein lysates were diluted with 4x Laemmli Buffer containing 5% v/v 

β-ME as a reducing agent, to a final concentration of 1x for Laemmli Buffer and 1.25% for 

β-ME. In order to denature the proteins, samples were heated for 5 min at 95 ºC. Different 

quantities of cell lysates were loaded into 5% acrylamide gels for stacking and 8% acrylamide 

gels for resolving for all the experiments except for AKT and MAPK protein analysis (10% 

acrylamide resolving gel) and dimerization assay (3% acrylamide for stacking and 5% 

acrylamide for resolving gel). 3 µL of protein molecular weight standards from 10 to 180 kDa 

(Thermo Scientific PageRuler Prestained Protein Ladder) were also loaded into the gels. 

Mini-Protean Tetra Cell (Bio-Rad) was used to run electrophoresis at 100-120 V.  

5. Western blot 

Following electrophoresis, proteins were transferred onto PVDF membranes (Immobilon-

P® membrane 0.45 µm, Millipore) either at 100V for 4 h or at 30 V overnight at 4 ºC in Tris-

glycine transfer buffer (191 mM glycine, 24 mM Tris, and 20% methanol). After transferring 

the proteins, membranes were washed with TBS-T (Tris Buffered Saline [10 mM Tris-HCl 

pH 7.5, 100 mM NaCl] containing 0.1% tween-20) for 5 min at room temperature (RT), and 

blocked at RT for 1 h to overnight (ON) with the corresponding blocking solution (BSA or 

non-fat dry milk).  

After blocking, membranes were washed with TBS-T as described above and incubated with 

a specific primary antibody or lectin, using conditions specified in Table 4. The buffer 

composition for lectin incubation was: 100 mM Tris-HCl pH 7.6, 150 mM NaCl, 1 mM 

CaCl2, and 1 mM MgCl2.  
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Table 4. WB analyses conditions. Primary antibodies and lectins used for immunoblotting and incubation 

conditions.  

Protein/glycan 

structure 

Antibody-

lectin 
Host Dilution 

Incubation 

time 

Blocking 

solution 

EGFR  
Ab52894 

Abcam 
Rabbit 

1/5000 in 

TBS-T 3% 

milk 

1 h RT 
TBS-T, 3% 

milk 

EGFR  

Sc-373746 (A-

10) 

Santacruz 

Biotechnology 

Mouse 

1/1000 in 

TBS-T 3% 

milk 

1 h RT 
TBS-T, 3% 

milk 

Total pTyr 

p-Tyr Ab 

(PY20) HRP 

sc-508 

Santacruz 

Biotechnology 

Mouse 

1/3000 in 

TBS-T 3% 

BSA 

1 h RT 
TBS-T, 3% 

BSA 

p-Y1068 

p-EGFR Ab 

Tyr 1068 

(1H12) #2236 

Cell Signaling 

Technology 

(CST) 

Mouse 

1/1000 in 

TBS-T 5% 

milk 

ON 4 ºC 
TBS-T, 5% 

milk 

p-Y1173 

p-EGFR Ab 

Tyr 1173 

(53A5) #4407 

CST 

Rabbit 

1/1000 in 

TBS-T 5% 

BSA 

ON 4 ºC 
TBS-T, 5% 

BSA 

p-Y1045 

p-EGFR Ab 

Tyr 1045 

#2237 

CST 

Rabbit 

1/1000 in 

TBS-T 5% 

BSA 

ON 4 ºC 
TBS-T, 5% 

BSA 

p-S1046/1047 

p-EGFR Ab 

Ser 1046/1047 

#2238 

CST 

Rabbit 

1/1000 in 

TBS-T 5% 

BSA 

ON 4 ºC 
TBS-T, 5% 

BSA 
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Protein/glycan 

structure 

Antibody-

lectin 
Host Dilution 

Incubation 

time 

Blocking 

solution 

Total AKT 

#9272 Cell 

Signaling 

Technology 

Rabbit 

1/2000 in 

TBS-T 5% 

BSA 

ON 4 ºC 
TBS-T, 5% 

BSA 

p-AKT 

#4058 Cell 

Signaling 

Technology 

Rabbit 

1/2000 in 

TBS-T 5% 

BSA 

ON 4 ºC 
TBS-T, 5% 

BSA 

Total MAPK 

#9102 Cell 

Signaling 

Technology 

Rabbit 

1/2000 in 

TBS-T 5% 

BSA 

ON 4 ºC 
TBS-T, 5% 

BSA 

p-MAPK 

#9101 Cell 

Signaling 

Technology 

Rabbit 

1/2000 in 

TBS-T 5% 

BSA 

ON 4 ºC 
TBS-T, 5% 

BSA 

ErbB2 

Sc-33684 

(3B5) 

Santacruz 

Biotechnology 

Mouse 

1/1000 in 

TBS-T 3% 

milk 

ON 4 ºC 
TBS-T, 5% 

milk 

ErbB3 

Sc-285 (C-17) 

Santacruz 

Biotechnology 

Rabbit 

1/1000 in 

TBS-T 5% 

BSA 

ON 4 ºC 
TBS-T, 3% 

BSA 

sLex 

551314 

(CSLEX1 

clone) 

BD 

biosciences 

Mouse 
1/70 in TBS-

T 0,5% BSA 

2 h, RT or ON, 

4 ºC 

TBS-T, 3% 

BSA 

sLea 

Ab3982 Anti-

CA 19-9 

(121SLE) 

Abcam 

Mouse 

1/1000 in 

TBS-T, 0,5% 

BSA 

1 h RT or ON, 4 

ºC 

TBS-T, 3% 

BSA 

α-tubulin 

Sc-5286 (B-7) 

Santacruz 

Biotechnology 

Mouse 

1/500 in 

TBS-T, 3% 

BSA 

1 h, RT or ON, 

4 ºC 

TBS-T, 5% 

BSA 
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Protein/glycan 

structure 

Antibody-

lectin 
Host Dilution 

Incubation 

time 

Blocking 

solution 

α2,3-SA  

Biotinylated 

Maackia 

Amurensis 

Agglutinin II 

(MAA-II) 

- 
1/500 in 

lectin buffer 
2 h RT 

TBS-T, 2% 

PVP 

α2,6-SA  

Biotinylated 

Sambucus Nigra 

Agglutinin 

(SNA) 

- 
1/1000 in 

lectin buffer 
2 h RT 

TBS-T, 2% 

PVP 

 

After incubation, the membranes were washed 3 times with TBS-T and incubated for 1 h at 

RT with the corresponding secondary antibodies or streptavidin conjugated to peroxidase, 

as listed below in Table 5.  

Table 5. WB analysis conditions. Peroxidase-conjugated detection reagents and usage conditions. 

Secondary reagent Host Dilution 

Peroxidase-Conjugated Anti-

mouse IgG (H&L Chain 

Specific) 

Millipore (401215) 

Goat 1/10000 in TBS-T, 0,5% milk 

Peroxidase-Conjugated Anti-

mouse IgG + IgM 

Jackson Immune Research 

(115-035-044) 

Goat 1/40000 in TBS-T, 0,5% BSA 

Peroxidase-Conjugated Anti-

rabbit IgG (H&L) 

ThermoFisher (31460) 

Goat 1/400000 in TBS-T 3% milk 

Streptavidin-Peroxidase 

Conjugate 

GE Healthcare (RPN1231V) 

- 1/100000 in TBS-T, 1 % BSA 

  

After secondary antibody incubation, membranes were washed again and incubated with 

tempered Immobilon Western Horseradish Peroxidase (HRP) Substrate (EMD Millipore). 

Chemiluminescence was visualized using the imaging system Fluorchem SP (AlphaInnotech, 

San Leandro, CA, USA) under non-saturating conditions.  
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Densitometry analysis was performed with the Fluorchem SP software or with ImageJ 

software (NIH)). The density of the bands was normalized to the total EGFR or tubulin 

levels and relative quantity was expressed as fold change compared to control cells 

(shScramble).  

6. Stripping 

In order to remove the antibodies previously attached to the membrane and reblot them 

with another primary antibody, a stripping protocol was used. Briefly, membranes were 

washed thoroughly thrice with double-distilled water and twice with TBS solution (10 mM 

Tris-HCl pH 7.5, 100 mM NaCl) (5 min washes at RT). Then, membranes were incubated 

with RestoreTM WB Stripping Buffer (Thermo Scientific) at the shaker during 10 min at RT 

and for 20 min more at 37 ºC (20 mL for entire membranes or 10 mL for half-membranes). 

Membranes were washed again with TBS solution (2 x 10 min washes) and with TBS-T (2 x 

5 min washes), in order to get rid of the stripping buffer, and then blocked with 

corresponding blocking solution for at least 2 h at RT. Ordinary WB protocol was followed 

from that point on.  

Stripping protocol was used in different experiments. First, it was used to corroborate the 

presence of sLex on EGFR following EGFR immunopurification. Second, membranes used 

for pAKT and pMAPK determination were stripped and used to determine total-AKT and 

total-MAPK presence, using the conditions specified in Table 4. Finally, stripping protocol 

was also used to reblot the membranes with an antibody against α-tubulin, a constitutively 

expressed protein that was used as a loading control of the WB. 

7. Immunoprecipitation 

BxPC-3 KD, Capan-1 KD and control cells were seeded on 100-mm dishes and allowed to 

grow to 70-75% confluence. Cells were lysed in ice-cold Tris-based RIPA lysis buffer as 

specified at Material & Methods section 2 and protein concentration was quantified.   

500 µg of total protein lysate for BxPC-3 and 500 µg, 1000 µg, or 2000 µg for Capan-1 were 

used to purify EGFR and detect Sambucus nigra Agglutinin Lectin (SNA), Maackia amurensis 

Lectin II (MAA-II) and sLex on EGFR respectively. Cell lysates were first pre-cleaned 

incubating them with CytivaTM Protein-A sepharose (Sigma Aldrich,17078001) for 2 h at 4 

ºC on a 0.22 µm Spin-X Centrifuge Tube Filter (Costar, Corning, NY) according to 

manufacturer’s protocol. Meanwhile, 1 mg of the SureBeadsTM Protein A Magnetic Beads 
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(Bio-Rad) was incubated with 2 µg of an anti-EGFR antibody (Abcam, ab52894) for 45 min 

at RT in incubation buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.05% BSA, and 1% 

Tween-20). Then, magnetic beads were washed thrice with washing buffer (50 mM Tris-HCl 

pH 7.4, 150 mM NaCl, and 1% Triton 100X) to get rid of the unbound antibody and pre-

cleared lysate was incubated for 4 h at 4 ºC and in vortex gentle shaking. Magnetic beads 

were washed again and incubated at 100 ºC for 8 min with 50 µL of 2x Laemmli buffer 

containing 2.5% β-ME to elute EGFR bound protein. Eluted samples were loaded into an 

acrylamide gel and blotted against anti-sLex antibody, SNA or MAA-II lectin following the 

protocols described above.  

8. EGFR activation assay 

To study EGFR activation in BxPC-3 KD, Capan-1 KD and control cell lines, cells were 

treated with EGF and then analysed by WB. Cells were seeded into 100-mm dishes, allowed 

to attach and grow to 70% confluence during 48 h for BxPC-3 cells or 72 h for Capan-1 

cells, starved the following 24 h in incomplete DMEM (0%FBS), and treated for 10 min at 

37 ºC with the optimal EGF dose, which was previously determined (20 ng/mL for BxPC-

3 cells and 40 ng/mL for Capan-1 cells). Next, cells were lysed and the same quantity of 

protein for each sample was electrophoresed and analysed by WB with a mouse mAb against 

total phosphotyrosines conjugated to HRP (PY20, sc-508) and a primary antibody against 

EGFR (A-10, sc-373746), as specified in Table 4. Specific phosphorylated EGFR residues 

levels were also analysed: p-Y1068 (#2236) and p-Y1173 (#4407), involved in proliferation 

signalling, and p-S1046/47 (#2238) and p-Y1045 (#2237), and α-tubulin as a loading control. 

For the analysis of AKT and MAPK proteins activation, 20 µg of protein (exceptionally 10 

µg for BxPC-3 MAPK analysis) were electrophoresed and analysed in parallel by Western 

blotting with primary antibodies against phospho-AKT (#4058) and phospho-MAPK 

(#9101). Afterwards, membranes were stripped and reblotted with primary antibodies 

against total-AKT and MAPK proteins.   

9. Dimerization analysis 

In order to analyse EGFR dimerization in KD and control BxPC-3 and Capan-1 cells we 

performed chemical cross-linking experiments as previously described by Panosa et al. 395 

with minor modifications.  Briefly, BxPC-3 and Capan-1 cells were seeded in 6-well plates, 

allowed to attach for 24 h with 10 or 20% FBS containing DMEM, and then starved during 

24 h with incomplete DMEM (0% FBS). Cells were lysed with 150 µL of ice-cold Sodium 
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Phosphate RIPA buffer and harvested following the protocol described at section 3, and 

protein concentration in cell lysates was determined by QuickStartTM Bradford Protein Assay 

(Bio-Rad). Then, aliquots of 75 µg of protein were activated by adding 150 nM Human 

Recombinant EGF (Thermo Fisher Scientific) for 30 min at RT. For each assay, not activated 

control BxPC-3 and Capan-1 cells were used as negative control. Then, 30 mM 

glutaraldehyde (Sigma) was added to induce EGFR cross-linking and after 1 min, the reaction 

was stopped by adding 0.2 M glycine pH 9. After that, 4x Laemmli Buffer containing 5% β-

ME was added and samples were boiled during 5 min. Lysates were loaded onto 5% 

polyacrylamide gels, electrophoresed for 1 h at 200 V, and transferred onto PVDF 

membranes at 100 V for 3 h at 4 ºC in Tris-Glycine transfer buffer. EGFR dimer formation 

was analysed by Western blotting with specific primary antibodies against EGFR (Ab52894) 

and ErbB3 (sc-285), using conditions detailed in Table 4.  

10. Cell proliferation analysis 

To assess cell proliferation capacity of KD cells vs control ones, 3000 cells/well were seeded 

in 96-well plates, allowed to attach for 24 h, starved for 24 h in incomplete DMEM and 

treated with incomplete DMEM supplemented with 50 ng/mL EGF along the assay in a 

final volume of 100 µL per well (DMEM supplemented with 50 ng/mL EGF was changed 

every 48 h). We seeded an identical plate for each incubation time, considering the beginning 

of EGF treatment as the starting point of the assay. After 0 h, 48 h, 96 h, and 120 h of EGF 

treatment we determined cell proliferation by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide, Sigma) assay: EGF containing DMEM was removed carefully 

and cells were washed twice with 200 µL/well of cold DPBS. A 10% MTT (Sigma) solution 

diluted in incomplete DMEM was added to each well and plates were incubated for 2 h at 

37 ºC. After that time, DMEM was removed and purple formazan crystals were dissolved by 

adding 200 µL/well of dimethyl sulfoxide (DMSO) (Sigma). Plates were gently agitated at 

RT for 2 min and absorbance was read at wavelength of 570 nm with the Synergy 4 

automated microplate reader (BioTek). Cell viability of ST3GAL3 KD and ST3GAL4 KD 

cells was expressed as relative levels compared to untreated cells, which was calculated by 

dividing the mean absorbance of each treated sample by the mean absorbance of the 

corresponding untreated cells (each sample was tested by quintuplicated).  
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11. Cytotoxicity assay 

To assess the responsiveness of BxPC-3 KD, Capan-1 KD and control cells to the EGFR 

inhibitors Erlotinib (sc-202154, Santa Cruz Biotechnology) and Cetuximab (Erbitux) 

cytotoxicity assays were performed.  

First, a seeding test was carried out to determine the optimal initial cellular concentration as 

explained below. Different number of cells per well (1000, 2000, 3000, 4000, and 5000 

cells/well) were seeded in quintuplicate in 96-well plates and after 24 h and 48 h of incubation 

at 37 ºC and humidified 5% CO2 atmosphere, cells were observed with a CKX41 inverted 

microscope (Olympus) to assess the cell confluence in the wells. 5000 cells/well was chosen 

as the optimal cell concentration for BxPC-3 and Capan-1 cells.  

Erlotinib was dissolved in DMSO to obtain a 2 mg/mL (4652.24 µM) stock solution. 

Cetuximab, provided by the Pharmacy service of the Catalan Institute of Oncology (ICO) of 

Girona (Hospital Josep Trueta, Girona, Spain), was at 5 mg/mL. For each assay, necessary 

aliquots of the drug solution were diluted in DMEM to obtain the fresh working solutions 

(DMSO final concentration in the culture media was always <1%).  

5000 cells per well were seeded in 96-well plates in culture medium and allowed to attach for 

24 h at 37 ºC. Increasing concentrations of Erlotinib solution (0 µM, 1.25 µM, 2.5 µM, 5 µM, 

10 µM, 25 µM, and 50 µM) or Cetuximab (50 µg/mL, 100 µg/mL, 250 µg/mL, 400 µg/mL, 

and 500 µg/mL) were added to the wells (quintuplicates for each condition) in a final volume 

of 100 µL.  

Cells were incubated during 48 h at 37 ºC and then, treatments were removed by carefully 

aspirating the DMEM and cell viability was determined by MTT assay as described above. 

For each experiment, cell viability was calculated by dividing the mean absorbance of each 

treatment by the mean absorbance of control cells, treated with the vehicle alone. The 

concentration that reduces the cell viability by 50% (IC50 ± standard error SE) was stablished 

for each compound by non-linear regression and curve fitting using Synergy 4 automated 

microplate reader Gen5 software.  

12. Flow cytometry analysis 

FC was used to characterize carbohydrate determinants (sLex, sLea, α2,3-SA, α2,6-SA, and 

terminal β-galactose) expression on the membrane of human and murine PDA cell lines and 

to quantify their expression after STs Ac53Fax-Neu5Ac inhibitor treatment.  
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Cells were grown in flasks or petri dishes up to a confluence of 70-80%, trypsinized, 

resuspended in PBS, 2% BSA and counted. 1x105 cells for each experimental sample were 

collected in eppendorfs and washed with cold PBS. Exceptionally, for Ac53Fax-Neu5Ac 

inhibitor treatment, cells were seeded into 24-well plates, allowed to attach for 24 h, and 

treated during 72 h with 100 µM STs inhibitor for BxPC-3 cells, 400 µM STs inhibitor for 

Capan-1 cells, and 200 µM STs inhibitor for OBB452 and MSB262 cells. Ac53Fax-Neu5Ac 

inhibitor was reconstituted in DMSO to a 90.66 mM stock solution, and diluted with DMEM 

to obtain the working concentration. For untreated control cells, DMEM with the 

corresponding concentration of the vehicle (DMSO) was added during treatment. After the 

incubation, cells were washed and all the cells contained in each well were collected in an 

Eppendorf tube to proceed with the cytometry protocol (cells were not counted at this point 

of the experiment). 

Cells were pelleted by centrifugation at 2600 rpm for 8 min at 4 ºC, the supernatant was 

removed and the pellet was resuspended in 100 µl of primary antibodies or biotinylated 

lectins diluted in PBS 2% BSA as specified in Table 6 and 7, and then incubated during 30 

min at 4 ºC. The anti sLex and anti-sLea mAbs were used both for human and murine cell 

lines since they are Ab directed to the specific glycan structures. Unstained cells (negative 

control) were incubated with PBS 2% BSA alone. Next, cells were washed again with PBS 

and then resuspended with 100 µl of PBS 2% BSA in the presence of the corresponding 

diluted secondary antibody for 30 min at 4 ºC in the dark. Then, cells were washed with PBS 

and resuspended in 300 µl of PBS 2% BSA for fluorescence analysis with the Acea 

NovoCyte® Flow Cytometer. At least 1x104 cells were gated and analysed with the 

NovoExpress® software, and the median fluorescence of the cells was determined. Three 

or more independent assays were undertaken for each sample and the mean ± SD value was 

calculated. No cell aggregation or loss of viability was observed after antibody or lectin 

incubations.  
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Table 6. Primary and secondary antibodies conjugated to fluorescent dyes used for FC analysis of 
PDA human and murine cell lines.  

