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porque…quiero decirte ‘te quiero’ como si un niño pequeño no lo hubiese hecho jamás... 

porque…me quedo un ratito a mirar tus ojitos que huelen como a primavera y voy a 

celebrarlo… 

porque…yo no creo en la iglesia, pero creo en tu mirada… 

porque…duerme conmigo, si eres piedra da igual, yo seré pedregoso camino… 

porque…llévame a envejecer a aquella playa, con tu sombrero y tu botella de cerveza 

verde viendo los barcos que se alejan y se pierden… 

y porque…la felicidad es la mayor recompensa... 
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La tesis está compuesta por dos artículos, publicados a fecha 12 de diciembre de 

2017 y 26 de agosto de 2020. Ambos artículos han sido admitidos para formar parte de 

dicha tesis en su formato de compendio de artículos por la Comisión Académica del 

Programa de Doctorado de Cirugía y Ciencias Morfológicas, en la línea de investigación de 

Anatomía Patológica, con fecha 28 de julio de 2020. 

El trabajo aquí presentado está dividido en diferentes apartados; el primero de ellos 

consta de una introducción conjunta donde se presentan los antecedentes y conocimientos 

previos en los cuales se basan las hipótesis y los objetivos expuestos seguidamente. 

A continuación, el apartado de resultados está dividido en dos grandes capítulos 

donde despliegan los artículos que forman la tesis. En el primer capítulo se presenta un 

estudio con el que se pretendía identificar factores que a través de su regulación 

traduccional, bajo condiciones de estrés hipóxico y de bloqueo de la vía canónica de la 

síntesis proteica, fueran capaces de conferir resistencia a dichas condiciones. Para ello se 

llevó a cabo un RNA-Seq de ARN polisómico en condiciones de: 1) normoxia, 2) hipoxia 

(0,5% de oxígeno), 24h., 3) normoxia + PP242 e 4) hipoxia + PP242, un conocido inhibidor 

de mTORC1/mTORC2. La Integrina Beta 3 (ITGB3) fue uno de los candidatos obtenidos. 

Posteriores estudios demostraron que su inhibición, y de manera más categórica en hipoxia, 

no solo aumentó la apoptosis y redujo la supervivencia y la migración celular, si no que 

ITGB3 era requerida para la activación sostenida de la vía de TGF-β. Todo ello sumado a que 

la inhibición de ITGB3 redujo significativamente la metástasis pulmonar y mejoró la 

supervivencia general en ratones. 

Cabe destacar, que en el primer capítulo se ha añadido un sub-apartado de datos no 

publicados. Estos resultados se obtuvieron durante mi estancia de tres meses en el 

laboratorio del Profesor Alan McIntyre en la Universidad de Nottingham, Inglaterra. 

Durante dicha estancia, el artículo fue aceptado por la revista y por este motivo los 

resultados obtenidos no fueron añadidos a la publicación. 

El capítulo II está centrado en el rol de ITGB3 en la comunicación intercelular a 

través de vesículas extracelulares y como la desregulación de este proceso podría explicar 

la disminución en la aparición de metástasis en células con la integrina inhibida descrita en 

el capítulo I. En este estudio, hemos definido un rol esencial y hasta ahora desconocido de 

ITGB3 en la absorción de vesículas. El mecanismo funcional, basado en la interacción de 

ITGB3 con glucoproteínas heparán sulfatadas (HSPG) y en el proceso de reciclaje de las 

integrinas, también ha sido descrito. La combinación de ambos mecanismos permite la 

captura de vesículas extracelulares y su internalización mediada por endocitosis. Además, 
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en el complejo de internalización juegan un papel importante otras proteínas como la 

GTPasa dinamina y la quinasa de adhesiones focales (FAK). Ambas proteínas son clave para 

llevar a cabo la endocitosis y la posterior entrada de las vesículas extracelulares a la ruta 

endocítica a través de los endosomas. Consecuentemente, podemos afirmar que ITGB3 tiene 

un papel central en la comunicación intracelular a través de vesículas extracelulares, 

mecanismo que se presupone crítico durante la metástasis tumoral. 