Antibody Host Dilution Supplier 

Sialyl Lewis X 

551314 Anti-CD15s  

(CSLEX1 clone) 

Mouse 1/10 BD biosciences 

Sialyl Lewis A 

Ab3982 Anti-CA19-9  

[121SLE] antibody 

Mouse 1/500 Abcam 

EGFR 

Anti-human antibody 

(Ab-3) (Clone 225) 

Mouse 1/100 Calbiochem, Sigma 

Alexa FluorTM 488 

Anti-mouse IgG (H&L) (A11029) 
Goat 1/400 Invitrogen 

 

Table 7. Biotinylated lectins and streptavidin conjugated fluorescent dyes used for FC analysis of 
PDA human and murine cell lines.  

Lectin/Conjugated 

Fluorophore 
Dilution Supplier 

Biotinylated Sambucus Nigra 

Agglutinin (SNA) 

(B-1305) 

1/100 Vector Laboratories 

Biotinylated Maackia Amurensis 

Agglutinin II (MAA-II) 

(B-1265) 

1/50 Vector Laboratories 

Biotinylated Peanut Agglutinin 

(PNA) 

(B-1075-5) 

1/100 Vector Laboratories 

Alexa FluorTM 488 conjugated 

streptavidin (S32354) 
1/1000 Invitrogen 

13. E-selectin binding assay 

150000 control BxPC-3 and Capan-1 cells were seeded into 6-well plates, allowed to attach 

for 24 h and treated with the optimal dose of Ac53Fax-Neu5Ac ST inhibitor (Merck): 100 µM 

for BxPC-3 and 400 µM for Capan-1 during 72 h at 37 ºC. Ac53Fax-Neu5Ac inhibitor 

treatment was performed as described at section 12.  
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In parallel, 2 µg/mL of the goat anti-human IgG (Fc) Affinity Purified Antibody (Merck, 

Sigma Aldrich) in a final volume of 100 µL was added to each well of a 96-well maxisorp 

microplate (Thermo Fisher Scientific) and incubated for 1 h at RT. Then, the antibody was 

removed, wells were carefully washed twice with sterile DPBS and blocked with 100 µl of 

DPBS solution containing 1% BSA (sterile filtered). After 1 h incubation at RT, wells were 

washed again with DPBS and 2 µg/mL of Recombinant Human E-selectin/CD62 Fc 

Chimera (rhE-selectin) (R&D Systems) diluted in 100 µl of DPBS (Ca+ and Mg+) was added 

to each well, with the exception of the negative control wells. rhE-selectin was incubated 

ON at 4 ºC to achieve the optimum binding to the antibody.  

The following day, after 72 h of STs inhibitor treatment, cells were detached from the 6-well 

plates by trypsinization and 75000 cells/well for BxPC-3 and 50000 cells/well for Capan-1 

were seeded into the 96-well maxisorp plates, which were previously washed to remove the 

unbound rhE-selectin. Cells were allowed to bind to rhE-selectin for 1 h at 37 ºC and then 

gently washed twice with DPBS. The remaining rhE-selectin bound-cells were estimated with 

the CellTiter 96R Aqueous One Solution Cell Proliferation Assay based colorimetric method 

(MTS, Promega) following the manufacturer’s protocol. Briefly, fresh DMEM (100 µl) 

containing MTS (20 µl) was added to each well and cells were incubated between 1 and 2 h 

in the dark at 37 ºC. Finally, plates were agitated at RT for 2 min and the absorbance was 

read at a wavelength of 490 nm using the microplate automated reader Synergy 4 (BioTek). 

Quintuplicates were analysed for each sample, and each value of absorbance was normalized 

versus the corresponding negative control (without E-selectin). Adhesion of treated cells was 

expressed as a percentage of the untreated cells, which was calculated by dividing their mean 

absorbance by the mean absorbance of untreated cells. Three independent assays were 

carried out. 

14. Transwell migration assay 

Modified Boyden chambers in 24-well plates were used to evaluate cell migration. Prior to 

the migration experiments, 150000 BxPC-3 or Capan-1 control cells, 15000 OBB452 cells 

and 12000 MSB262 cells were seeded into 6-well plates and treated with 100 µM (BxPC-3), 

400 µM (Capan-1), or 200 µM (OBB452 and MSB262) Ac53Fax-Neu5Ac STs inhibitor during 

72 h at 37 ºC. For untreated cells, DMEM with the corresponding concentration of the 

vehicle (DMSO) was added during treatment period.  

Prior to use, 8 µm pore size ThinCertsTM inserts (Greiner Bio-one) were coated during 1 h 

with 200 µL of 0% FBS DMEM with 0.001% Collagen type I from calf skin (Sigma) and 500 
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µL of 0% FBS DMEM were added in the lower chamber. Meanwhile, cells were trypsinized, 

washed twice with 0% FBS DMEM and resuspended in either DPBS, 1% BSA or 0% FBS 

DMEM. Just before seeding, untreated cells were incubated for 20 min at RT with anti-sLex 

(Clone CSLEX1) mouse mAb (BD biosciences, 1/10) or with anti CA-19.9 [121SLE] mouse 

mAb (Abcam, 1/500) in DPBS, 1% BSA. A mouse IgM [B11/7] antibody (Abcam) was used 

as an isotype control.  DMEM with 0.001% Collagen type I was removed from the inserts 

and 2.5x104 cells for BxPC-3, 5x104 cells for Capan-1, 2x104 for OBB452, and 3.5x104 for 

MSB262, in a final volume of 100 µL were seeded into the top chamber and 500 µL of 

DMEM was added at the bottom as a chemoattractant.  Cells were allowed to migrate for 18 

h for BxPC-3, 22 h for Capan-1 or 24 h for OBB452 and MSB262 in the incubator and after 

that time, cell migration was evaluated by fixing, staining, and quantifying the covered area 

of the bottom part of the membrane. In short, the inserts were fixed with a 4% 

paraformaldehyde (PFA) solution in PBS (Santa Cruz Biotechnology) for 15 min and stained 

with 0.3% violet crystal solution (Scharlau) during 30 min. Then, inserts were thoroughly 

washed thrice with PBS and non-invading cells were removed from the upper part of the 

insert using humidified cotton swabs. Finally, at least 20 random fields for each transwell 

were photographed at 10x magnification under a CKX41 bright-field microscope (Olympus) 

and the cell covered area was quantified using ImageJ software (code for cell coverage is 

described below).  

15. Transwell invasion assay 

The invasive potential of treated and control BxPC-3, Capan-1, OBB452, and MSB262 cells 

was determined using a modified Boyden chambers assay in 24-well plates. Cells were seeded 

in 6-well plate and treated with Ac53Fax-Neu5Ac for 72 h as described at section 12.  

Before seeding the cells, the 8 µm pore size ThinCertsTM inserts (Greiner Bio-one) were 

rehydrated with a layer of 35 µg of basement membrane matrix (Matrigel, Corning) diluted 

in cold DPBS (final volume per well: 70 µL) and incubated between 50 and 60 min to let the 

Matrigel polymerize. Meanwhile, cells were trypsinized, washed twice with 0% FBS DMEM 

and resuspended in either DPBS, 1% BSA or 0% FBS DMEM. Just prior to cell seeding, 

untreated cells were incubated for 20 min at RT with anti-sLe (Clone CSLEX1) mouse mAb 

(BD biosciences, 1/10) or with anti CA-19.9 [121SLE] mouse mAb (Abcam, 1/500) in 

DPBS, 1% BSA. A mouse IgM [B11/7] antibody (Abcam) was used as an isotype control.  

4x104 cells for BxPC-3, 5x104 cells for Capan-1, 5x104 cells for OBB452, and 2.5x104 cells for 

MSB262 in a final volume of 200 µL were seeded into the top chamber and 500 µL of 
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complete DMEM was added at the bottom as a chemoattractant.  Cells were allowed to 

invade for 24 h for BxPC-3 and OBB452, 72 h for Capan-1, or 48 h for MSB262, in the 

incubator and then, cell invasion was evaluated by fixing, staining and quantifying the 

covered area of the bottom part of the membrane, as described above at section 14.  

16. Code for cell coverage analysis 

A Macro for Fiji software (ImageJ) was generated in order to automate image processing and 

quantification with the following code, written by X. Sanjuan. Important note: in order to 

reduce the code length, each jump of paragraph has been represented as (JUMP):  

run("Options...", "iterations=1 count=1 black edm=Overwrite do=Nothing"); (JUMP) 

MyDir = getDirectory("Choose a Directory"); (JUMP) MyList = getFileList(MyDir); (JUMP) 

for(i=0;i<lengthOf(MyList);i=i+1) (JUMP) { (JUMP) if(endsWith(MyList[i], ".tif")) (JUMP) 

{ (JUMP) open(MyDir+MyList[i]); (JUMP) MyImatge= getTitle(); (JUMP) MyImatge_ID= 

getImageID(); (JUMP) run("Set Scale...", "distance=0 known=0 pixel=1 unit=pixel"); 

(JUMP) selectImage(MyImatge_ID); (JUMP) run("Split Channels"); (JUMP) 

selectImage(MyImatge + " (green)"); (JUMP) MyTrueImatge_ID= getImageID(); (JUMP) 

selectImage(MyImatge + " (blue)"); (JUMP) run("Close"); (JUMP) selectImage(MyImatge + 

" (red)"); (JUMP) run("Close"); (JUMP) selectImage(MyTrueImatge_ID); (JUMP) 

run("Median...", "radius=1"); (JUMP) run("Threshold..."); (JUMP) waitForUser("if neede 

adjust threshold"); (JUMP) run("Convert to Mask"); (JUMP) run("Options...", "iterations=1 

count=1 black edm=Overwrite do=Open"); (JUMP) run("Set Measurements...", "area 

area_fraction redirect=None decimal=2"); (JUMP) run("Measure"); (JUMP) 

selectImage(MyTrueImatge_ID); (JUMP) close(); (JUMP) selectWindow("Threshold"); 

(JUMP) run("Close"); (JUMP) } (JUMP) }  

17. In vivo study of STs inhibitor effect 

17.1 Syngeneic mice tumour generation 

A total of 20 adult C57BL female mice were commercially acquired from Charles River and 

were housed in the animal facility of the Barcelona Biomedical Research Park (PRBB). This 

study had the perceptive authorizations from the Animal Research Ethics Committee 

(CEEA) from PRBB. 10-week aged mice were housed in groups of 4 or 5 animals per cage 

in a controlled environment (22±2 ºC of temperature, 40-70% humidity, 12 h light/dark 

cycle). Mice free access to water and rodent chow was guaranteed during the experiment.  
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For tumour generation, 0.5x106 MSB262 cells were resuspended in incomplete DMEM and 

matrigel was added in 1:1 ratio. The cells were injected subcutaneously with a 29-gauge needle 

at the posteriors flanks of the mice. The following days, mice were observed and the presence 

of tumours was determined by palping them. After 2 weeks approximately, when palpable 

tumours of around 100 mm3 appeared, we started Ac53Fax-Neu5Ac STs inhibitor treatment: 

mice were distributed in four experimental groups: 10 mg/kg STs inhibitor group (n=7), 20 

mg/kg STs inhibitor group (n=5), DMSO group (n=3), which received excipient injections, 

and control group (n=3), which were injected with physiological saline solution alone. Three 

intra-tumoural injections per week in a total volume of 20 µl were administered under 

isoflurane anaesthesia during 15 days or until the tumour volume exceeded 1000 mm3. Mice 

were then sacrificed in CO2 euthanasia chamber and tumour samples were collected to 

perform posterior analyses. Mice presenting compromised general welfare during the 

experiment were sacrificed following ethical guidelines.  

Tumours were weighted and the three perpendicular diameters were measured with a calliper 

to estimate the tumour volume. General aspects were annotated such as tumour shape, 

consistence, subcutaneous or intramuscular localization, and vascularization.   

For FC analysis, tumour samples were kept in cold DPBS and tumour digestion protocol 

was performed immediately in order to obtain a cellular suspension (described at section 

17.2). Digested samples were preserved at -80 ºC in FBS, 10% DMSO for posterior analysis.  

17.2 Tumour digestion  

Tumours were mechanically disaggregated with a carbon steel surgical blade and incubated 

with the digestion buffer (1 mg/mL collagenase, 5% FBS, 2 u/mL DNAsa in DPBS) for 40 

min at 37 ºC. Samples were agitated every 5-10 min to enhance the digestion process. After 

that time, cells were filtered with a 100 µm Cell Strainer and centrifuged at 30 g for 5 min at 

RT to discard remaining cell debris. Supernatant was centrifuged at 300 g for 5 min at RT 

and the pellet was resuspended with FBS containing 10% DMSO and frozen with a 

Nalgene® Mr.Frosty freezing container. Samples were preserved at -80 ºC until they were 

used for FC analysis.  

17.3 Immune component and tumour infiltrates analysis by flow 
cytometry 
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To study the immune component and the presence of tumour infiltrates, cellular suspension 

samples obtained from the tumours were processed by using the Cytek® Aurora spectral 

flow cytometer and analysed using the SpectroFlo software.  

Cryotubes containing tumour cells were defrosted in complete DMEM (10% FBS) and 

centrifuged to discard DMSO from the media. Pellets were resuspended in complete 

DMEM, then cells were centrifuged again and resuspended in DPBS, 5% FBS to proceed 

with the antibody staining (except for the unstained controls, which were incubated with 

DPBS, 5% FBS alone). First, cells were incubated for 30 min at 4 ºC and darkness with 

Live/Dead staining, washed twice with DPBS, 5% FBS and blocked with CD16 antibody 

for 15 min at 4 ºC and in the dark (to block Fc receptors). Then, cells were washed again and 

incubated with a mix containing a panel of antibodies conjugated to specific fluorophores in 

DPBS, 5% FBS for 1 h at 4 ºC and darkness as described in Table 8. After immunostaining, 

cells were washed once, resuspended in DPBS, 5% FBS and kept on ice until they were 

analysed by FC. Prior to the analysis of the samples, we performed a Set Up experiment to 

create the reference controls for each fluorescent tag with UltraComp eBeadsTM 

Compensation Beads (ThermoFisher Scientific). SpectroFlo software was used to acquire 

and analyse the samples, to perform the spectral unmixing and identify and exclude the auto-

fluorescence signals. At least 1.5x105 live cells were gated and analysed with the SpectroFlo 

software.  

Table 8. FC antibody panel. Primary antibodies conjugated to fluorescent dyes used for FC analysis of 
murine digested tumour samples. 

Antibody/Conjugated 

Fluorophore 
Host/Isotype Dilution Supplier 

Brilliant Violet 510™ 

anti-mouse CD8a 

Antibody 

(100752) 

Rat IgG2a, κ 1/1000 BioLegend 

APC anti-mouse CD3 

Antibody (100235) 
Rat IgG2b, κ 1/500 BioLegend 

PerCP-Cy™5.5 Rat 

Anti-Mouse CD45 

(550994) 

Rat LOU 1/200 BD biosciences 

APC-Cyanine7 anti-

mouse CD4 (565650) 

Rat DA, also known 

as DA/HA IgG2a, κ 
1/400 BD biosciences 
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Antibody/Conjugated 

Fluorophore 
Host/Isotype Dilution Supplier 

PE/Cyanine7 anti-

mouse Ly-6G Antibody 

(127618) 

Rat IgG2a, κ 1/1000 BioLegend 

FITC anti-

mouse/human CD11b 

Antibody 

(101206) 

Rat IgG2b, κ 1/4000 BioLegend 

PE-Cy™5 Anti-Mouse 

CD45R/B220 

(561879) 

Rat IgG2b, κ 1/200 BD biosciences 

Brilliant Violet 785™ 

anti-mouse F4/80 

Antibody 

(123141) 

Rat IgG2a, κ 1/100 BioLegend 

Alexa Fluor® 700 anti-

mouse Ly-6C Antibody 

(128023) 

Rat IgG2c, κ 1/200 BioLegend 

PE/Dazzle™ 594 anti-

mouse CD49b (pan-

NK1.1 cells) Antibody 

(108923) 

Rat IgM, κ 1/1000 BioLegend 

Brilliant Violet 650™ 

anti-mouse/human 

CD45R/B220 

Antibody 

(103241) 

Rat IgG2a, κ 1/100 BioLegend 

Anti-mouse CD16 

antibody 
Rat IgG2a, λ 1/100 BioLegend 

LIVE/DEAD™ 

Fixable Violet Dead 

Cell Stain Kit, for 405 

nm excitation 

(L34963) 

- 1/100 Life Technologies 
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17.4 Sialic expression analysis of tumour samples by flow cytometry 

Glycan structures expression of tumour cells after STs inhibitor tumour treatment was 

analysed by FC. Tumour cells were defrosted in complete DMEM (10% FBS) and 

centrifuged to discard DMSO from the media. Pellets were resuspended in complete DMEM 

and then centrifuged again and resuspended in DPBS, 3% BSA to proceed with the antibody 

staining (except for the unstained control, incubated with DPBS, 3% BSA alone). First, cells 

were incubated for 30 min at 4 ºC with the corresponding biotinylated SNA or MAA-II lectin 

(see specifications in Table 9). After the lectin incubation, cells were washed once with 

DPBS, 3% BSA and incubated with 200 µl of a DPBS, 3% BSA solution containing CD45.2 

PerCP/Cyanine 5.5 conjugated mAb and the Alexa FluorTM 488 conjugated streptavidin for 

30 min at 4 ºC and darkness. Finally, cells were washed and resuspended in 500 µl of a DPBS, 

3% BSA and cell fluorescence was acquired with the Acea NovoCyte® Flow Cytometer.  

Samples were acquired and analysed by using the NovoExpress® software, a minimum of 

1.5x104 cells within the gated region were analysed as described above.  

Table 9. FC antibodies and lectins. Conjugated primary antibody, biotinylated lectins and streptavidin 
conjugated fluorescent dyes used for FC analysis of PDA murine cell lines.  

Lectin/Conjugated 

Fluorophore 
Dilution Supplier 

Biotinylated Sambucus Nigra 

Agglutinin (SNA) 

(B-1305) 

1/100 Vector Laboratories 

Biotinylated Maackia Amurensis 

Agglutinin II (MAA-II) 

(B-1265) 

1/50 Vector Laboratories 

PerCP/Cyanine5.5 anti-mouse 

CD45.2 Antibody monoclonal 

(109827) 

1/100 BioLegends 

Alexa FluorTM 488 conjugated 

streptavidin (S32354) 
1/1000 Invitrogen 
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18. Statistical analysis 

All statistical analyses were performed using GraphPad-Prism8. Normality analyses were 

performed using the Shapiro-Wilk normality test. Statistical differences between paired 

groups were assessed using Student’s t-test, for parametric comparisons or Mann-Whitney 

U test, for nonparametric comparisons. Statistical significant results were considered when 

p<0.05 using a 95% confidence interval (*p<0.05; **p<0.01; ***p<0.001). Otherwise stated, 

all data is presented as mean ± SD of at least 3 independent experiments. Kaplan Meier 

survival test and long-rank test were used to plot mice survival. All figures were designed 

with GraphPad-Prism8.  
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1. Chapter I. Impact of α2,3-sialyltransferases knockdown on 

EGFR signalling in BxPC-3 and Capan-1 PDA cells 

 

1.1 Results 

To determine the role of α2,3-ST in PDA, in a previous study of our group, we knocked-

down ST3GAL3 and ST3GAL4 with specific shRNAs (shST3GAL3_6-10 and 

shST3GAL4_1-5, respectively) in BxPC-3 and Capan-1 human PDA cell lines 326. The 

expression of sialylated determinants on ST3GAL3 and ST3GAL4 KD cells was 

characterized by FC and WB with lectins and specific antibodies. Results showed a significant 

decrease in α2,3-sialylated determinants, highlighting a reduction of  the α2,3-SA epitope sLex 

(Neu5Acα2,3Galβ1,4[Fucα1,3]GlcNAcβ1-R) of about 37-73%, depending on the cell line 

and the silenced ST. The BxPC-3 and Capan-1 KD cells with highest reduction in sLex 

expression were the ones silenced with shST3GAL3_9 and shST3GAL4_1 and they were 

selected for subsequent experiments. The decrease in sLex levels was of 37% for BxPC-3 

ST3GAL3 KD cells and of 68% in the ST3GAL4 KD cells, while in Capan-1 cells, both KD 
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cells showed similar decreases: 73% for ST3GAL3 KD and 64% for ST3GAL4 KD cells. 