Tras el apartado de resultados, se continúa con una discusión conjunta de ambos 

capítulos donde además de discutir sobre los resultados obtenidos, se debaten las posibles 

aplicaciones traslaciones, mayoritariamente con un enfoque terapéutico, de dichos 

estudios. Para acabar, se exponen las conclusiones más relevantes extraídas de dicha tesis. 
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The thesis is made up of two articles dated December 12, 2017 and August 26, 2020. 

Both articles have been admitted to form part of the said thesis in its compendium format 

of articles by the Academic Commission of the Doctorate Program of Surgery and 

Morphological Sciences, in the research line of Pathological Anatomy, dated July 28th, 2020. 

The work presented here is divided into different sections. The first of them consists 

of a joint introduction where the background and prior knowledge on which the hypotheses 

and the objectives set forth below are based are presented. 

Next, the results section is divided into two large chapters where the publications 

that make up this thesis are displayed. The first chapter refers to the first article already 

published which aimed to identify factors that through their translational regulation under 

hypoxic stress conditions and the blockage of the canonical pathway of protein synthesis, 

were able to confer survival resistance to these conditions. For this, RNA-Seq of polysomal 

RNA was carried out under conditions of 1) normoxia, 2) hypoxia (0.5% oxygen), 24h., 3) 

normoxia + PP242, and 4) hypoxia + PP242, a known mTORC1 / mTORC2 inhibitor. Integrin 

Beta 3 (ITGB3) was one of the obtained candidates. Subsequent studies demonstrated that 

its inhibition, and more categorically in hypoxia, not only increased apoptosis and reduced 

survival and cell migration, but that ITGB3 was required for sustained activation of the TGF-

β pathway. All of this added to the fact that ITGB3 inhibition significantly reduced lung 

metastasis and improved overall survival in mice. 

It should be noted that in the first chapter a sub-section of unpublished data has 

been added. These results were obtained during my three-month stay in Professor Alan 

McIntyre's laboratory at the University of Nottingham, England. During this stay, the article 

was accepted by the journal, and for this reason, the obtained results were not added to the 

publication. 

Chapter II focuses on the role of ITGB3 in extracellular vesicle-based intercellular 

communication and how this could explain the decrease in the formation of metastasis in 

cells with ITGB3 inhibition, described in Chapter I. In this study, we have described an 

essential and far unknown role of ITGB3 in the absorption of vesicles. The functional 

requirement is based on the interaction of ITGB3 with Heparan Sulfated Glycoproteins 

(HSPG) and with the recycling process of the integrins. The combination of both 

mechanisms allows the capture of extracellular vesicles and their internalization mediated 

by endocytosis. Also, other proteins such as the GTPase Dynamin and Focal Adhesion Kinase 

(FAK) play an important role in the internalization complex. Both proteins are key for 

carrying out endocytosis and the subsequent entry of extracellular vesicles into the 
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endosomes of the endocytic pathway. Thus, ITGB3 has a central role in intracellular 

communication via extracellular vesicles, proposed to be critical for cancer metastasis. 

After the results section, a combined discussion of both chapters is presented, 

where, in addition to discussing the obtained results, we discuss the possible translational 

applications, mostly with a therapeutic approach. To finish, the most relevant conclusions 

drawn are exposed. 
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La tesi està composta per dos articles publicats amb data de 12 de desembre de 2017 

i 26 d’agost de 2020. Tots dos articles han estat admesos per formar part d'aquesta tesi en 

el seu format de compendi d'articles per la Comissió Acadèmica de el Programa de Doctorat 

de Cirurgia i Ciències Morfològiques, en la línia d'investigació d'Anatomia Patològica, amb 

data de 28 de juliol de 2020. 

El treball aquí presentat està dividit en diferents apartats; el primer d'ells consta 

d'una introducció conjunta on es presenten els antecedents i coneixements previs en els 

quals es basen les hipòtesis i els objectius exposats tot seguit. 