The reduction in α2,3-SA was associated with an increase in α2,6-SA levels (BxPC-3: 41% in 

ST3GAL3 KD cells and 35% in ST3GAL4 KD cells. Capan-1: 12% in ST3GAL3 KD cells 

and 35% in ST3GAL3 KD cells) compared to control cells, which contained an irrelevant 

vector, shScramble 326. Interestingly, ST3GAL3 and ST3GAL4 downregulation resulted in a 

significant impairment of important tumorigenic and metastatic capabilities of KD cells 

compared to control cells, showing a decrease in cell migration and invasion, and an impaired 

binding and rolling to E-selectin 326.  

Considering the key role of EGFR in intracellular signalling pathways involving cell 

proliferation, apoptosis, and metastatic spread 396, we aimed to evaluate the role of ST3GAL3 

and ST3GAL4 in EGFR glycosylation pattern, and its effect on EGFR activity and 

downstream signalling during PDA progression. To this end, we first characterized EGFR 

expression on BxPC-3 and Capan-1 PDA models and the corresponding ST3GAL3 KD and 

ST3GAL4 KD cells.  

1.1.1 EGFR expression levels on control and ST3GAL3 KD and ST3GAL4 

KD BxPC-3 and Capan-1 cells 

First, the basal expression of EGFR on control, ST3GAL3 KD and ST3GAL4 KD BxPC-3 

and Capan-1 cells was analysed by FC after indirect immunofluorescence staining using a 

specific mAb against EGFR. Both BxPC-3 and Capan-1 ST3GAL3 KD and ST3GAL4 KD 

cells showed similar EGFR expression levels relative to their corresponding control cells 

(Figure 21A). These results were confirmed by EGFR immunoblotting of whole cell lysates, 

indicating that silencing of ST3GAL3 and ST3GAL4 genes does not alter basal EGFR 

expression levels (Figure 21B). It should be noted that BxPC-3 cells expressed about 4.5-fold 

higher levels of EGFR in comparison to Capan-1 cells (Median fluorescence values: 868171 

vs 188024.5 (BxPC-3 vs Capan-1)), a difference that is in accordance with the high 

heterogeneity in phenotypes and genotypes of PDA cell lines, which are, indeed, 

representative of PDA subtypes 394.  
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Figure 21. Analysis of EGFR expression level in BxPC-3 and Capan-1 ST3GAL3 and ST3GAL4 KD 

cells and control ones. A. FC representative histograms corresponding to EGFR cell surface expression levels 

on BxPC-3 (left) and Capan-1 (right) KD and control cells. An irrelevant antibody was used as a negative 

control for the unstained cells. B. Representative EGFR immunoblots for BxPC-3 (left) and Capan-1 (right) 

of ST KD and control cells. Membranes were stripped and immunoblotted again to detect total α-tubulin as 

loading control.  

1.1.2 Effect of ST3GAL3 and ST3GAL4 downregulation on EGFR 

sialylation pattern 

Previous results of the group described that α2,3-ST KD  generated a  reduction of α2,3-SA 

determinants such as sLex and sLea, and an increase in α2,6-SA levels on the overall cell 

surface glycoconjugates of the KD cells 326. Based on these results, we evaluated whether the 

KD of ST3GAL3 and ST3GAL4 could specifically affect the glycosylation pattern of EGFR 

in BxPC-3 and Capan-1 KD cells. 

To analyse EGFR sialylated determinants, we first immunopurified EGFR from cell lysates 

using an anti-EGFR mAb and protein-A bound to magnetic beads. Immunoprecipitated 

samples were immunoblotted for sLex antigen, α2,6-SA and α2,3-SA glycan structures using 

CSLEX mAb, SNA,  which selectively binds SA preferentially α2,6-linked to a terminal Gal, 

and MAA-II, which binds SA in α2,3-linkage, respectively. Finally, membranes were stripped 

and immunoblotted using an anti-EGFR antibody to detect the EGFR levels.  
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In both BxPC-3 and Capan-1 cell models, α2,6-sialylated glycans and sLex epitopes were 

detected in EGFR. When comparing the level of these sialylated determinants between the 

KD cells and their corresponding control cells, lower level of sLex could be observed in all 

KD cells (Figure 22), although the differences were not statistically significant. For Capan-1 

cells, the decrease in sLex levels was similar for both ST3GAL3 KD and ST3GAL4 KD cells, 

while for BxPC-3 model results showed a higher decrease for ST3GAL4 KD cells than for 

ST3GAL3 KD cells. Interestingly, these sLex reductions are in agreement with the 

glycosylation changes detected on the total cell surface glycoconjugates of the KD cells 326.  

 

Figure 22. Analysis of the EGFR glycosylation pattern in BxPC-3 and Capan-1 ST3GAL3 KD and 

ST3GAL4 KD and control cells. A. EGFR was immunopurified from total cell lysates and then 

immunoblotted with anti-sLex mAb or SNA lectin. Representative immunoblots are shown. Membranes were 

stripped and immunoblotted for EGFR. Densitometric analyses of the bands were carried out, values were 

normalized to total EGFR and relative levels vs control cells were determined. Plots show the mean ± SD of 

three (for BxPC-3) and two (for Capan-1) independent experiments. B. Representative EGFR immunoblots 

of EGFR IP (left) and negative control IP (right) are shown. Left panel: 20 µg of BxPC-3 cell lysate (IP input), 

1st elution (equivalent to 40 µg of initial input), 2nd elution (equivalent to 100 µg of initial input) and UB 

(equivalent to 20 µg of initial input). Right panel: 1st elution (equivalent to 40 µg of initial input), 2nd elution 

(equivalent to 100 µg of initial input) and UB (equivalent to 20 µg of initial input).  
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Concerning α2,6-SA detected on EGFR, results showed very similar levels for both BxPC-3 

KD cells and the corresponding controls. Similarly, in the Capan-1 cell model, there were no 

significant differences between KD and control cells, although the relative levels between 

experiments showed more dispersion (Figure 22 A). Regarding α2,3-SA, we did not detect 

its expression using MAA-II on immunopurified EGFR from BxPC-3 or Capan-1 cells (data 

not shown). The total amount of immunoprecipitated EGFR was similar between KD and 

control cells (Figure 22 A bottom panel). Considering that the KD of STs did not 

significantly alter the levels of EGFR expression by either FC or WB (Figure 21), we assumed 

that the immunopurification efficiency was comparable for all the KD and control cells. In 

addition, we carried out an assay to confirm the efficiency and specificity of the mAb used 

for the IP and found that nearly all the EGFR was eluted on the first elution and that a minor 

quantity of EGFR remained on the unbound (UB) or flow-through (Figure 22 B, left panel). 

In parallel, we performed the IP using an irrelevant antibody as a negative control, and found 

that all the protein remained on the unbound portion, confirirming the specificity of the IP 

(Figure 22 B, right panel).  

Overall, these results point out that the KD of ST3GAL3 and ST3GAL4 tends to decrease 

the expression of sLex on EGFR, in accordance to the general decrease of sLex on the 

glycoconjugates expressed on the cell surface of BxPC-3 and Capan-1 PDA cells.    

1.1.3 Effect of ST3GAL3 and ST3GAL4 KD on EGFR activation and 

downstream signalling 

To investigate whether ST3GAL3 KD and ST3GAL4 KD in BxPC-3 and Capan-1 cells can 

alter EGFR activity, the downstream signalling of the receptor was evaluated in control and 

KD cells.  

After a period of starvation, cells were treated for 10 min with EGF to activate the receptor 

and then we evaluated by WB the phosphorylation of the cytosolic domain of EGFR in the 

whole cell lysates using a polyclonal antibody against phosphorylated tyrosines. Previously, 

the optimal EGF dose to analyse EGFR activation in each cell line was determined by 

activating the cells with doses ranging from 10 ng/mL to 40 ng/mL EGF and then analysing 

EGFR phosphorylation by WB. We determined that the optimal dose was 20 ng/mL for 

BxPC-3 and 40 ng/mL for Capan-1 (data not shown). Results showed higher levels of total 

phosphotyrosine residues in ST3GAL3 KD and ST3GAL4 KD cells compared to control 

ones in both Capan-1 and BxPC-3 cell lines upon EGF activation, although differences were 

not statistically significant (Figure 23). The increase in the phosphorylation levels was 
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remarkable in the region of high molecular weight proteins (170 kDa), corresponding to 

EGFR, particularly for BxPC-3 cells. An increase in the phosphorylation level was also 

detected at the region above 55 kDa in both cell models, which could correspond to activated 

AKT protein, one of the key downstream signalling pathways that can be activated by EGFR 

upon EGF induction 158.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Analysis of the total phosphorylation levels of EGFR after EGF treatment. Cells were exposed 

to 20 ng/mL (BxPC-3) or 40 ng/mL (Capan-1) of EGF for 10 min, whole cell lysates were obtained and 

immunoblot analyses for total-phosphotyrosine residues were carried out. Representative blots are shown. 

Membranes were stripped and immunoblotted for EGFR, to assess EGFR levels of the cell lines in the different 

conditions. Tubulin levels in the stripped membranes were determined as loading control. Densitometric 

analyses of at least three independent blots of total phosphotyrosine residues are shown, values were normalized 

to total EGFR. Plots show the mean ± SD. 

Based on these results, we explored the phosphorylation levels of specific tyrosine (Y) and 

serine (S) residues of the C-terminal intracellular domain of EGFR, which have been 

described to play an important role in specific functions of the receptor: Y1068 and Y1173, 

involved in proliferation, and S1046/47 and Y1045, involved in receptor internalization. 
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Cells were activated with EGF and the corresponding lysates were immunoblotted with 

antibodies against these specific phospho-residues. Regarding BxPC-3 cell line, an increase 

of Y1173, Y1068, and Y1045 residues phosphorylation was detected in ST3GAL3 KD cells 

compared to control cells (Figure 24A and B), although it was not statistically significant, 

while for ST3GAL4 KD cells no differences could be appreciated. Regarding Capan-1 

models, ST3GAL4 KD cells showed a statistically significant higher phosphorylation in 

S1046 and Y1068 residues (Figure 24C and D), although no significant differences were 

detected for Y1045 residue. For ST3GAL3 KD Capan-1 cells no differences could be 

appreciated. Besides, we were not able to detect Y1173 phosphorylated residue after EGF 

treatment in this cell model. 

 

Figure 24. Analysis of EGFR phosphorylation in ST3GAL3 KD and ST3GAL4 KD cells. A (BxPC-3) 

and C (Capan-1) representative immunoblot images of the phosphorylation levels of specific tyrosine or serine 

residues of EGFR after EGF-treatment. B (BxPC-3) and D (Capan-1) plots of the densitometric analyses of at 

least three independent experiments of these tyrosine residues of EGFR. Values were normalized to total 

EGFR. Plots show Mean ± SD. *: p < 0.05.  

Altogether, these findings reveal that after EGF treatment, there is a higher increase in EGFR 

phosphorylation levels in the KD cells compared to control cells, particularly in ST3GAL3 

KD BxPC-3 and ST3GAL4 KD Capan-1 cells, which affects specific residues of the receptor 

involved in the EGFR proliferative and internalization signalling pathways.  

Given the increased phosphorylation levels of Y1068 and Y1173 residues of EGFR, involved 

in proliferative signalling, we compared the activation of two downstream signalling 

pathways between control and the corresponding ST3GAL3 KD and ST3GAL4 KD cells. 
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In particular, we determined the activation of AKT and MAPK proteins 183 after EGF-

induced EGFR activation. WB results showed a statistically significant increase in the 

phosphorylation levels of AKT in all BxPC-3 and Capan-1 KD cells compared to control 

cells after EGF-treatment (Figure 25A and B). However, it must be pointed out that in the 

case of ST3GAL3 KD and ST3GAL4 KD Capan-1 treated cells a similar AKT 

phosphorylation was detected compared to ST3GAL3 KD and ST3GAL4 KD untreated 

cells (Figure 25C and D), and therefore this activation cannot be exclusively attributed to the 

receptor activation by EGF. Regarding MAPK phosphorylation levels, no differences were 

found except for ST3GAL3 KD Capan-1 cells, which displayed a decrease in MAPK 

phosphorylation in comparison to control cells (Figure 25A and B). Nonetheless, we 

observed an increase in MAPK phosphorylation for untreated ST3GAL4 KD Capan-1 cells 

compared to untreated control cells (Figure 25D), meaning that for Capan-1 cells and similar 

to the activation of AKT, the activation of MAPK cannot be exclusively attributed to the 

receptor activation by EGF. 
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Figure 25. Study of ST3GAL3 KD and ST3GAL4 KD effect on AKT and MAPK signalling pathway. 

To determine the activation of AKT and MAPK proteins their phosphorylation levels were analysed by WB 

after EGF treatment: A for BxPC-3 cells and B for Capan-1 cells. AKT and MAPK phosphorylation levels of 

untreated BxPC-3 (C) and Capan-1 (D) cells were also analysed. Three blots from independently generated cell 

lysates were analysed by densitometry, values were normalized to AKT or MAPK total levels and represented 

as phosho/total (p/t) AKT or p/t MAPK, the relative levels vs treated control cells are shown for A and B, 

and the relative levels vs the control untreated cells are shown for C and D. Plots represents Mean ± SD. *, p 

< 0.05, **, p < 0.01, and ***, p < 0.001.  
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1.1.4 Analysis of EGFR dimerization 

EGFR exists predominantly in an inactive monomeric form, and upon ligand binding, it 

undergoes a conformational rearrangement that allows it to form active homodimers or 

heterodimers with other members of the ErbB receptors family, such as ErbB2 or ErbB3, 

and activate the intracellular signalling pathway 396.  

It has been described that alterations in the glycosylation of EGFR, such as sialylation or 

fucosylation of EGFR N-glycans, can affect its conformation, which plays an essential role 

in regulating the receptor dimerization 333. Therefore, we next analysed whether the ability of 

EGFR to dimerize upon EGF induction could be altered in the ST3GAL4 KD cells in 

comparison to control cells, using glutaraldehyde as crosslinking agent. We carried out the 

experiment with ST3GAL4 KD cells because they showed higher phosphorylation of EGFR 

residues, mainly in the Capan-1 model, and higher decrease in sLex compared to ST3GAL3 

KD cells in the BxPC-3 model. 

WB experiments revealed that BxPC-3 ST3GAL4 KD cells showed increased EGFR 

homodimerization level compared to control cells in response to EGF treatment, while 

similar levels of monomeric EGFR were detected in the different samples. For Capan-1 cells, 

we also detected increased EGFR homodimerization in ST3GAL4 KD cells compared to 

control cells, although the bands corresponding to EGFR homodimers were less intense 

than in BxPC-3 cells (Figure 26). No dimer formation was detected in BxPC-3 and Capan-1 

untreated cells.   

 

 

 

 

 

 

 

Figure 26. Analysis of EGFR dimerization of control and ST3GAL4 KD BxPC-3 and Capan-1 cells. 

EGFR dimerization was induced by EGF and analysed using glutaraldehyde crosslinking agent. Dimer 

formation was determined by WB analysis. Representative immunoblot images are shown for BxPC-3 (left) 

and Capan-1 (right).  
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We assessed the capacity of EGFR to form heterodimers with other members of the ErbB 

family, ErbB2 and ErbB3, after EGF treatment using the same approach. EGFR-ErbB3 

dimer formation was of special interest since it has been described that glycosylation 

alterations in EGFR can alter its ability to dimerize with ErbB3 receptor and modify 

downstream AKT pathway activation, as ErbB3 contains seven binding sites for PI3K 171. 

However, we could not detect the formation of EGFR-ErbB3 or EGFR-ErbB2 

heterodimers in the immunoblots (results not shown).  

Altogether, these results indicate that the KD of α2,3-STs leads to a higher activation of 

EGFR signalling upon EGF treatment as shown by an increase in EGFR homodimerization 

and by an increase in the level of specific EGFR phosphorylated residues, and global AKT 

phosphorylation.  

1.1.5 Analysis of cell proliferation upon EGF induction in ST3GAL3 KD 

and ST3GAL4 KD PDA cell lines 

To gain insight into the role of ST3GAL3 and ST3GAL4 in EGFR functional characteristics, 

we investigated whether the increase in EGFR activation described above can lead to a 

different cell proliferation rate of ST3GAL3 KD and ST3GAL4 KD BxPC-3 cells, and 

ST3GAL4 KD Capan-1 cells, after EGF stimulation. The experiment was carried out with 

ST3GAL4 KD Capan-1 cells because they showed higher phosphorylation of EGFR 

residues, and because we detected that the decrease of sLex expression on ST3GAL3 KD 

Capan-1 cells was not stable at that moment. First, we performed a cell number titration to 

determine the optimal cell number per well to maintain cells in exponential growth phase 

until the end of the experiment (5 days), and 3000 cells/well was selected as the optimal 

initial cell concentration for both BxPC-3 and Capan-1 cells.  

After 24-hours of starvation, cells were treated with 50 ng/mL EGF in DMEM without FBS 

during the entire assay. Cell number was quantified by MTT assay at different time points 

along the experiment (0 h, 48 h, 96 h, and 120 h) and proliferation of KD cells was compared 

to control cells. As shown at figure 27, ST3GAL3 KD BxPC-3 cells displayed a significantly 

higher proliferation rate at every time point compared to control cells, whereas ST3GAL4 

KD BxPC-3 cells only showed increased proliferation at 96 h and 120 h, although it was not 

statistically significant. Regarding Capan-1 cells, we could not detect differences in the 

proliferation rate between the treated ST3GAL4 KD and control cells.  
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These results might partially be explained by the lower expression of EGFR in Capan-1 cells 

compared to BxPC-3 cells, suggesting that Capan-1 cells are probably less EGFR-dependent 

for their proliferation.  

Figure 27. Cell proliferation induced by EGF in control and STs KD BxPC-3 (A) and Capan-1 (B) cells. 

The proliferation of the cells was measured by an MTT assay. The relative levels of absorbance of treated cells 

(50 ng/mL EGF) vs the corresponding untreated cells (negative control) are shown at different time points in 

the graphs. Cell proliferation of positive and negative controls (DO570 nm) is shown at different time points in 

the graphs for BxPC-3 (C) and Capan-1 (D) cells. Positive control cells were cultured with complete DMEM, 

and negative control with incomplete DMEM (0% FBS), both without EGF. Each point represents the mean 

± SD of at least three independent experiments, *, p < 0.05. 

Overall, these findings suggest that reduction of ST3GAL3 and ST3GAL4 expression in the 

higher  EGFR expressing BxPC-3 cells can lead to increased activation of the proliferation 

signalling pathways upon EGF treatment,  and, accordingly, to increased proliferation and 

growth of the cells. Nevertheless, these results are not in the same line as others published 

by Li et al. and Qi et al. using other cancer cell models highlighting that there is no consensus 

on the role of α2,3-STs in regulating EGFR glycosylation and determining its activity after 

EGF stimulation 397,398. Therefore, further studies are needed to clarify ST implication on 

EGFR glycosylation and, ultimately, on cancer progression.  

1.1.6 Sensitivity of ST3GAL3 and ST3GAL4 KD cell lines to EGFR-

targeted drugs 

EGFR-targeted drugs are widely used as a specific treatment for different types of cancers, 

including breast, lung, prostate, and pancreas among others 399, and have been described to 

be effective in delaying or stopping tumour progression 217,219. However, the overexpression 
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of EGFR as well as EGFR mutations often lead to chemoresistance and decreases the 

effectivity of EGFR-directed therapies 400–402. 

Different strategies have been designed to overcome drug resistance, such as the 

combination of drugs targeting different signalling pathways in cancer growth 225,403 or the 

combination of TKIs with other agents. For instance, dual inhibition of extra and 

intracellular domains of EGFR has been considered a useful strategy 226.  

Following the latter strategy, we explored whether the alteration of EGFR glycosylation 

pattern could modify the anti-proliferative effect of the EGFR-targeted drug Erlotinib (a 

TKI that binds to the EGFR intracellular domain), which is being used in PDA treatment.  

BxPC-3 and Capan-1 STs KD and their corresponding control cells were treated with 

different concentrations of Erlotinib ranging from 1.25 µM to 50 µM, and the dose that 

inhibits the cell proliferation by 50% (IC50) was determined after 48 h of treatment. IC50 

values were very similar between KD and control cells, indicating that responsiveness to 

Erlotinib was not altered in the ST KD cells (Figure 28). On the basis of these results, no 

effect of α2,3-ST KD on PDA cells sensitivity to Erlotinib could be established.  

Figure 28. Sensitivity of BxPC-3 and Capan-1 control and STs KD cells to Erlotinib. Erlotinib 

cytotoxicity curves for BxPC-3 (A) and Capan-1 cells (B), plots represent cellular growth (mean ± SD) 

normalized to untreated cells of at least three independent experiments. The doses of Erlotinib that inhibit the 

cell proliferation by 50% (IC50 values, µM) are represented as mean ± SD of at least three independent 

experiments (C). 

Similar experiments were carried out with Cetuximab, a mAb that acts as a competitor to 

EGFR ligands and blocks ligand-induced EGFR activation. Although previous studies 

reported that PDA cells and pancreatic tumour xenografts were responsive to Cetuximab 

treatment, our results showed that BxPC-3 and Capan-1 cell viability was not decreased upon 
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Cetuximab treatment, indicating that these cell lines were not sensitive to this drug (IC30>500 

µg/mL, data not shown).  
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1.2 Discussion 

Aberrant glycosylation has been proposed as a hallmark of cancer due to its contribution in 

carcinogenesis, cancer progression, and metastasis 285,404,405. Many of the recent studies in this 

field have focused on the identification of specific tumour-associated alterations on 

glycosylation -new tumour biomarkers- and the underlying mechanisms that give rise to them 

236,406,407. Aberrant glycan expression in pancreatic cancer is associated to an increase in the 

sLea and sLex antigens 117,270,326,408–415, and in branched and fucosylated N-glycans 337,416–420, 

which are linked to disease progression and poor prognosis 404.  

Previous studies performed in our group, together with other reports 269,316,421,422, highlight 

the importance of the α2,3-STs ST3GAL3 and ST3GAL4 in regulating processes involved 

in the progression and metastasis of PDA and other cancers, such as cell migration, cell 

invasion and E-selectin adhesion, suggesting that ST3GAL3 and ST3GAL4-mediated 

sialylation can be related to malignancy 270,271,299,326. Moreover, we described how changes in 

the sialylation pattern of α2β1 integrin and E-cadherin, which are key cell adhesion molecules 

that mediate pancreatic cancer cell adhesion and invasion, can alter their functional role.  In 

addition, Mereiter et al. 279 underlined the importance of ST-mediated glycosylation of RTKs 

such as EGFR and ErbB2, which are also involved in cancer progression and resistance to 

existing therapies 320,331,352.  

In the recent years, multiple studies have been conducted to examine how altered 

glycosylation can interfere with RTK functions in cancer development. EGFR glycan 

changes and their functional consequences have been extensively studied in lung, breast, 

ovarian, and colon cancer cells among others 322,331,352,353,355,423. For instance, Cheng et al. 

showed that bisecting GlcNAc on EGFR from breast cancer cells inhibits its malignant 

phenotype via downregulation of EGFR/Erk signalling 355. In the same line, Park and 

colleagues revealed that the reduction of ST6Gal I-mediated sialylation on EGFR augments 

its phosphorylation and downstream activation of ERK kinase in colon cancer cells 352. 

Nonetheless, up to our knowledge there are few studies exploring how alterations in the 

glycosylation of EGFR on PDA cells can affect its activation and signalling, and consequently 

affect PDA progression 320,343,351.   

For this reason, in the present study we have focused on the implication of ST3GAL3 and 

ST3GAL4 in the glycosylation of EGFR in two PDA cell lines, BxPC-3 and Capan-1. We 

have addressed how ST3GAL3 KD and ST3GAL4 KD alters the glycan pattern of EGFR 

and modulates its activation by EGF, its dimerization and the capacity to trigger downstream 
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signalling pathways. Regarding the functional properties, we have studied if the cell 

proliferation induced by EGF is altered. To go further, we have studied whether ST3GAL3 

KD and ST3GAL4 KD can increase cell sensitivity to EGFR-targeted drugs that are 

currently used in clinics for different tumour treatments, with the aim of improving PDA 

therapy by using a combined treatment strategy. 

1.2.1 EGFR sialylation is partially mediated by ST3GAL3 and ST3GAL4 

First, we analysed EGFR expression of the BxPC-3 and Capan-1 ST3GAL3 KD and 

ST3GAL4 KD cells and their respective controls by FC. Our results, in the same line as 

previously published studies 320,322,343, corroborated that ST3GAL3 KD and ST3GAL4 KD 

did not alter EGFR basal expression. BxPC-3 cells displayed a higher EGFR expression level 

compared to Capan-1 cells, according to what has been previously described 424, a feature 

that we have to bear in mind for the following results. The difference in the EGFR 

expression levels that we could observe between the two cell lines could be explained by the 

different genetic complexity of PDA cell lines, which reflects the tumour heterogeneity that 

can be found in PDA 394. 

Concerning EGFR glycosylation, it has been described that EGFR contains 12 potential N-

glycosylation sites in the extracellular domain that can be potentially glycosylated. In 

particular, EGFR glycosylation was fully characterized in A431 cells, which express large 

amounts of EGFR, showing that eight of the twelve canonical sites were glycosylated and 

that EGFR N-glycans contained 17% of oligomannose-type (Man5GlcNAc2 to 

Man8GlcNAc2), 73% of bi-, tri- and tetra-antennary complex-type structures, with 24% 

neutral and 59% α2,3-sialylated (up to tetrasialo). EGFR glycosylation from CL1-0 and CL1-

5 human lung cancer cell lines has also been characterized 331 showing oligomannose 

structures and complex sialylated N-glycan structures, containing both α2,3 and α2,6-SAs 331, 

although glycan composition was different among the different cell lines since glycosylation 

is cell-type specific.  

We focused our study on the sialylation pattern of EGFR in BxPC-3 and Capan-1 PDA cells, 

two cell lines that express high and moderate EGFR levels respectively. Results showed that 

the immunopurified EGFR from both cell models contained α2,6-SA and sLex antigen, 

although we could not detect α2,3-SA using MAA-II, a lectin that does not bind to α2,3-SA 

of sLe antigens 230. 
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We determined whether EGFR sialylation could be altered by the KD of ST3GAL3 and 

ST3GAL4, which codify for the enzymes that are involved in the last steps of sLex 

biosynthesis. The KD of ST3GAL3 and ST3GAL4 led to a modest decrease in sLex 

expression on EGFR in both BxPC-3 and Capan-1 models, results that are in line with the 

global decrease in sLex levels that we had previously described for ST3GAL3 KD and 

ST3GAL4 KD cells 326.  However, we did not detect any clear difference in α2,6-SA levels 

on EGFR, in contrast to the moderate increase observed in the general cell sialome.  For 

Capan-1 cells, the sLex reduction on EGFR was similar between ST3GAL3 KD and 

ST3GAL4 KD cells while for BxPC-3 we found a higher sLex decrease for ST3GAL4 KD 

cells than for ST3GAL3 KD ones. Interestingly, these results are in agreement with the 

changes described for the total cell sialylation in our previous study 326 - a significantly higher 

decrease in sLex for BxPC-3 ST3GAL4 KD cells than for ST3GAL3 ones-, reinforcing the 

idea that ST3GAL4 has a critical role in sLex biosynthesis and for EGFR sialylation 269. 

It would be plausible to hypothesize that the modest decrease in EGFR sLex is due to the 

compensation mechanisms used by other α2,3-STs or by the α2,6-ST, ST6Gal I. In that 

sense, a recent study reported that there is a low level of compensation among α2,3-ST for 

EGFR sialylation in HeLa cells and that ST3Gal VI is the α2,3-STs with the most important 

effect on EGFR α2,3-sialylation. In addition, the authors stated that α2,3-STs could compete 

with ST6Gal I for the sialylation of the same target protein 398. 

1.2.2 ST3GAL3 KD and ST3GAL4 KD modulate EGFR activation and 

downstream signalling  

The KD of ST3GAL3 and ST3GAL4 genes in both BxPC-3 and Capan-1 models led to an 

increase in the total phosphorylation status of the cells when cells were treated with EGF. 

This increase correlated with an increase in the phosphorylation of EGFR-specific tyrosine 

and serine residues, although the increase in the phosphorylation of specific residues was 

only statistically significant for Capan-1 ST3GAL4 KD cells.  

A possible mechanism that could link the KD of α2,3-STs with a higher EGFR activation 

status would be the modification of the EGFR sialylation pattern, as described in the 

literature.  In this regard, and consistent with our results that show a modest decrease in sLex 

in α2,3-ST KD BxPC-3 cells, Liu et al. 331 also showed that reducing the terminal sialylation 

and α1,3-fucosylation on EGFR enhanced its dimerization and activation in lung cancer cells. 

In the same line, Park et al 352 described that α2,6-sialylation of EGFR inhibited EGF-induced 

EGFR tyrosine phosphorylation in colon cancer cells. Conversely, Rodrigues et al. 322 found 
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that ST6GAL1 silencing did not alter EGFR activation status in colorectal cancer cells. 

Moreover, it was reported that ST6Gal I-mediated sialylation of EGFR correlates with its 

activation in pancreatic cancer cells 320. Overall, there is no consensus on the role of EGFR 

sialylation and its implication on EGFR activation, and the reason for this discrepancy is still 

currently unclear.  The reported studies have used diverse cancer cell models and 

methodological approaches, which could account for the different results obtained. In 

addition, it should be taken into consideration that global cellular sialylation indirectly 

regulates EGFR phosphorylation by modulating the activity of other kinases responsible for 

EGFR phosphorylation apart from directly regulating EGFR auto-phosphorylation 353. After 

all, the studies carried out so far analysing the effect of EGFR sialylation on its activity and 

exploring the underlying mechanisms that regulate EGFR activation are not conclusive. 

In reference to the phosphorylation of specific EGFR residues after EGF-treatment, we 

found an increase in the phosphorylation levels of Y1068 (for BxPC-3 and Capan-1 KD 

cells) and Y1173 (for BxPC-3 KD cells), two residues that are responsible for the activation 

of two major downstream pathways of EGFR, PI3K/AKT and MAPK, involved in cell 

proliferation 353,396. Thus, we analysed the AKT and MAPK phosphorylation status upon 

EGF-treatment in ST3GAL3 KD and ST3GAL4 KD cells and control cells.  Our results 

showed a significant increase in AKT phosphorylation in ST3GAL3 KD and ST3GAL4 KD 

cells compared to the control ones both in Capan-1 and BxPC-3 models, while no differences 

were observed in MAPK phosphorylation levels. In the absence of EGF, there were no 

differences in the AKT phosphorylation levels between KD and control cells, except for 

ST3GAL3 KD and ST3GAL4 KD Capan-1 cells, whose basal level of pAKT was slightly 

higher with respect to control cells. These observations indicate that reduction of EGFR 

sialylation may increase the ability of the receptor to activate cell proliferation, mainly 

through the AKT pathway. However, it cannot be excluded that other EGFR-residues such 

as Y1101 425, a Src-dependent phosphorylated residue, as well as other cell receptors with TK 

activity might be also involved in the activation of the AKT pathway 426, since in ST3GAL4 

KD BxPC-3 cells the higher phosphorylation of AKT did not correlate with an increased 

activation of the specific EGFR residues described above. In line with our findings, FUT7 

has been shown to catalyse the α2,3-fucosylation of EGFR, which leads to its 

phosphorylation and activation and, ultimately, to the phosphorylation of signalling 

molecules Erk1/2 (MAPK) and AKT in follicular thyroid carcinoma cells 427. 
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It should be noted that, we found a similar increase in the levels of AKT phosphorylation 

between control and KD Capan-1 cells in the presence or absence of EGF treatment, 

indicating that the increased activation of the AKT signalling pathway may be driven by 

changes in the glycosylation of other members of the ErbB family, together with other 

membrane receptors that activated this signalling pathway. For instance, the phosphorylation 

status of ErbB3, which has been described to promote the direct activation of the 

PI3K/AKT pathway by facilitating ErbB2-ErbB3 dimer formation in the presence of its 

ligand NRG 171,428,429; or the α2,6-sialylation of the ErbB2 receptor that has been described to 

enhance AKT downstream signalling in gastric cancer cells 354. Besides, the presence of 

paracrine or autocrine mitogenic loops has been described in pancreatic cancer cells 430, which 

might promote the activation of proliferation pathways even if the cells are cultured in 

growth factors-deprived conditions. Additionally, the expression of certain oncogenes or loss 

of particular tumour suppressor genes, such as mutations of EGFR/PI3K or amplification 

of AKT itself, can result in overactivation of AKT in many tumours 431. In particular, the 

overactivation of AKT2 has been observed in about 30-40% of pancreatic cancers 431. Thus, 

although Capan-1 cell line has been described to have low levels of AKT activation 432, we 

might hypothesize that the increased AKT phosphorylation levels in Capan-1 cells could be 

due to a permanent overactivation of this signalling pathway.   

1.2.3 EGFR dimerization is regulated by ST3GAL3 and ST3GAL4-

mediated sialylation 

Several studies have reported the importance of N-glycosylation on the functional properties 

of EGFR, including ligand binding and dimerization among others 341,346,347, which are closely 

related to EGFR conformation. In EGFR dimerization, N-glycans are mainly involved in 

stabilizing the inactive state and regulating the EGFR transition from the tethered form to 

an active extended form 433. Moreover, it has been described that sialylation could supress 

EGFR dimerization by attenuating EGF binding 331,352,353. 

In the present study, we addressed the influence of the ST3GAL4 KD on the capacity of 

EGFR to form dimers upon EGF-binding. To this end, we analysed the dimer formation 

capacity of EGFR in BxPC-3 and Capan-1 cells with reduced ST3GAL4 expression. As we 

hypothesized, results showed an increase in EGFR homodimers formation in BxPC-3 

ST3GAL4 KD cells compared to control ones, confirming that the decrease in EGFR 

sialylation results in an increased EGFR dimerization capacity. A similar trend was observed 

in Capan-1 cell models, although the levels of EGFR dimerization were lower. This higher 
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homodimerization of EGFR would allow a higher autophosphorylation of the intracellular 

domains of the receptors compared to control cells, as observed in ST3GAL4 KD cells.  

Similarly, distinct reports have described that ST silencing enhances EGFR signalling by 

promoting EGFR dimerization. Park and coauthors reported that ST6GAL1 KD, and the 

concomitant loss of α2,6-sialylation, promotes EGFR phosphorylation, internalization of 

receptor and increases cellular growth in response to EGF in human colon cancer cells 352. 

In the same line, Liu at al. established that overexpression of STs and FucTs in A549 lung 

cancer cells supress EGFR dimerization and phosphorylation upon EGF treatment, and 

confirmed their findings by sialidase and fucosidase treatments 331. Similarly, Mathew et al., 

in an attempt to reproduce these experiments, observed a slight reduction of EGFR 

dimerization after α2,6-sialylation overexpression in SW1990 pancreatic cancer cells, 

although they were not able to achieve statistically significant results 351.  

In a further attempt to address the role of EGFR sialylation in the capacity of EGFR to form 

dimers, we also studied the ability of EGFR to form heterodimers with ErbB2 and ErbB3 

receptors upon EGF activation. However, we could not detect ErbB2 nor ErbB3 

heterodimers. These findings could be partially explained by the fact that EGF is the main 

ligand activating EGFR and ErbB2 heterodimer formation, but ErbB2-ErbB3 heterodimers 

are preferentially stimulated by NRG binding 434. Thus, in future experiments it would be 

interesting to evaluate ErbB3 sialylation pattern in ST3GAL3 KD and ST3GAL4 KD cells 

and its involvement in EGFR-ErbB3 dimer formation and subsequent activation of 

downstream signalling pathways preferentially activated by ErbB3, such as the PI3K/AKT 

pathway. 

In addition, multiple studies have been performed so far to analyse the role of specific EGFR 

and ErbB3 N-glycan sites in regulating EGFR function. Asn 420 and Asn 579 in EGFR are 

considered as crucial N-glycan linking sites for maintaining the tethered form in the absence 

of ligands. In this regard, the loss of N-glycans linked to those residues leads to EGFR 

spontaneous dimerization in the absence of ligand 333,346,347,435. For future investigations, it 

would be of great interest to specifically analyse the glycan pattern of EGFR in ST3GAL3 

KD and ST3GAL4 KD cells in comparison to the control cells by mass spectrometry, and 

to stablish possible links between the specific N-glycan site modifications and EGFR 

functional alterations. Nonetheless, the high amount of purified protein that is needed to 

perform mass spectrometry experiments might represent a handicap to overcome.  
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1.2.4 Alteration of EGFR glycan pattern induced by ST3GAL3 and ST3GAL4 

KD can lead to enhanced proliferation upon EGF induction in PDA cell lines 

One of the main objectives in this work was to analyse if the ST3GAL3 KD and ST3GAL4 

KD and subsequent decrease in sLex epitopes on EGFR could lead to functional changes at 

the cellular level.  To accomplish this goal, we performed a proliferation assay inducing the 

cells with EGF along the experiment and we quantified the cell number at different time 

points by an MTT assay. In accordance with the increase in EGFR phosphorylation, BxPC-

3 ST3GAL3 KD cells displayed a statistically significant increase in the proliferation rate after 

48 h, 96 h, and 120 h compared to control cells, while BxPC-3 ST3GAL4 KD cells also 

showed a higher proliferation rate than control cells although it was not statistically 

significant. We did not find any significant difference on the proliferation rate between STs 

KD cells and the control BxPC-3 cells when cultured with complete media or with 

incomplete media without EGF-treatment (Figure 27 C), which point out that the differences 

in the proliferation rate between ST3GAL3 KD cells and control cells might be specifically 

related to changes in the EGFR glycosylation pattern. Unfortunately, we could not detect 

any differences in proliferation for Capan-1 cells after the EGF stimulation. In addition, cell 

proliferation of ST3GAL4 KD cells was slightly lower compared to control cells, both for 

the positive and the negative controls. Considering that Capan-1 cells express lower EGFR 

levels than BxPC-3 cells, we hypothesise that this cell line might be less EGFR-dependent 

for their proliferation. Very recently, Qin and collaborators 427 performed a study with thyroid 

carcinoma cells and, contrarily to what we described, they found that increased α1,3-

fucosylation and sLex on EGFR by enhanced FUT7 expression (a key FucT involved in the 

last stages of sLex biosynthesis), led to an increase in EGFR activation and proliferation rate. 

Other studies have focused on the role of EGFR glycosylation on cancer cell proliferation 

in different types of tumours but there is no general consensus 319,343,352,397,398,436–439. On the 

one hand, Li et al. demonstrated that the EGFR glycosylation status mediates cell 

proliferation through EGFR/ERK signalling pathway in colorectal cancer cells, showing that 

reduced EGFR N-glycosylation and EGFR total expression by tunicamycin treatment 

resulted in impaired cell proliferation 397. On the other hand, Chugh et al. showed that KD 

of GALNT3 in CD18/HPAF and BxPC-3 PDA cells lead to Tn and T carbohydrate antigens 

increase on EGFR and ErbB2, resulting in a significant increase in proliferation 343. 

The discrepancies found in these studies indicate that the alteration of the EGFR-

glycosylation status might differently affect EGFR activity on different cancer cell types. In 
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addition, the reduction of general glycosylation by different inhibitors (3Fax-Peracetyl 

Neu5Ac or SsaI) or by silencing of GTs might also affect other glycoproteins involved in the 

biological processes that are regulated by EGFR. Thus, although understanding the 

mechanism by which altered EGFR glycosylation can result in increased or impaired EGFR 

activation is complex, this knowledge could enable the development of novel therapeutic 

strategies to treat each cancer type. 

1.2.5 ST3GAL3 and ST3GAL4-mediated EGFR sialylation might affect 

the sensitivity to anti-EGFR drugs 

There are two important pharmacological approaches in anti-EGFR therapies, mAbs and 

TKIs, which target different domains of EGFR structure 217. At present, both are widely used 

for the treatment of different types of cancers 219. However, EGFR overexpression as well 

as EGFR mutations lead to important chemoresistance, decreasing the response rates of anti-

EGFR therapy 400–402. To date, and with the aim of overcoming resistance to existing 

therapies, multiple studies have focused on the hypothesis that alteration of the EGFR-

sialylation status might affect the anticancer activity of the EGFR-targeted drugs, either by 

increasing or decreasing cell sensitivity to mAbs or TKIs 320–322,331,422,440.  

In that sense, multiple studies have demonstrated that the expression levels of α2,3- or α2,6-

SA on EGFR inversely correlate with cancer cell sensitivity to TKIs or mAbs, although the 

results indicate that some difference exist among cancer cell types 320,322,352,423,440. Examples of 

these studies include the following: i) Wang’s group reduced α2,3-linked sialylation by 

treating ovarian cancer cells with the sialylation inhibitor SsaI and showed a significant 

impairment of tumour invasion capacity when combining SsaI with AG1478 (an EGFR 

TKI)423, ii) Rodrigues et al., demonstrated that overexpression of ST6GAL1 in SW48 

colorectal cancer cells decreases Cetuximab-induced cytotoxicity. However, their results were 

not confirmed when they KD ST6GAL1 in Caco-2 cells 322, and iii) C.M. Britain and 

coauthors found that reduction of α2,6-SA expression by silencing ST6GAL1 in ovarian 

cancer cells increased Gefitinib sensitivity, by increasing Gefitinib mediated-apoptosis, while 

ST6GAL1 KD in BxPC-3 pancreatic cancer cells enhanced Gefitinib-induced cell death 320. 

On the contrary, Yen et al. demonstrated that reduced SA expression in some of the TKI-

resistant lung cancer cell lines reduced the antineoplastic effect of Gefitinib while in other 

TKI-resistant cells they were not able to observe a clear correlation between EGFR 

sialylation and Gefitinib sensitivity. Mathew and coauthors demonstrated that the sialylation 
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increase caused by 1,3,4-O-Bu3ManNAc treatment sensitizes SW1900 pancreatic cancer cells 

to the TKIs Erlotinib and Gefitinib.  

In this study, we analysed the anti-proliferative effect of the TKI Erlotinib and the mAb 

Cetuximab in ST3GAL3 KD and ST3GAL4 KD BxPC-3 and Capan-1 cells. Unfortunately, 

we could not establish a clear correlation between EGFR sialylation levels and the sensitivity 

of the cells to the drugs. In addition, although it has been described that PDA cells and 

tumour xenografts are sensitive to Cetuximab 424,441–444, we could not detect alterations in 

BxPC-3 and Capan-1 cell viability when treated with Cetuximab. It would be plausible to 

speculate that the differences in the EGFR sialylation pattern described in this study for 

ST3GAL3 KD and ST3GAL4 KD PDA cells are not sufficient to alter cell sensitivity to 

Erlotinib or Cetuximab.  

For future research and bearing in mind that we observed an increase on EGFR activation 

in ST3GAL3 KD and ST3GAL4 KD cells in comparison to control cells, it would be 

interesting to perform an assay in concordance with Britain et al. recent publication. In this 

study, they showed that cells expressing higher ST6Gal I levels had higher EGFR activation 

and increased invasive ability than cells expressing lower ST6Gal I levels. Interestingly, these 

differences were suppressed by Erlotinib treatment. These results suggested that Erlotinib 

can counteract the pro-tumorigenic effect of the ST6Gal I-mediated EGFR sialylation and 

concomitant increase of its activation 321. In addition, and in line with Mathew et al. latest 

report, it would be interesting to address if changes in EGFR-sialylation can alter EGFR 

intracellular trafficking, as it is a key process regulating TKI and mAbs interaction with 

EGFR 205. Altogether, the discrepancies between the published studies and our results 

highlight the importance of investing further efforts in understanding the mechanism by 

which altered EGFR sialylation, brought by the modification of STs expression or by 

sialidase treatment, can determine the effect of EGFR-targeted drugs on cancer cells.  

1.2.6 Concluding remarks and future directions 

In summary, in this part of the study we have shown that ST3GAL3 and ST3GAL4 play a 

role in the glycosylation and activation of EGFR. Based in the generalized idea that sialylation 

can be related to malignancy in cancer, it was counterintuitive to think that less EGFR 

sialylation could be associated with increased EGFR activation. However, our results showed 

that a modest reduction of EGFR sialylation caused by ST3GAL3 KD and ST3GAL4 KD 

leads to enhanced EGFR activation and downstream activation of the AKT signalling 

pathway, which in BxPC-3 KD cells was translated to an increase in cell proliferation rate 
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upon EGF activation. Nonetheless, we could not establish any correlation between EGFR 

sialylation levels and the sensitivity of the PDA cells to the EGFR-targeted drugs Erlotinib 

and Cetuximab. Thus, further research could help clarifying the molecular mechanism by 

which the reduction of sLex on EGFR can modulate EGFR conformation, dimerization, 

downstream signalling, and intracellular trafficking among others 338,351,445. Finally, investing 

further efforts in the study of anti-EGFR targeted drugs in combination with the alteration 

of EGFR sialylation has the potential to pave the path for the development of novel therapies 

for PDA.
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2. Chapter II. Reduction of sialic acid on PDA cells by a 

sialyltransferase inhibitor and study of its effect on E-selectin 

adhesion, migration and invasion capabilities of PDA cells in 

vitro and its potential to reduce tumour growth and alter tumour 

immune component in syngeneic mice 

 

2.1 Results 

2.1.1 Sialic acid characterization of human PDA cells 

In order to investigate the effect of several reported ST inhibitors to decrease cell SA 

determinants, the expression levels of sLex, sLea, α2,3-SA- and α2,6-SA were characterized 

in two human PDA cell lines: BxPC-3 and Capan-1.  

Cell surface glycan expression was analysed by FC for BxPC-3 and Capan-1 cells using 

specific mAbs against sLex and sLea antigens, and the specific carbohydrate-binding lectins 

MAA-II and SNA, which preferentially bind to SA attached to terminal Gal in α2,3- and 

α2,6-linkage respectively. Capan-1 cells expressed nearly a 5-fold higher level of sLex and 3-

fold higher level for sLea than BxPC-3 cells (Figure 29). The analysis of the expression of 

α2,3- and α2,6-SA determinants showed that both cell lines expressed higher α2,3-SA than 
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α2,6-SA levels. Both cell lines expressed similar levels of α2,6-SA while for α2,3-SA, BxPC-

3 was the cell line with the highest  levels (a 1.5-fold increase vs Capan-1 cells) (Figure 29).  

 

 

 

 

 

 

 

 

 

 

Figure 29. Analysis of cell surface sialoglycan expression in BxPC-3 and Capan-1 PDA cells. A. 

Representative histograms of the different glycan structures expression on the cell surface of BxPC-3 and 

Capan-1 cell lines: sLex, sLea, α2,3-SA detected with MAA-II lectin and α2,6-SA detected with SNA lectin. B. 

Median fluorescence for each glycan structure for BxPC-3 and Capan-1 cells are represented. Plot shows mean 

± SD of at least three independent experiments. *, p < 0.05, **, p < 0.01, and ***, p < 0.001.   

2.1.2 Treatment of STs inhibitors on PDA cell lines 

Up to date, there is extensive biological evidence demonstrating that STs and the sialylation 

processes they catalyse are of critical importance for tumour progression, adhesion, and 

migration of human cancer cells. Thus, STs are considered as potentially important targets 

for the development of new treatment strategies against tumour progression and metastasis 

formation. Several types of STs inhibitors have been developed in recent years, and 

importantly they are moving forward to cell-permeable STs inhibitors, which easily exert 

their action on tumour cells and potentiate the forthcoming application to cancer treatment.  

In this study, we assessed the potential of three different inhibitors that have previously been 

described in other tumour cell types to reduce the sialylation.  
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First, we tested AL10 STs inhibitor, which is a cell permeable Lith analogue that has been 

described to repress α2,3-STs activity in lung cancer cells and to impair cell adhesion, 

migration, and metastasis formation of A549 and CLI.5 tumour cells 391. BxPC-3 and Capan-

1 cells were seeded into 24-well plates and treated with 1.25 µM, 2.5 µM, 5 µM or 10 µM of 

AL10 for 48 h. Cells were detached and the effect of AL10 on glycan expression pattern was 

analysed by FC, by indirect immunofluorescence staining with mAbs against sLex and sLea 

antigens, and with the MAA-II lectin. For BxPC-3 cells, 2.5 µM AL10 treatment slightly 

reduced sLex and α2,3-SA around 18%, but this trend was unexpectedly not observed at 

higher AL10 doses for sLex (data not shown). Contrarily, AL10 treatment caused an increase 

in sLea expression of 21% compared to untreated cells (Figure 30, top panel). For Capan-1 

cells, we could not detect any differences on glycan expression between treated and control 

cells (Figure 30, bottom panel). The effect of the ST inhibitor was not predictable as it was 

not dose dependent and the results were different between cell lines. 

Figure 30. Analysis of AL10 effect on cell surface glycan expression in BxPC-3 and Capan-1 pancreatic 

cancer cells by FC. Representative histograms of the different glycan structures expression on the cell surface 

of treated and control BxPC-3 (top panel) and Capan-1 (bottom panel) cells: sLex, sLea, and α2,3-SA detected 

with MAA-II lectin (from left to right).  

To address if AL10 could have any effect on cell cytotoxicity, an MTT assay was conducted 

in BxPC3 and Capan-1 cells. The results showed that cell viability was not affected by AL10 

treatments at 1.25 µM, 2.5 µM or 5 µM doses (data not shown). Finally, we tested if the 

inconsistent effect of AL10 on PDA cell surface sialylation could be due to the poor 

permeability of the compound that compromises its capacity to cross cell membranes and 

inhibit STs activity’ at the intracellular compartments. After 48 h of treatment with 2.5 µM 

and 5 µM AL10 on BxPC-3 and Capan-1 cells, the remaining AL10 on the cell media was 

quantified by measuring its fluorescence emission at 470/540 nm and compared to the initial 

AL10 fluorescence. Results showed a decrease of around 30% for BxPC-3 and around 18% 

for Capan-1 of AL10 at both 2.5 µM and 5 µM in the cell media, suggesting that the 
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compound was partly cell permeable or that the compound had been degraded during the 

treatment time. In a further attempt to determine if the inhibitor was able to permeate 

through cell membrane and reach the cytoplasm and subcellular organelles, we performed 

an internalization assay: BxPC-3 cells were seeded and after a 24 h treatment with 5 µM or 

50 µM AL10, they were fixed and stained with Hoecht dye (nucleus) and observed under a 

confocal microscope. Unfortunately, the fluorescence signal emitted by AL10 and detected 

on the cytoplasm was negligible, suggesting that the AL10 compound was not cell permeable 

or that it was degraded during the incubation time (data not shown). Thus, we concluded 

that AL10 compound did not effectively block cell sialylation on BxPC-3 and Capan-1 cells 

and decided to explore other STs inhibitors.  

Secondly, we tested Soyasaponin-I (SsaI), a ST inhibitor described to decrease the 

expression of α2,3-STs in melanoma and breast cancer cells, and to reduce the metastatic 

potential of tumour cells 386–388. In order to study the effect of SsaI on BxPC-3 and Capan-1 

cells sialic expression, we seeded the cells in a 24 well-plate and treated them for 72 h with 

increasing SsaI concentrations, from 0 µM to 100 µM for BxPC-3 cells and from 0 µM to 

200 µM for Capan-1 cells. Unfortunately, as represented in the FC profiles (Figure 31), none 

of the tested doses of SsaI altered sLex, sLea, α2,3-, or α2,6-SA determinants expression on 

cell surface glycoconjugates. 

Figure 31. Analysis of SsaI effect on cell surface glycan expression in BxPC-3 and Capan-1 pancreatic 

cancer cells by FC. Representative histograms of the different glycan structures expression on the cell surface 

of treated and control BxPC-3 (top panel) and Capan-1 (bottom panel) cells: sLex, sLea, α2,6-SA detected with 

SNA lectin, and α2,3-SA detected with MAA-II lectin (from left to right).  

Finally, we tested the commercially available inhibitor Ac53Fax-Neu5Ac, a membrane 

permeable fluorinated analogue of SA, described to drastically reduce the expression of α2,3 

and α2,6-linked SA in B16F10 melanoma cells, to impair cell migration capacity and to reduce 

in vivo tumour cell growth 371.  
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2.1.3 Ac53Fax-Neu5Ac significantly reduced cell surface sialylation in 

BxPC-3 and Capan-1 cells 

First, the effective dose of Ac53Fax-Neu5Ac and the best treatment time for each cell model 

was determined. In an initial experiment, BxPC-3 cells were incubated for 48 h and 72 h with 

increasing concentrations of Ac53Fax-Neu5Ac (0 µM, 100 µM, 200 µM, 500 µM) and results 

indicated that 100 µM was the optimal dose after 48 h and 72 h of treatment, since it caused 

the highest decrease in the expression of sLex, α2,3- and α2,6-SA determinants (Figure 32). 

Although the decrease in cell surface expression of sLex, α2,3- and α2,6-SA determinants was 

considerable at 48 h, it was a 20% higher after 72 h of treatment leading to a reduction of 

the expression levels up to 80% for sLex, to 66% for α2,3-SA and to a 57% for α2,6-SA 

(Figure 32A). In a further attempt to find the effective dosage of the inhibitor for BxPC-3 

cells, we decreased the dose up to 50 µM or 25 µM. However, the maximal effect of the 

inhibitor was observed at the 100 µM dose, indicating that from 0 µM to 100 µM the Ac53Fax-

Neu5Ac acts in a dose-dependent manner for BxPC-3 cells (Figure 32A). For Capan-1 cells, 

we carried out an initial experiment with increasing doses (0 µM, 50 µM, 100 µM, 200 µM, 

400 µM) at 72 h of treatment and found that the optimal dose was 400 µM (Figure 32B). In 

this case, the inhibitor maintained its dose-dependent effect until 400 µM concentration. At 

400 µM it caused a 10-20% higher decrease compared to 200 µM dose, leading to a reduction 

of 69% for sLex, to 37% for sLea, to 36% for α2,3-SA, and to a 18% for α2,6-SA.  
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Figure 32. Analysis of Ac53Fax-Neu5Ac effective dose and treatment time for cell surface glycan 

inhibition in BxPC-3 and Capan-1 PDA cells by FC. Representative histograms of the different glycan 

structures expression on the cell surface of treated and control BxPC-3 (A) and Capan-1 (B) cells: sLex, sLea, 

α2,3-SA detected with MAA-II lectin and α2,6-SA detected with SNA lectin (from left to right). For BxPC-3, 

48 h (top panel) or 72 h (intermediate panel) of treatment, and increasing doses (0 µM, 100 µM, 200 µM, 500 

µM) of Ac53Fax-Neu5Ac inhibitor, and 72 h treatment at increasing doses (0 µM, 25 µM, 50 µM, 100µ M) of 

Ac53Fax-Neu5Ac inhibitor (bottom panel). For Capan-1, 72 h of treatment and increasing doses (0 µM, 50 µM, 

100 µM, 200 µM, 400 µM).  

Ac53Fax-Neu5Ac treatment could significantly reduce the expression of both α2,3-linked and 

α2,6-linked SAs, as well as the expression of sLex and sLea sialylated antigens in BxPC-3 and 

Capan-1 cells at 100 µM and 400 µM of Ac53Fax-Neu5Ac, respectively, similarly to the 

published studies performed in diverse cancer cell models 374. Next, using the reported 

conditions of the inhibitor we determined that the most prominent reduction observed was 

in the sLex expression levels of treated cells in both cell models –around 80% (86% ± 7.4 for 

BxPC-3 cells and 82.5% ± 7.3 for Capan-1 cells) – comparing the median fluorescence values 

of the treated cells vs its relative control (Figure 33). Referring to sLea, the reduction in the 

expression levels was higher in BxPC-3 cell model –up to 76.4% ± 6.4 – than in Capan-1 

cells –up to 34.4% ± 6.1 – (Figure 33). Lectins’ analyses showed, on the one hand, a decrease 

of 82.9% ± 1.4 for Capan-1 cells and of 74.0% ± 6.5 for BxPC-3 in α2,3-SA expression using 

MAA-II lectin, and a minor reduction of α2,6-SA expression for both BxPC-3 (56.8% ± 2.0) 
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and for Capan-1 (28.4% ± 6.2), indicating that in these two PDA cell models the effect of 

the inhibitor is more pronounced on α2,3-SA than on α2,6-SA expression, as previously 

described by Büll et al. for murine melanoma cells 371. Importantly, the used concentrations 

of Ac53Fax-Neu5Ac did not alter tumour cell viability (data not shown).  

The reduction of the expression of sLex, α2,3- and α2,6-SA determinants in protein extracts 

from treated and control BxPC-3 and Capan-1 cell lysates was analysed by WB (Figure 33C), 

and results were in agreement with the ones obtained for cell membrane glycoconjugates 

determined by FC 446.  
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Figure 33. Analysis of Ac53Fax-Neu5Ac effect on cell surface glycan expression in BxPC-3 and Capan-

1 PDA cells by FC. A. Representative histograms of the different glycan structures expression on the cell 

surface of treated and control BxPC-3 (top panel) and Capan-1 (bottom panel) cells: sLex, sLea, α2,6-SA 

detected with SNA lectin and α2,3-SA detected with MAA-II lectin (from left to right). B. Median fluorescence 

for each glycan structure of treated and control BxPC-3 and Capan-1 cells are represented. Plots show mean ± 

SD of at least three independent experiments. *, p < 0.05, **, p < 0.01, and ***, p < 0.001. C. Representative 

blots of the expression of the sialylated glycan structures sLex, α2,3-SA and α2,6-SA from the cell lysates of 

treated and control BxPC-3 and Capan-1 cells (top). Immunodetection of tubulin after stripping membranes, 

as loading control (bottom). Images extracted and modified from Júlia Lopez’ Master’s Thesis, 2022 446.  

Overall, we showed that Ac53Fax-Neu5Ac efficiently decreased sLex and sLea levels in BxPC-

3 and Capan-1 cells as well as α2,3-SA and α2,6-SA levels, leading to a generalised decrease 

of the sialylation pattern of these cells. Nonetheless, the blockage of sialylation by the 

Ac53Fax-Neu5Ac treatment did not lead to the complete loss of α2,3- and α2,6- linked SAs.  

When comparing the results obtained in this study with a previous study performed in our 

group, where we analysed the changes in the cell sialylation pattern caused by ST3GAL3 and 

ST3GAL4 KD in PDA cells, we can conclude that the Ac53Fax-Neu5Ac STs inhibitor 

reduced SA expression more effectively than the KD of the STs 326. In addition, and contrary 

to what we previously observed when KD α2,3-STs, Ac53Fax-Neu5Ac STs inhibitor also 

reduced the expression of α2,6-SA. Again, these results corroborate that it has the ability to 

act on α2,3- and α2,6-STs, leading to a global decrease of the cell sialylation and preventing 

compensation mechanisms displayed by the diverse STs subtypes.  

Next, to investigate if the Ac53Fax-Neu5Ac treatment could have an effect on the ST KD 

BxPC-3 and Capan-1 cells, in which we had previously silenced ST3GAL4 expression by 

shRNA technique, we treated ST3GAL4 KD cells with Ac53Fax-Neu5Ac for 72 h, following 

the protocol described above, and analysed their cell surface glycan expression by FC. Data 

represented at Figure 34 showed that combining the KD of ST3GAL4 with STs inhibitor 

treatment resulted in higher reduction of cell surface sLex expression in both BxPC-3 and 

Capan-1 cells, although the difference between the expression levels of control and 

ST3GAL4 KD cells, both treated with the inhibitor, was not statistically significant. When 

analysing the expression of the other sialylated determinants (sLea, α2,6-SA and α2,3-SA), we 

could not detect an additive effect of ST KD and the ST inhibitor treatment. Thus, we 

concluded that the Ac53Fax-Neu5Ac treatment had enough potency to reduce cell surface SA 

expression on BxPC-3 and Capan-1 cells since we obtained a maximal reduction of 

sialoglycans expression by treating control cells with the inhibitor, and did not observe an 

additive effect when treating ST3GAL4 KD cells with Ac53Fax-Neu5Ac. For this reason, 

BxPC-3 and Capan-1 control cells were used to carry out the following experiments. 
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Figure 34. Analysis of Ac53Fax-Neu5Ac effect on cell surface glycan expression in BxPC-3 and Capan-

1 control cells and ST3GAL4 KD pancreatic cancer cells by FC. A. Representative histograms of the 

different glycan structures expression on the cell surface of treated and control BxPC-3 (top panel) and Capan-

1 (bottom panel) cells: sLex, sLea, α2,3-SA detected with MAA-II lectin and α2,6-SA detected with SNA lectin 

(from left to right). B. Median fluorescence for each glycan structure of treated and control and ST3GAL4 KD 

BxPC-3 and Capan-1 cells are represented. Plots show mean ± SD of at least three independent experiments. 

*, p < 0.05, **, p < 0.01, and ***, p < 0.001.  

Next, the effect of Ac53Fax-Neu5Ac on cell adhesion, and migration and invasion was 

analysed on control BxPC-1 and Capan-1 cells.  

2.1.4 Ac53Fax-Neu5Ac treatment impaired E-selectin binding in BxPC-3 

and Capan-1 cells 

Interactions of selectins and their ligands play a crucial role in several steps of cancer 

metastasis, including intravasation to the circulatory system and transport to the lymphoid 

organs and/or distant sites, and adhesion to the endothelium at these sites to establish a 

secondary tumour. It has been described that the carbohydrate antigens sLex and sLea 

expressed by metastatic cancer cells facilitate the arrest of these cells by the E-selectin present 

on the activated endothelium 447. With the aim of exploring if the decrease of surface SA 

caused by Ac53Fax-Neu5Ac in BxPC-3 and Capan-1 cells can lead to alterations in its 
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adhesion capacity, we performed an in vitro assay to analyse the binding of treated vs non 

treated PDA cells to rhE-selectin/Fc Chimera. rhE-selectin/Fc Chimera was previously 

linked to a Fc-secondary antibody to optimize E-selectin orientation and facilitate cell 

binding. Cell adhesion was quantified by an MTS assay.   

First, we confirmed that both BxPC-3 and Capan-1 control cells had the ability to adhere to 

rhE-selectin/Fc Chimera, and revealed that Capan-1 cells had slightly higher adhesion levels 

to E-selectin than BxPC-3 cells (data not shown), a difference that might be explained by the 

higher sLex and sLea levels of Capan-1 cells. When comparing the adhesion capacity to E-

selectin of ST inhibitor treated vs control cells, our results showed that Ac53Fax-Neu5Ac 

treatment significantly reduced the adhesion capacity of Capan-1 and BxPC-3 cells to rhE-

selectin, as represented at Figure 35. BxPC-3 treated cells displayed a reduction of 58.4% ± 

14.5 in the adhesion capacity in comparison to non-treated control cells, while in Capan-1 

treated cells the reduction was of 74.8% ± 11.1 compared to control cells. The important 

reduction in sialylated determinants, especially sLex-sLea in the ST inhibitor treated cells can 

explain their important decrease in E-selectin adhesion. In conclusion, these results revealed 

that the blockade of tumour sialylation with Ac53Fax-Neu5Ac impairs the ability of BxPC-3 

and Capan-1 cells to bind to rhE-selectin in vitro, and in consequence, the treatment of 

tumour cells with Ac53Fax-Neu5Ac is likely to reduce their metastatic potential.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35. Ac53Fax-Neu5Ac treatment impairs cell adhesion to rhE-selectin in human PDA cells. 

BxPC-3 (left) and Capan-1 (right) cell adhesion was quantified after 90 min incubation over rh-E-selectin-Fc 

Chimera coated 96-well plates (previously incubated with Fc secondary antibody) with MTS-based colorimetric 

assay. Plots represent mean ± SD of adherent cells normalized to non-treated (control) cells of at least three 

independent experiments. Unpaired Student t-test was performed *, p < 0.05; **, p < 0.01, and ***, p < 0.001.  

2.1.5 Ac53Fax-Neu5Ac treatment reduced cancer cell migration 

Aberrant sialylation has been described to modulate tumour progression, adhesion, 

migration, and invasion in several cancer cells 232,276,277,279. Recently, diverse studies have 
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demonstrated that overexpression of STs correlates with increased migration capacity in 

PDA cells 270,271,326, and that overexpression of sLe antigens on cell membrane 

glycoconjugates plays a crucial role in enhancing mobility and metastatic capacities.  

To investigate the potential of Ac53Fax-Neu5Ac to modulate the migratory capacity of BxPC-

3 and Capan-1, cells were pre-treated with the ST inhibitor as previously described and 

allowed to migrate in modified Boyden chambers coated with Type-I collagen. Results 

showed that sialylation blockade produced by Ac53Fax-Neu5Ac treatment significantly 

impaired cancer cell migration in both cell lines. The reduction in cell migration comparing 

treated versus untreated cells was of 31% ± 15.5 in BxPC-3 and 25.0% ± 4.9 in Capan-1 

cells (Figure 36). To determine if the reduction in cell migration observed in treated cells 

could be explained by sLex and sLea reduced expression, control cells were incubated with 

anti-sLex mAb CSLEX and anti-sLea mAb 121SLE for 20 min prior to their seeding in the 

transwells. BxPC-3 and Capan-1 cells treated with the anti-sLex mAb presented reduced 

migration ability in comparison to their respective controls, a reduction of 61.3% ± 3.3 in 

BxPC-3 and of 49.2% ± 5.0 in Capan-1. These levels of reduction were higher than the ones 

obtained after the Ac53Fax-Neu5Ac treatment, which could be explained by the non-

complete blocking of sLex in the Ac53Fax-Neu5Ac treated cells. Regarding the anti-sLea mAb 

incubation, BxPC-3 cells presented a similar migration capacity compared to its untreated 

control, while Capan-1 incubated cells showed a slight increase in migration – up to 14.1% 

± 8.0– vs untreated control cells, suggesting that sLea is not playing a role in modulating cell 

migration process in these PDA cells.  

Figure 36. Ac53Fax-Neu5Ac treatment impairs cell migration of BxPC-3 and Capan-1 cells by reducing 

sLex expression. BxPC-3 (left) and Capan-1 (right) cells were pre-treated for 72 h with ST inhibitor. For the 

mAb treatments, cells were detached after the inhibitor treatment and incubated for 20 min at RT with the 

corresponding Ab. Then, cells were allowed to migrate through Collagen type-I coated transwells, for 18 h or 

22 h for BxPC-3 and Capan-1 respectively. Migrated cells were fixed, stained and the area occupied by the cells 

was quantified with ImageJ software. Data of at least three independent experiments are represented as mean 

± SD. *, p < 0.05;  ** p < 0.01, and ***, p < 0.001.  
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2.1.6 Ac53Fax-Neu5Ac treatment reduced cancer cell invasion 

To assess if Ac53Fax-Neu5Ac treatment had the potential to impair the invasion capacity of 

PDA cells, Matrigel-coated transwell invasion assays were performed. Prior to their seeding, 

BxPC-3 and Capan-1 cells were treated with Ac53Fax-Neu5Ac during 72 h and allowed to 

invade for 24 h or 72 h, for BxPC-3 and Capan-1 cells respectively. The results showed that 

Ac53Fax-Neu5Ac treatment significantly reduced cell invasion of pancreatic cancer cells, with 

a decrease of 25.3% ± 3.6 in BxPC-3 treated cells and a slight decrease of 12.6% ± 3.4 in 

Capan-1 treated cells in comparison to their respective untreated controls (Figure 37). To 

investigate the role of cell sialylation in cell invasion in vitro, cells were pre-incubated with 

blocking antibodies against sLex and sLea antigens and then allowed to invade in matrigel-

coated transwells. The invasion capacity of BxPC-3 cells treated with anti-sLex and anti-sLea 

antibody was significantly reduced to a 38.7%  ± 7.4 and to a 46.2%  ±  26.6 vs untreated 

control cells, respectively, which pointed out a relationship between the reduction of sLex 

and sLea expression caused by Ac53Fax-Neu5Ac treatment and the decrease in the 

invasiveness of BxPC-3 cells. Contrarily, the effect of the treatment with anti-sLex antibody 

in Capan-1 cells, which showed a decrease in the invasive capacity to a 26.0%  ± 6.8, was not 

conclusive, since the isotype control also showed a significant decrease with respect to 

control cells (Figure 37). Overall, these results pointed out a relationship between the 

reduction of sLex expression caused by Ac53Fax-Neu5Ac treatment and the decrease in the 

invasiveness of pancreatic cancer cells, which was not as clear with sLea expression and needs 

to be further investigated.  

Figure 37. SA blockade caused by Ac53Fax-Neu5Ac impairs cell invasion of BxPC-3 and Capan-1 cells 

in vitro. BxPC-3 (left) and Capan-1 (right) cells were pre-treated for 72 h with the SA inhibitor. For the mAb 

treatments, cells were detached after the inhibitor treatment and incubated for 20 min at RT with the 

corresponding Ab. Then, cells were allowed to invade in Matrigel coated inserts for 24 h or 72 h, for BxPC-3 

and Capan-1 respectively. Invading cells were fixed, stained and the area occupied by the cells was quantified 

with ImageJ software. Data of at least three independent experiments are represented as mean ± SD *, p < 

0.05; ** p < 0.01 and ***, p < 0.001.  
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Overall, Ac53Fax-Neu5Ac effectively impaired the migration and invasion capacities of 

BxPC-3 and Capan-1 cells, as well as their ability to bind to E-selectin in vitro, a crucial 

mechanism regulating metastasis. Collectively, these results prompted us to evaluate the 

potential of Ac53Fax-Neu5Ac to block sialylation in vivo on subcutaneous tumours generated 

in syngeneic immunocompetent C57BL mice and to assess if Ac53Fax-Neu5Ac tumour 

treatment might affect tumour growth, modulate immune response or determine mice 

survival.   

2.1.7 In vivo model in immunocompetent syngeneic mice: PDA tumours 

generated subcutaneously from murine pancreatic cancer cells 

Blocking sialylation by genetically modifying ST expression or by sialidase treatment has been 

used to study the effects of sialoglycan expression on various cancer cells in vitro and appeared 

to be a useful approach to decipher the role of tumour SAs. To date, several studies have 

been performed in vivo to study the effect of sialylation blockade in established tumours and 

in their metastasis formation capacity although the application of these approaches to the 

clinical setting is complex. Nonetheless, the recent discovery of STs inhibitors have 

represented a new strategy to pharmacologically inhibit SA expression in tumours in vivo and 

could ease the path for a putative translation to the clinic. In this regard, Bull et al. 

demonstrated that Ac53Fax-Neu5Ac effectively impaired melanoma cell growth and 

prevented metastasis formation in vivo 373,448. Moreover, they reported that intratumoural 

injections of Ac53Fax-Neu5Ac blocked sialylation in tumours, reduced tumour growth and 

modulated the immune response to create a TME permissive for immunotherapy.   

To study the potential effect of Ac53Fax-Neu5Ac on pancreatic tumours in vivo, sialoglycan 

expression pattern of murine pancreatic cancer cell lines and the effect of Ac53Fax-Neu5Ac 

on those cell lines was first characterized. Afterwards, in vitro studies were performed to 

determine the effect of Ac53Fax-Neu5Ac on murine PDA cell lines invasive capacities, and 

finally, subcutaneous tumours were generated into syngeneic C57BL mice to assess Ac53Fax-

Neu5Ac effect in vivo.  
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2.1.7.1. Syngeneic mice PDA cells characterization 

To select the appropriate murine cell line to carry out the in vivo assay, the expression of 

α2,3-SA and α2,6-SA, as well as the expression of sLex and sLea sialylated antigens were 

characterized on twelve murine pancreatic cancer cell lines by WB and FC in 4 of them. 

First, whole cell lysates were immunoblotted with specific lectins (SNA and MAA-II) and 

with mAbs against sLex and sLea antigens. WB results (Figure 38) showed a similar pattern 

of bands below 95 kDa in all the lanes, suggesting unspecific binding, and some bands at 

high MW, both in sLex and sLea WBs proteins.  

Figure 38. Sialoglycan pattern characterization of murine PDA cell lines by WB. Representative blots 

showing immunodetection of SLex (A) and sLea (B) antigens as well as α2,3- (C), and α2,6-SA (D) by WB of 

total cell lysates of the different murine PDA cell lines.  

To investigate if this signal was specific for sLex and sLea, OBB473, OBB452, MSB262, and 

MJU241 cells, which showed different signal intensity in this region, were also analysed by 

FC. SNA and MAA-II detection also showed similar pattern among the cell lines and were 

also analysed by FC. SLex and sLea antigens were not detected on cell surface glycoconjugates 

of any of the four murine cell lines OBB473, OBB452, MJU241, and MSB262 by FC (Figure 

39). Regarding α2,3/6-SA expression, FC analyses showed that OBB473, OBB452, and 

MSB262 cell lines expressed high levels of α2,6-SA (detected by SNA lectin) and moderate 

levels of α2,3-SA (detected by MAA-II lectin), while MJU241 cell line presented low levels 

of α2,6-SA expression and undetectable α2,3-SA expression (Figure 39).  

A B 

C  D 
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Figure 39. Cell surface glycan analysis of murine PDA cell lines by FC. Representative histograms of the 

cell surface glycans structures detected by sLex and sLea antibodies, and the lectins SNA (α2,3-SA) and MAA-

II (α2,6-SA).  

Next, to confirm these results, we immunoblotted MJU241, OBB473, and OBB452 cell 

lysates, together with Capan-1 cell lysate as a positive control (presents high sLex expression 

levels) and did not detect any signal for sLex at high molecular weight for the murine cells 

lysates, while Capan-1 did show signal for sLex (Figure 40). A control WB without the 

primary antibody against sLex to discard that the signal was derived from unspecific 

secondary antibody binding was performed with cell lysates from MJU222, MSB262, and 

MLK242 murine cells and Capan-1 cells and no signal was detected. The difference in sLex 

expression of the murine cell lines when comparing this last WB (figure 40), that contained 

a positive control, with the previous WB (Figure 38) without a positive control, could be 

explained by an over-exposition of the membrane that generated an unspecific signal in all 

lanes. Altogether, these results indicate that we were not able to detect the expression of sLex 

on these cell lines, probably due to the poor reactivity of the conventional anti-sLex 

antibodies (mAb) against mice tissues and cells. The poor reactivity of the mAb could be 

attributed to the fact that an important proportion of terminal SA in WT mice is in the form 

of Neu5Gc, whereas most existing mAbs react with glycans containing terminal Neu5Ac 449. 
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Figure 40. Pancreatic cancer cell lines immunoblots of sLex from total cell lysates. Blots showing 

immunodetection of sLex with Capan-1 cell line as a positive control (left) and  (right) immunoblot without 

primary antibody (only secondary antibody) as a negative control. Red square indicates sLex immunoreactive 

bands. 

2.1.7.2.  STs inhibitor treatment decreased sialic acid expression on murine 

MSB262 and OBB452 cell lines 

Next, we assessed the optimal dose of Ac53Fax-Neu5Ac and the best treatment time for 

OBB473, OBB452, MSB262, and MJU241 cell lines to decrease cell surface SA expression. 

Cells were incubated for 48 h and 72 h with increasing concentrations of Ac53Fax-Neu5Ac (0 

µM, 50 µM, 100 µM, 200 µM). Results indicated that 200 µM was the optimal dose and 72 h 

the optimal treatment time, as it caused the highest decrease in α2,3-SA and α2,6-SA 

expression for all the cell models, except for MJU241 cells that were not sensitive to Ac53Fax-

Neu5Ac. MSB262 and OBB452 cell lines were selected as the best candidates to carry out 

the following experiments, as they displayed the highest reduction in SA expression upon 

Ac53Fax-Neu5Ac treatment.  

Once the optimal dose of the inhibitor and the treatment time were established, the reduction 

of α2,3- and α2,6-SA expression and the subsequent increase of the exposed terminal Gal 

residues (specifically detected by PNA lectin) were analysed by FC (Figure 41). Results 

showed that Ac53Fax-Neu5Ac treatment led to a significant decrease in α2,6-SA expression 

in OBB452 cells –up to 63.4% ± 12.0– and in MSB262 cells –up to 68.2% ± 5.7–. Regarding 

α2,3-SA expression, a decrease of 29.6% ± 8.36 was detected in MSB262 treated cells while 

for OBB452, Ac53Fax-Neu5Ac treatment caused an increased expression of α2,3-SA. 

Accordingly, a large increase in the exposure of Gal residues was detected in both treated 

cell lines (989.2% in OBB452 and 108.8% in MSB262) (Figure 41).  
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Contrarily to what we described for BxPC-3 and Capan-1 human pancreatic cancer cells, 

Ac53Fax-Neu5Ac had a more relevant effect on α2,6-SA than on α2,3-SA expression in the 

OBB452 and MSB262 murine cells.  

 

Figure 41. Ac53Fax-Neu5Ac reduced sialylation in OBB452 and MSB262 murine pancreatic cancer cell 

lines. A. Representative histograms showing the expression levels of α2,3-SA, detected by MAA-II lectin; α2,6-

SA, detected by SNA lectin; or the exposure of terminal β-galactose by PNA lectin. B. Median fluorescence for 

each glycan structure of treated (200 µM Ac53Fax-Neu5Ac) and control OBB452 and MSB262 cells are 

represented. Plots show mean ± SD of at least three independent experiments. * p < 0.05; ** p < 0.01, and 

***, p < 0.001.  

2.1.7.3. STs inhibitor effect on migration and invasion in vitro assays 

The effect of Ac53Fax-Neu5Ac was analysed in vitro in migration and invasion assays. OBB452 

and MSB262 cells were pre-treated with 200 µM Ac53Fax-Neu5Ac during 72 h and allowed 

to migrate in modified Boyden chambers coated either with Type-I collagen for migration 
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assays or with Matrigel for invasion assays. Results showed that Ac53Fax-Neu5Ac treatment 

significantly impaired cancer cell migration in MSB262 treated cells in comparison to 

untreated control cells (reduction of 23.2% ± 8.0), but had no effect on OBB452 cell 

migration (Figure 42A). Results of the Matrigel-coated transwell assay indicated that the 

invasion capacity of MSB262 cells was significantly impaired by Ac53Fax-Neu5Ac treatment, 

causing a reduction of 19.6% ± 2.1 of the invasion capacity vs control cells. Again, OBB452 

treated cells had similar invasion capacity to their untreated control cells, indicating that 

Ac53Fax-Neu5Ac treatment did not impair cell invasion in this cell line (Figure 42B).  

Altogether, these results confirmed that Ac53Fax-Neu5Ac blocks SA expression in mice cell 

lines in vitro without affecting cell viability (data not shown), and showed that cell sialylation 

plays a key role in regulating migration and invasion processes in MSB262 murine PDA cells, 

but not in OBB452 ones, suggesting that the reduction in α2,3-SA is important to alter cell 

functional capabilities tightly linked to PDA progression and metastasis formation.  

Figure 42. Ac53Fax-Neu5Ac treatment impaired cell migration and invasion of MSB262 but not 

OBB452 cells. OBB452 (left) and MSB262 (right) cells were pre-treated for 72 h with the ST inhibitor and 

allowed to (A) migrate through Collagen type-I coated transwells, for 24 h or (B) invade into Matrigel coated 

inserts for 24 h (OBB452 cells) or 48 h (MSB262 cells). Migrated/invading cells were fixed, stained and the 

area occupied by the cells was quantified with ImageJ software. Data of at least 3 independent experiments are 

represented as mean ± SD *, p < 0.05 and ** p < 0.01. 

2.1.7.4. Effect of Ac53Fax-Neu5Ac on the growth of tumours generated by 

subcutaneous injection of MSB262 cells in syngeneic mice 

With the aim of analysing the effect of Ac53Fax-Neu5Ac on tumour growth and its putative 

correlation to increased mice survival time, 0.5x106 MSB262 cells were injected into each 

posterior flank of C57BL immunocompetent mice to generate subcutaneous tumours. Based 

on the data published by Büll et al. and our own results, indicating that cells recover basal 

SA levels 2 days (for α2,6-linked SA) or 4 days (for α2,3-linked SA) after Ac53Fax-Neu5Ac 

treatment removal, and considering the treatment schedule and dosage used in their in vivo 

study, we decided to apply the following treatment regimen. When palpable tumours 

appeared, mice were intratumourally administered with 10 mg/kg or 20 mg/kg of Ac53Fax-
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Neu5Ac three times per week during two weeks (Figure 43A). Injections with physiological 

saline solution or excipient (DMSO) were used as controls.  

Intratumoural injections with 10 mg/kg Ac53Fax-Neu5Ac resulted in a significant reduction 

of the tumour volume compared to control group (that comprised the mice injected with 

physiological saline solution and with DMSO) 8 days after the start of the treatment and that 

was sustained until the end of the treatment (Figure 43B). Likewise, 20 mg/kg Ac53Fax-

Neu5Ac injections resulted in a decrease of tumour volume, although it was only statistically 

significant at day 10 of drug administration (Figure 43B).  

On the other hand, results showed a trend of 10 or 20 mg/kg Ac53Fax-Neu5Ac 

administration to increase median mice survival time although it was not statistically 

significant (Figure 43C). We hypothesize that the lack of significance might be explained by 

the extremely fast growth of tumours, which forced us to sacrifice the mice earlier than 

expected, following ethical guidelines, and hinder the study of mice survival. Moreover, 

increasing the number of animals per group would probably help to improve statistical power 

of the experiment.  

Overall, these findings suggest that the treatment with this SA mimetic effectively slows 

down pancreatic tumour growth, being 10 mg/kg Ac53Fax-Neu5Ac dose the more effective 

one, and that further studies are needed to overcome the assay limitations described and 

determine the effect of  Ac53Fax-Neu5Ac on mice survival.  

 

Figure 43. Effect of intratumoural Ac53Fax-Neu5Ac injections in tumour growth. A. Time-based diagram 

of the experiment. B. MSB262 cells were inoculated subcutaneously and tumours were treated with PBS, 

DMSO, 10 mg/kg or 20 mg/kg Ac53Fax-Neu5Ac. Tumour volume was measured thrice per week since the 

beginning of the tumour treatment. Tumour volumes are represented as mean values of each group ± SD, and 

normalized vs their tumour volume of the first day of administration. * p < 0.01. C. Kaplan-Meier curve 

corresponding to mice survival of each mice group are represented.  

B C 

A 
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2.1.7.5. Ac53Fax-Neu5Ac reduced sialic acid expression on tumour cells and 

altered the tumour immune component 

To determine if Ac53Fax-Neu5Ac administration could block SA expression on tumour cells 

in vivo, tumours were collected after two weeks of 10 or 20 mg/kg Ac53Fax-Neu5Ac 

intratumoural injections and were analysed by FC. Leukocyte marker CD45.2 was used to 

differentiate tumour cells (CD45.2 negative) and the immune cells (CD45.2 positive).  

Regarding the changes in SA expression, FC results with SNA and MAA-II lectins revealed 

that 10 mg/kg Ac53Fax-Neu5Ac injections caused a reduction of 15.7% ± 2.5 on α2,6-SA 

expression and a significant reduction of 23.6% ± 5.3 on α2,3-SA expression on treated-mice 

tumour cells in comparison to control-mice tumour cells (Figure 44). For tumours 

administered with 20 mg/kg Ac53Fax-Neu5Ac, we could only detect a slight decrease of SA 

expression.  

When comparing the percentage of CD45.2+ cells vs CD45.2- cells of the tumours, we 

detected an increase of the immune cell to tumour cell ratio in the 10 mg/kg Ac53Fax-Neu5Ac 

treated tumours compared with control-injected tumours, indicating that Ac53Fax-Neu5Ac 

injections potentiate the infiltration of immune cells into the tumour mass (Figure 44).  

Next, we assessed the effect of Ac53Fax-Neu5Ac on the immune cell composition: T-

lymphocytes (CD4+ and CD8+), B-cells, natural killer (NK) cells, granulocytes, monocytes 

and macrophages in the MSB262 generated tumours after two weeks of treatment. Results 

revealed an increase in the percentage of infiltrating T cell population (CD3+) in treated-

mice tumours compared with control-mice tumours (treated with either PBS or DMSO), 

being significant for the 10 mg/kg Ac53Fax-Neu5Ac treated tumours. In particular, we 

detected a significant increase in the CD4+ and CD8+ T cell population within the viable, 

tumour-infiltrating leucocyte population (CD45+ cells) in the 10 mg/kg Ac53Fax-Neu5Ac 

treated tumours with respect to control tumours. Moreover, Ac53Fax-Neu5Ac injections 

increased the percentage of NK cells, especially in the 10 mg/kg Ac53Fax-Neu5Ac treated 

tumours. The percentage of myeloid regulatory cells (granulocytes and monocytes) in the 10 

mg/kg Ac53Fax-Neu5Ac treated tumours showed an increasing trend, while the percentage 

of B cells and macrophages remained unaltered in that group with respect to the control one 

(Figure 44).   
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These results collectively suggest that Ac53Fax-Neu5Ac treatment at the dose of 10 mg/kg 

Ac53Fax-Neu5Ac significantly alters the immune cell component of the TME by increasing 

infiltrating T cell population, including CD8+ T cells; and an increasing trend of infiltrating 

NK cells, altogether, increasing the immune response against the tumour. Nonetheless, 

further assays would help to determine the consequences of the increasing trend in 

infiltrating granulocytes and monocytes in the 10 mg/kg Ac53Fax-Neu5Ac treated tumours. 

Figure 44. Intratumoural Ac53Fax-Neu5Ac injections reduced SA expression of tumour cells and 

altered the immune cell composition of the tumour. Analysis of cell surface sialoglycans expressed by 

MSB262 tumour cells isolated from control or 10 mg/kg and 20 mg/kg Ac53Fax-Neu5Ac treated tumours by 

FC. Dot plots showing mean ± SD of (A) α2,6-SA and (B) α2,3-SA expression levels of the different treatment 

groups. C. Analysis of immune infiltrating cells, dot plots showing mean ± SD of (D) CD3+CD45.2+ T cells, 

(E) CD4+ T cells, (F) CD8+ T cells, (G) CD11b+ NK1.1+ cells, (H) CD3-B220+ B cells, (I) CD11b+ F480+ 

Macrophages and (J) Ly6G+ , or (J) Ly6C+ myeloid cells in the tumours of the different treatment groups (n=6). 

* p < 0.05 and ** p < 0.01.  
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2.2 Discussion 

Aberrant sialylation has been closely associated with cancer progression and metastatic 

spread, promoting cell migration and invasion, angiogenesis, cancer cell survival, resistance 

to apoptosis, and evasion of the immune system among others. Considering that STs catalyse 

a late stage reaction in sialoglycan formation and have a major role in promoting tumour 

progression, they have been postulated as potential cancer biomarkers. In addition, diverse 

strategies have been developed to inhibit ST activity, and in consequence, to reduce cellular 

hypersialylation.  Extensive literature, including some of the works of our group 270,271,299,326, 

reported that the silencing of STs by genetic modification causes a reduction in the sialome 

of diverse cancer cell models, and effectively diminishes their pro-tumorigenic capacities and 

metastatic potential. In addition, in the past two decades research in this field has focused 

on the development of ST inhibitors as potential therapeutic agents for clinical treatment of 

cancer progression and metastasis formation. Currently, many of the developed inhibitors 

are not appropriate for clinical use as they present low cell-permeability, cell toxicity or other 

limitations to overcome, although some of them have shown promising results in vivo.  

In this chapter of the thesis, we have investigated the potential of three ST inhibitors to block 

SA expression in PDA BxPC-3 and Capan-1 cell models: AL10, SsaI, and Ac53Fax-Neu5Ac. 

Considering that Ac53Fax-Neu5Ac exerted the major reduction on the SA expression of PDA 

human cells, we have set the focus on this inhibitor and carried out in vitro functional 

experiments with human and murine PDA cell lines, and performed an in vivo assay. 

Importantly, up to our knowledge, this is the first study that reports the effect of the ST 

inhibitor Ac53Fax-Neu5Ac in PDA cell models and analyses its effect on tumour growth and 

tumour immunity in vivo. Despite the fact that further studies are warranted to understand 

the underlying mechanisms, the data presented in this work might pave the way for the 

broader use of these metabolic inhibitors to evaluate the role of sialylated glycans in tumour 

progression and for its possible therapeutic application.  

2.2.1 Sialic acid characterization of PDA human cells 

SA expression of BxPC-3 and Capan-1 cells was previously characterized in our lab 326 and 

data presented in this thesis confirmed that Capan-1 cell model expresses higher sLex levels 

than BxPC-3, similar α2,6-SA levels for both cell lines, while BxPC-3 expresses higher α2,3-

SA levels than Capan-1 cells. The only difference between the two studies was the expression 

levels of sLea for both cell lines, which was higher on Capan-1 cells than on BxPC-3 cells in 

this study, contrary to what was previously described in 326. This variability could be attributed 
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to the use of two different anti-sLea antibodies: for the first study, we used an antibody 

produced by De Bolós et al. (57/27 Anti-CA 19-9) 450 that is not available at the present, so 

for the study herein we used a commercial one (121SLE, Ab3982, Abcam).  

2.2.2 AL10 and SsaI sialyltransferase inhibitors do not significantly decrease 

sialic acid expression on BxPC-3 and Capan-1 cells 

AL10 was first developed by Chiang et al. in 2010 as a non-competitive inhibitor of α2,3-ST 

and appeared to have a potent anti-cancer effect. Chiang et al. demonstrated that AL10 

effectively impaired cell migration and invasion in vitro in lung cancer cells by inhibiting 

integrin-mediated signalling, without causing cytotoxicity. Furthermore, it was the first STs 

inhibitor exhibiting important anti-metastatic activity in vivo since it supressed experimental 

lung metastasis in a murine model 391. Similarly, Su et al. established that AL10 treatment 

supressed Chemokine ligand 19 (CCL19)-stimulated proliferation, invasion and anti-anoikis 

by blocking Chemokine receptor 7 (CCR7) sialylation in breast cancer cells, as well as 

inhibiting tumorigenicity of breast cancer in animal models 451. Thus, it was considered a 

good candidate to perform further preclinical assays as a novel pharmacologic compound 

for cancer treatment. In this study, we aimed to determine the potential of this inhibitor to 

block sialylation in PDA cell models and showed that 2,5µM AL10 inhibitor slightly 

diminished the expression of cell surface α2,3-linked SA (determined by MAA-II lectin and 

sLex) on BxPC-3 cells. However, the results were not dose-dependent and not consistent for 

other α2,3-sialylated epitopes such as sLea and therefore we did not proceed with further 

functional studies. Unfortunately, AL10 inhibitor did not block SA expression on Capan-1 

cells. We hypothesized that poor cell permeability of AL10 in the PDA cell lines could be 

one of the reasons to explain its lack of activity.  

Other Lith analogues have been described as potent anti-cancer compounds in line with the 

findings described for AL10 inhibitor. First, Chen et al. found that Lith-O-Asp effectively 

decreased some ST enzymes activity in vitro and inhibited migration and invasion in diverse 

lung and breast cancer cell lines. In addition, Lith-O-Asp delayed cancer cell metastasis and 

spontaneous metastasis formation in animal models probably by inhibiting integrin 

sialylation and FAK/paxillin signalling pathway and expressing antiangiogenesis factors 452. 

Very recently, Fu et al. reported that FCW34 and FCW66 ST inhibitors selectively impaired 

induced cell migration via inhibition of α2,3-ST3Gal III-catalyzed N-glycoprotein sialylation 

in MDA-MB-231 breast cancer cells. Likewise, they showed that the decrease of N-
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glycosylation caused by FCW34 treatment impaired cancer cell metastasis via regulation of 

talin/integrin/FAK/paxillin and integrin/NFκB signalling pathways 392. 

Notwithstanding, the discrepancies between our data and the findings described in these 

studies, together with the fact that most of the studies showing potent activity for these 

inhibitors have been performed in lung and breast cancer models, let us to hypothesise that 

the inhibitor effect might be cancer-type specific. Therefore, further investigations in more 

PDA models are required to elucidate the impact of AL10 inhibitor on PDA. 

Referring to SsaI inhibitor, it was discovered two decades ago by Tsai group 386 and it has 

been reported to be a potent α2,3-ST inhibitor in diverse cancer cell and animal models. Tsai 

group described in the early 2000’s that SsaI caused a two-fold decrease in α2,3-STs activity 

on breast and melanoma cancer cells, impaired cell migration capacity of those cells, and 

although it enhanced cell adhesion, it reduced the ability of melanoma cells to generate 

pulmonary metastasis 387,388. Few years later, it was reported by Wang group that SsaI 

inhibited cell migration and dissemination in an in vivo mouse model transplanted with 

ovarian cancer cells, and acted in synergy with an EGFR inhibitor to enhance its anti-tumour 

effects on epithelial ovarian cancer (EOC) cells, findings that were lately reconfirmed on 

clear-EOC cell lines 422,438. Nevertheless, we found that SA expression of BxPC-3 and Capan-

1 PDA cells remained intact after the inhibitor treatment at all of the tested doses, indicating 

that SsaI was not able to block SA expression on these cell lines. The cell permeability of this 

compound was not investigated in these PDA cells and could be one of the reasons that 

could explain its lack of activity. In conclusion, additional evidence are required to explain 

why SsaI inhibitor significantly generates a sialylation blockade in breast, melanoma and 

ovarian cancer models but does not alter SA expression on the studied pancreatic cell models.  

2.2.3 Ac53Fax-Neu5Ac inhibits cell surface sialylation in human and murine 

PDA cells 

In order to inhibit cell sialylation, Rillahan and colleagues synthetized the ST inhibitor 

Ac53Fax-Neu5Ac in 2002 and described that it was able to inhibit sialylation in human 

leukaemia cell lines at a concentration around 64 µM 366, a dose that was later described by 

Büll et al. to be sufficient to reduce α2,3- and α2,6-sialylation by more than 90% in murine 

melanoma cell lines 371. In this Thesis, we first performed a Ac53Fax-Neu5Ac dose-finding in 

vitro study, similarly to what was described by Rillahan et al.366, and found that the most 

effective dose for human PDA BxPC-3 cells (100 µM) was in line with the described data, 

while the optimal dose for the murine cell lines was slightly higher (200 µM). For Capan-1 
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cells, the dose required to achieve the highest reduction in all the SA determinants was 400 

µM, resembling the findings described by Natoni and colleagues, who treated highly 

metastatic multiple melanoma murine cells with 300 µM Ac53Fax-Neu5Ac 374. Referring to 

the treatment time, we showed that the optimal treatment time for all the cell lines was 3 

days, which was in accordance with the previous studies 366,371–373, with the exception of 

Natoni et al. report 374, in which cells were treated with the inhibitor for 7 days.  

In this study, we have shown for the first time that Ac53Fax-Neu5Ac treatment efficiently 

inhibit cell surface sialylation of human and murine PDA cells without affecting cell viability. 

In line with the findings described by Natoni et al. 374, Ac53Fax-Neu5Ac treatment led to an 

important reduction of sLex expression around 85% on human PDA cells and a reduction of 

75-85% in the expression of α2,3-linked SA, in accordance with the data showed by Rillahan 

and Büll 366,371. The decrease in α2,6-SA was lower (28-38%) than for α2,3-SA (75-85%) for 

the human PDA cell lines, in accordance with Büll et al. 371, which suggests Ac53Fax-Neu5Ac 

blocks α2,3-STs more effectively than α2,6-STs. Regarding murine cell lines, we have shown 

that Ac53Fax-Neu5Ac treatment inhibited α2,3- and α2,6-sialylation in MSB262 cell line by 

30% and 65% respectively, which was a lower reduction than what was achieved for 

leukaemia and myeloma cell lines. Contrarily to the trend observed in human PDA cell lines, 

in the murine MSB262 cells Ac53Fax-Neu5Ac treatment resulted in higher decrease of α2,6-

SA than α2,3-SA 371.  

Moreover, although direct evidence is lacking, we hypothesised that the remaining SA 

expression that we were not able to eliminate might represent SA that is internalized from 

the cell culture media, STs that might have lower affinity to the inhibitor or the presence of 

stable sialoglycans with a slow turnover.   

Considering the results obtained in a recent study of our lab 326, in which we analysed the 

sialylation changes on ST3GAL3 and ST3GAL4 STs KD PDA cells, we concluded that 

Ac53Fax-Neu5Ac treatment caused a more efficiently and generalised SA expression 

reduction than the specific ST silencing in PDA cell models, suggesting that this ST inhibitor 

might be considered as a promising candidate to reduce hypersialylation present on most 

cancer cells.  

In this regard, we carried out an experiment to decipher if the combination of two strategies 

to inhibit ST activity, the genetic modification of cells to silence STs with shRNA and the 

cell treatment with the Ac53Fax-Neu5Ac inhibitor, could lead us to achieve a maximal 

reduction of cell sialylation. Interestingly, we confirmed that the inhibitor effect alone was 
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sufficient to reduce cell sialylation since the reduction obtained for the ST3GAL4 KD cells 

treated with the inhibitor was either similar or lower than the one obtained by treating control 

cells with the same dose of the inhibitor. 

2.2.4 Ac53Fax-Neu5Ac effect on E-selectin binding  

Tumour metastasis is a multistep process in which malignant cells separate from the primary 

site, intravasate into blood vessels to travel to a distant organ, where they adhere to the 

vascular endothelium and penetrate into the secondary tissue to form new tumour colonies. 

During the dissemination of tumour cells, tethering, rolling and firm adhesion steps are of 

crucial importance before the extravasation to secondary tumour sites, and glycoproteins are 

involved in all of them. It has been extensively described that sLe antigens found on the 

surface of circulating adenocarcinoma cells act as ligands to selectins expressed on activated 

endothelial cells, being E-selecting of particular importance in the adhesion of tumour cells 

to endothelial cells and by extension, to tumour invasion and metastasis 453. During the last 

decades, the inhibition of selectin-ligands through diverse experimental interventions has 

been used to target metastasis and tumour growth, which are of particular importance to 

fight against PDA, since metastasis formation occurs in most of the detected PDA cases.  

Paulson’s group described in the early 90’s that the cell adhesion by E-selectin was mediated 

by the carbohydrate antigen sLex 454, but few years later Takada and co-authors postulated 

that sLea could also act as a ligand for E-selectin expressed on cytokine-activated human 

endothelial cells 453. Posterior studies demonstrated that both carbohydrate antigens are 

expressed on the cell surface of circulating tumour cells 309,455 and bind to E-selectin expressed 

on activated endothelium. Nonetheless, some of them revealed that sLex was the main ligand 

by completely inhibiting the adhesion to E-selectin when blocking PDA cells with anti-sLex 

antibodies 326,456,457, while others postulated that in tumours of the digestive tract such as colon 

and pancreas, with the exception of the liver, tumour cells bind to E-selectin preferentially 

via sLea rather than sLex 453.  

In this study, we have shown that Ac53Fax-Neu5Ac treatment of BxPC-3 and Capan-1 PDA 

cells, and the subsequent reduction of sialylated determinants including sLex and sLea 

expression, led to a significant impairment of the adhesion of tumour cells to human 

recombinant E-selectin. The results observed – reduction of around 60% for treated BxPC-

3 cells and 75% for treated Capan-1 cells in comparison to untreated control cells– were in 

consonance with our previous findings with these PDA cell lines 326, and with studies 

performed by other groups. In this regard, Rillahan et al. and Natoni et al. demonstrated that 
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reduction of sLex and sLea caused by Ac53Fax-Neu5Ac treatment, led to a significant decrease 

in the interaction between tumour cells and E-selectin in human leukaemia and melanoma 

cells 366,374. Besides, SsaI was also described to block sialylation and inhibit tumour cell 

adhesion to endothelial monolayers 387.  

Moreover, genetic modification strategies have been used to block cell sialylation in PDA 

cell models, as well as in other carcinomas such as lung or colon cancer, remarking the 

relevance of sLe antigens in the adhesion of tumour cells to E-selectin, involved in the last 

steps of the metastatic cascade. For instance, the reduction of sLe antigens expression 

derived from the invalidated expression of FUT3 in BxPC-3 cells was associated to an 

inhibition of the E-selectin adhesion and a decrease of the metastatic power of the genetically 

modified cells (16). Similarly, Zhan et al. demonstrated that the KD of FUT3 in Capan-1 

cells impaired cell adhesion to E-selectin and inhibited TGF-β-induced epithelial-

mesenchymal transition (EMT), suggesting a significant relation between those sialylated 

determinants and EMT in PDA 459. In line with these findings, the restoration of FUT1 

expression, which is normally decreased in human metastatic PDA cells and outcompetes 

for the same substrate of α2,3-STs to catalyse the transfer of SA, led to a decrease in the 

adhesive and metastatic properties of BxPC-3 cells, and a decrease in metastasis formation 

after xenograft transplantation into nude mice 460. In parallel, previous results from our group 

revealed that the overexpression of ST3GAL3 and ST3GAL4 in PDA cell lines, which 

catalyse the final steps of sLe antigens biosynthesis, was associated with an increased 

adhesion and metastatic capacity of PDA cells in vitro, and a higher metastasis formation 

when injected into athymic nude mice 270,271.   

Collectively, Ac53Fax-Neu5Ac was capable of reducing sLe antigens in PDA cells and, 

consequently, impaired their adhesion to E-selectin, which is a key step that facilitates tumour 

cell extravasation, and is closely associated with an invasive and metastatic phenotype of 

PDA. 

2.2.5 Ac53Fax-Neu5Ac effect on cell migration and invasion capacities 

Throughout the course of disease, cancer cells experience several essential events, being 

adherence to proteins of the ECM, migration on and degradation of ECM proteins and 

invasion into nearby tissues of critical importance, as well as the spreading to distant organs 

to form a metastatic tumour. Although the molecular mechanisms underlying these processes 

are yet not fully understood, there is growing evidence indicating that the interactions 

between cell-cell and cell-ECM might be clearly altered during the tumour cell dissemination 
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16,461,462. Several studies have demonstrated that SA determinants modulate cell-ECM 

adhesion and migratory processes of various human cancer models, including pancreatic, 

gastric and breast cancer 270,271,293,299,326,421,463,464. Indeed, previous studies from our lab 

established a correlation between the α2,6-SA cell surface levels and the adhesion capacity to 

ECM components, such as collagen and fibronectin, as well as a correlation between α2,3-

SA expression level, and migration and metastatic ability 270,325.  

In the present study, we have evaluated whether the sialylation decrease caused by Ac53Fax-

Neu5Ac treatment might alter the migratory and invasive capacities of BxPC-3, Capan-1, 

MSB262 and OBB452 pancreatic cancer cell lines. In agreement with previous studies, we 

have demonstrated that targeting α2,3- and α2,6-sialylation with the ST inhibitor Ac53Fax-

Neu5Ac could effectively impair the tumour progression related abilities of pancreatic cancer 

cell lines, supporting the idea that cell sialylation has a determinant role in the regulation of 

migration and invasion processes.   

BxPC-3 and Capan-1 treated cells showed a significant reduction in the migratory (30-25%) 

and invasive abilities (25-12% respectively) compared to untreated cells, in line with the 

findings described by Büll et al. 371, which demonstrated that Ac53Fax-Neu5Ac inhibitor 

remarkably impaired adhesion to ECM components and migration of melanoma cells. 

Likewise, results obtained with other STs inhibitors (SsaI and AL10) showed that inhibition 

of α2,3-sialylation impaired cell motility, adhesion and migration through ECM components 

and cell invasion in ovarian and lung cancer cells 387,391,438. Furthermore, previous studies have 

stated that the overexpression or down-regulation of ST3GAL3 and ST3GAL4 genes, and 

the concomitant increase or decrease of sLex levels respectively, correlates with cell migration 

and invasive phenotype of PDA cells 270,271,325 and other cancer models such as gastric or 

breast 421,464. In this work, we performed blocking experiments by treating the human PDA 

cells with anti-sLex and anti-sLea antibodies. In accordance with previous results, we found 

that blocking sLex led to a significant reduction in BxPC-3 and Capan-1 cell migration and 

invasion abilities, which reinforces the importance of sLex determinant in the modulation of 

invasion and migration processes. 

Considering that one of the main characteristics of PDA is a particularly high desmoplasia 

71,72, many studies have converged on the idea that the adhesion and migration through the 

ECM protein type I collagen has a determinant role in favouring a more motile phenotype 

on PDA cells and promoting its metastatic potential. Moreover, the interactions between 

tumour cell-ECM proteins, mainly collagen, have been described to be dependent on α1β2 
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integrin adhesion molecule in diverse pancreatic cancer cell lines 325, and it has been 

postulated that sialylation levels (in particular of sLex antigen) of integrins and E-cadherin 

modulate the tumour cell ECM adhesion and migration capacities 305,465–467. Recently, Gomes 

et al. proposed a possible molecular mechanism that could explain the increase of invasion 

capability of ST3GAL4 overexpressing gastric cancer cells, suggesting that sLex expression 

on secreted or membrane glycoproteins mediates the induction of tumour cell invasion via 

the activation of the tyrosine kinase receptor c-Met and its downstream signalling effectors 

Scr, FAK, and RhoA GTPases activation 293, results that where lately demonstrated in PDA 

ST3GAL3 silenced cell models 299. 

We also evidenced that the reduction of cell sialylation in the PDA murine cell line MSB262 

induced by Ac53Fax-Neu5Ac treatment also led to significant impairment of cell motility and 

invasion capacity of the cells, despite the fact that the expression levels of sLex on this cell 

line were undetectable, suggesting that the decrease in α2,3- and α2,6-SA determinants may 

be sufficient to alter the invasive and motile phenotype of this tumour cells. 

Overall, we have demonstrated that the treatment of human and murine PDA cells with 

Ac53Fax-Neu5Ac inhibitor and the concomitant decrease of cell membrane α2,3-sialylation 

impairs tumour cell migration and invasion processes, key steps on tumour progression and 

metastasis. Although systemic administration of Ac53Fax-Neu5Ac is not feasible yet, it would 

be of great therapeutic interest to direct the administration to tumour cells to reduce its 

malignant phenotype and stop disease progression. Nonetheless, further studies are 

warranted to further investigate the underlying molecular mechanisms causing tumour cell 

phenotypical changes during cancer progression and in particular, to determine the sialylation 

carriers and their influence on the modulation of cell-cell or cell-ECM interactions, migration 

and invasion.  

2.2.6 Ac53Fax-Neu5Ac intratumoural injections supresses tumour growth 

by enhancing and immune permissive tumour microenvironment 

Given the importance of aberrant SA expression in cancer, an increasing number of studies 

have focused on ST inhibitors on the last decades. Nonetheless, the pharmacological 

application of these inhibitors and their therapeutic potential are understudied yet. In the 

present work, we have explored the potential of the inhibitor Ac53Fax-Neu5Ac to block SA 

expression on established pancreatic tumours, and its putative effect on tumour growth and 

tumour immunity. As far as we know, we have demonstrated for the first time that the 

administration of repeated intratumoural injections of Ac53Fax-Neu5Ac in established 
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pancreatic tumours blocked SA expression in tumour cells and caused a decrease in the 

tumour growth rates. Moreover, it derived to an increase of the immune cell to tumour cell 

ratio in the treated tumours and a switch of the immune TME from an immunosuppressive 

to a more permissive one, via an increase in infiltrating T cell numbers.  

Previous results described in this study, together with findings from others 366,371–374, 

demonstrated that Ac53Fax-Neu5Ac effectively causes a cell sialylation blockade in vitro, 

without affecting cell viability or proliferation. In addition, Büll et al. recently evidenced that 

repeated intratumoural administrations of 10 mg/kg inhibitor did not generate toxicity 448. 

On the one hand, considering that the sensitivity for the inhibitor of each cell type can differ 

371, and that tumour cells present higher preference to take up SA compared with other tissues 

468,469, we decided to administer 10 mg/kg and 20 mg/kg. On the other hand, the 

administration of the ST inhibitor to the mice had to be intratumoural to retain the inhibitor 

in the tumour mass and limit systemic exposure, since Macauley and colleagues had 

previously described that the intravenous administration of 300 mg/kg inhibitor caused 

severe nephrotoxicity and ended in kidney failure 372. For these reasons, the safe 

administration of the inhibitor to humans has not been feasible so far and further 

investments are needed to improve this prototype drug to make intratumoural injections 

possible or to develop a tumour-cell targeted delivery system. In this regard, Büll et al. 

encapsulated the SA-blocking glycomimetic into biodegradable nanoparticles coated with 

mAbs targeting tumour cells, which directed the delivery of the inhibitor into melanoma 

cells, preventing metastasis formation in a murine lung metastasis model 373.   

In the present work, we established that after 2 weeks of intratumoural administration, 

tumour growth was slowed down in the 10 mg/kg group, but not in the 20 mg/kg group in 

comparison to control tumours, indicating that 10 mg/kg administration is sufficient to 

effectively stop tumour growth in vivo, probably due to the SA blockade locally in the tumour 

and TME. Referring to mice survival, we could not significantly determine whether the 

administration of the inhibitor and the concomitant reduction of tumour growth could 

prolong the mice survival time. In that sense, some methodological considerations need to 

be addressed and improved for future experiments. First, in terms of SA expression and 

tumour generation, we selected the optimal murine cell line, however, we found that in 

general the tumours grew faster than expected (one possibility would be to reduce the 

number of injected cells) and wounds appeared in some tumours. The reason why these 

wounds appeared is not currently clear although we think that the use of a distinct tumour-

generating cell model might be a solution. Second, considering the total body weight of the 
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mice, we hypothesize that the start of inhibitor treatment might be established at a smaller 

tumour volume, so we could extend the tumour follow up. Third, it would be of special 

interest to generate orthotropic tumours in the pancreas as they offer tissue site-specific 

pathology, a more realistic influence of the TME and allow the study of Ac53Fax-Neu5Ac 

effect on metastasis formation.  

Interestingly, we have found that Ac53Fax-Neu5Ac had the potency to reduce SA expression 

in established subcutaneous tumours generated by pancreatic cancer murine cells, in line with 

Büll et al. results 448. Moreover, blocking of SA expression altered the TME, leading to an 

increase of the immune cell to tumour cell ratio in the treated tumours. In particular, we 

described a marked increase in tumour infiltrating CD4+ and CD8+ T cells, and NK cells, 

indicators of a reversion of the immunosuppressive TME 71,470. Although it was not 

statistically significant, we observed increasing percentages of granulocytes and monocytes, 

cells that are usually classified as immunosuppressive ones. Nonetheless, it has been 

described that myeloid cells can adopt a pro- or anti-tumorigenic profile depending on the 

TME composition and SAs expressed by tumour cells 471, indicating that further studies are 

warranted to clarify the role of MDSCs in PDA models 472. An important drawback to 

overcome was the fact that, although pancreatic tumours are highly heterogenic, the vast 

majority are classified as “cold” tumours, meaning that the infiltration of immune cells is 

very low 473. Thus, the absolute numbers of each immune cell subtype present on the tumour 

samples analysed by FC was limited.  

The molecular mechanisms by which SA blockade leads to these changes in the TME 

remains undetermined. However, there is growing evidence that blocking SA interactions of 

tumour cells with immune modulatory Siglecs of immune cells hampers the formation of an 

immunosuppressive TME 474–477. Recently, Rodriguez et al. revealed that enhanced sialylation 

of PDA tumour cells is sensed by the myeloid cell receptors Siglec-7 and Siglec-9, and 

promotes the differentiation of monocytes into macrophages with an immune-suppressive 

phenotype, via upregulation of CD206, PD-L1 and immunosuppressive cytokines 478. In 

parallel, several studies have shown that the binding of α2,8-SA to Siglec-7 dampens NK cell 

activation and function, enhancing tumour immune evasion 479–483. Other studies have shown 

that Siglec-7 and Siglec-9 bind to SAs on both O- and N-glycans, preferably to sialylated 

antigens such as sialyl-T or sLex generated by the activity of two enzymes, ST3Gal I and 

ST3Gal IV, which are upregulated in PDA patients 478,484. In addition to Siglecs, the 

interactions of galectins with β-galactoside residues present on glycosylated proteins might 

be altered by the inhibitor-induced SA blockade, influencing key processes of PDA 
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progression such as cell-cell adhesion, migration and signalling as well as driving immune 

evasion as reviewed by Martínez-Bosch and colleagues 485.  

Although SA blockade had an extensive effect on tumour cells and TME, it has been 

postulated that the increased cell death and growth inhibition after Ac53Fax-Neu5Ac 

treatment results from the higher number and activation status of cytotoxic T cells 448, a 

concept that could partially explain the observed reduction in tumour growth of the 10mg/kg 

treated group. It has been postulated that hypersialylation on tumour cells can affect two of 

the most powerful mechanisms that cytotoxic T lymphocytes (CTLs) use to eliminate tumour 

cells. First, the presence of SA inhibits the granule-mediated cytotoxicity, as described by Lee 

et al., who demonstrated that tumour-derived SA-containing gangliosides (GM1-3, GD1a) 

inhibited trafficking and exocytosis of lytic granules from CTLs 486. Second, there is evidence 

that Fas-mediated cytotoxicity is inhibited by the hypersialylation of the FasR on tumour 

cells, thus desensitizing and protecting them from Fas-induced apoptosis. Interestingly, it 

was reported that the α2,6-sialylation of Fas receptor expressed on colon carcinoma cells 

inhibit Fas capacity to induce apoptosis by blocking its internalization and the assembly of 

the DISC complex upon Fas ligand binding 317. Büll et al. observed increased clustering 

between desialylated melanoma cells and CD8+ T cells with a transgenic T-cell receptor 

compared to control cells 448, suggesting that SA blockade facilitates tumour cell-T cell 

interactions. Besides, the T cell glycosylation state has been described to alter the ability of 

CD8+ T cells to interact with major histocompatibility complex-I (MHC-I) molecules and 

the activation of subsequent signalling events 487. Moreover, Perdicchio and co-authors 

reported that sialylated antigens on dendritic cells prevent the formation of effector CD4+ 

and CD8+ T cells and inhibit the function of the existing ones, demonstrating that α2,3-

sialylation might affect T cell function 488. In addition, it was also demonstrated that the 

reduction of tumour SA levels enhanced immunological tumour control by increasing 

effector T cell response and NK cells activation 489. All these findings, in accordance with 

our results, support the idea that SA blockade potentiates killing of tumour cells by cytotoxic 

T-cells and evidence the need to decipher the molecular mechanisms by which SA-blockade 

on tumour cells enhance tumour killing by cytotoxic T cells and NK cells. 

The data available so far provide preliminary evidence that the combination of SA inhibitors 

with existing cellular immunotherapies would be of special interest to improve their efficacy 

in PDA. Currently, there are diverse ongoing CAR T cell’ clinical trials targeted to antigens 

that are overexpressed on tumour cells such as MSLN, CD33, EGFR, or Her2, as well as 

novel CAR strategies, although there are some barriers to overcome to make immunotherapy 
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efficient 141,490. Considering that PDA TME accounts for up to 80% of the total tumour mass 

and it is highly desmoplastic, it is considered a physical barrier that prevents CAR T cells’ 

action and limit their antitumour response by generating an immunosuppressive 

environment 72. Thus, the use of a STs inhibitor, which could switch the immunosuppressive 

TME to a more permissive one, might improve CAR T cell immunotherapy outcome. In 

addition, despite the fact that PDA remains unresponsive to conventional immunotherapy 

with immune checkpoint-blocking antibodies like PD-1 and CTLA-4 490,491, it would be 

interesting to assess whether the SA depletion on tumour cells might potentiate its effect. In 

this regard, our group is currently carrying out in vitro assays to explore if the tumour-cell 

killing by cytotoxic T cells could be enhanced by Ac53Fax-Neu5Ac treatment-induced SA 

blockade on BxPC-3, Capan-1 and Panc-1 PDA cells.  

In conclusion, our preliminary in vivo assay evidenced the potency of the inhibitor Ac53Fax-

Neu5Ac to reduce tumour growth via SA expression blockade on the tumour mass and an 

increase in the immune cell to tumour cell ratio. Repeated intratumoural injections of the ST 

inhibitor Ac53Fax-Neu5Ac generated an immune permissive TME, supporting the concept 

that SAs have a key role in tumour immune modulation and potentiate tumour immune 

evasion. For these reasons, the development of novel Ac53Fax-Neu5Ac analogues with 

improved efficacy and potency 492 represents a promising strategy to translate the use of these 

inhibitors into clinic, alone or in combination with existing immunotherapies.  
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From the first chapter of this thesis: Impact of α2,3-sialyltransferases knockdown on 

EGFR signalling in BxPC-3 and Capan-1 PDA cells 

i. ST3GAL3 and ST3GAL4 KD PDA cells showed a trend to decrease the expression 

of sLex on EGFR, while the expression of α2,6-SA and α2,3-SA on EGFR was not 

significantly altered.  

ii. ST3GAL3 KD BxPC-3 and ST3GAL4 KD Capan-1 cells presented a higher increase 

in EGFR phosphorylation levels upon EGF treatment compared to control cells, 

affecting specific residues of the receptor involved in the EGFR proliferative and 

internalization signalling networks. The increase in EGFR activation was translated 

into an increase in AKT phosphorylation for BxPC-3 ST KD cells, although no 

significant effect was observed for Capan-1 and MAPK protein phosphorylation in 

any of the cell lines.  

iii. The higher activation of EGFR signalling pathway observed on STs KD BxPC-3 and 

Capan-1 cells led to an increase in EGFR homodimers formation upon EGF 

treatment on ST3GAL4 KD cells. 
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iv. ST3GAL3 KD and ST3GAL4 KD drove to an increase in the proliferation rate of 

BxPC-3 cells upon EGF-induction, in accordance with the increase in EGFR 

phosphorylation and higher activation of the AKT pathway, although no significant 

differences were observed for Capan-1 cells. Considering that Capan-1 cells express 

lower EGFR levels than BxPC-3, Capan-1 cell line might be less EGFR-dependent 

for their proliferation signalling.  

v. The KD of ST3GAL3 and ST3GAL4 STs did not affect BxPC-3 and Capan-1 

sensitivity to Erlotinib and Cetuximab, since the cell viability after the treatments was 

similar to that of BxPC-3 and Capan-1 control cells.  

 

In relation to the second chapter of this thesis: Reduction of sialic acid on PDA cells by 

a sialyltransferase inhibitor and study of its effect on E-selectin adhesion, migration 

and invasion capabilities of PDA cells in vitro and its potential to reduce tumour 

growth and alter tumour immune component in syngeneic mice 

vi. Ac53Fax-Neu5Ac treatment significantly reduced cell surface sialylation in BxPC-3 

and Capan-1 cell lines, while AL-10 and SsaI inhibitors did not block cell sialyation 

in these PDA cells. Ac53Fax-Neu5Ac treatment has the potency to achieve the highest 

reduction of PDA cell sialoglycans, while the combined inhibition of STs with the 

ST3GAL4 KD and the Ac53Fax-Neu5Ac treatment did not show any additive effect.  

vii. Ac53Fax-Neu5Ac treatment significantly impaired E-selectin binding in BxPC-3 and 

Capan-1 cells by reducing sLe antigen expression on these cell lines. In addition, the 

ST inhibitor reduced the migration and invasion of treated cells compared to their 

corresponding controls in vitro. Altogether, demonstrating that Ac53Fax-Neu5Ac 

treatment reverted the malignant phenotype of PDA cells by affecting key steps on 

tumour progression and metastasis.  

viii. PDA MSB262 murine cells were sensitive to Ac53Fax-Neu5Ac in vitro as their 

treatment with the ST inhibitor caused a significant reduction on the cellular 

expression of α2,3-SA and α2,6-SA. Although the expression of sLex was not 

detectable on MSB262 murine cells, Ac53Fax-Neu5Ac treatment impaired the 

migration and invasion capacity of MSB262 cells. 
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ix. Ac53Fax-Neu5Ac treatment of PDA subcutaneous tumours generated in syngeneic 

mice with MSB262 cells reduced the tumour volume, their SA expression and 

modified the tumour immune component, by increasing the number of infiltrating 

CD8+ T-cells and NK cells compared to non-treated control tumours, thus favouring 

anti-tumour immune surveillance.  

x. The effect of Ac53Fax-Neu5Ac treatment in PDA cells in vitro and its impact on mice 

PDA tumours in vivo indicate that reducing SA expression in PDA by inhibiting cell 

STs has an important impact in PDA progress. Thus, Ac53Fax-Neu5Ac might be 

considered as a promising candidate to further evaluate the role of sialoglycans in 

tumour progression and for its translation into clinics. 
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