A continuació, l'apartat de resultats està dividit en dos grans capítols on es 

presenten els articles que formen la tesi. En el primer capítol es presenta un estudi amb el 

qual es pretenia identificar factors que a través de la seva regulació traduccional, sota 

condicions d'estrès hipòxic i de bloqueig de la via canònica de la síntesi proteica, fossin 

capaços de conferir resistència a aquestes condicions. Per a això es va dur a terme un RNA-

Seq d'ARN polisòmic en condicions de: 1) normòxia, 2) hipòxia (0,5% d'oxigen), 24h., 3) 

normòxia + PP242 i 4) hipòxia + PP242, un conegut inhibidor de mTORC1 / mTORC2. La 

Integrina Beta 3 (ITGB3) va ser un dels candidats obtinguts. Posteriors estudis van 

demostrar que la seva inhibició, i de manera més categòrica en hipòxia, no només va 

augmentar l'apoptosi i va reduir la supervivència i la migració cel·lular, sinó que ITGB3 era 

requerida per a l'activació sostinguda de la via de TGF-β. Tot això sumat al fet que la 

inhibició de ITGB3 va reduir significativament la metàstasi pulmonar i va millorar la 

supervivència general en ratolins. 

Cal destacar, que en el primer capítol s'ha afegit un sub-apartat de dades no 

publicades. Aquests resultats es van obtenir durant la meva estada de tres mesos al 

laboratori del Professor Alan McIntyre a la Universitat de Nottingham, Anglaterra. Durant 

aquesta estada, l'article va ser acceptat per la revista i per aquest motiu els resultats 

obtinguts no van ser afegits a la publicació. 

El capítol II està centrat en el paper de ITGB3 en la comunicació intercel·lular a 

través de vesícules extracel·lulars i com  la desregulació d’aquesta podria explicar la 

disminució en l'aparició de metàstasis en cèl·lules amb la integrina inhibida descrita en el 

capítol I. En aquest estudi, hem definit un paper essencial i fins ara desconegut de ITGB3 en 

l'absorció de vesícules. El mecanisme funcional, basat en la interacció de ITGB3 amb 

glucoproteïnes heparan sulfatades (HSPG) i en el procés de reciclatge de les integrines, 

també ha sigut descrit. La combinació d'ambdós mecanismes permet la captura de vesícules 
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extracel·lulars i la seva internalització mitjançada per endocitosi. A més, en el complex 

d'internalització són molt importants altres proteïnes com la GTPasa dinamina i la quinasa 

d'adhesions focals (FAK). Les dues proteïnes són clau per dur a terme l'endocitosi i la 

posterior entrada de les vesícules extracel·lulars a la ruta endocítica a través dels 

endosomes. Conseqüentment, podem afirmar que ITGB3 té un paper central en la 

comunicació intracel·lular a través de vesícules extracel·lulars, mecanisme que es 

pressuposa crític durant la metàstasi tumoral. 

Després de l'apartat de resultats, es continua amb una discussió conjunta dels dos 

capítols on a més de discutir sobre els resultats obtinguts, es debaten les possibles 

aplicacions translacionals, majoritàriament amb un enfocament terapèutic. Per acabar, 

s'exposen les conclusions més rellevants extretes d'aquesta tesi. 
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1. Breast Cancer: Subtypes. Diagnosis. Treatments  

Breast Cancer (BrCa) is the most diagnosed cancer and the leading cause of cancer-

related deaths in women worldwide, despite advances in conventional and targeted 

therapies1. Its incidence continues to rise while mortality is falling, partially due to early 

diagnosis and improved therapies. Nevertheless, around 20-30% of patients develop 

metastatic disease, and it is currently estimated that 40% of all BrCa cases relapse, of which 

about 60-70% presents distant metastases2. Although scientific advancements over the last 

few decades have dramatically improved BrCa survival, when tumour localizes to secondary 

organs, the success rate of these patients drops dramatically.  

BrCa is an heterogeneous complex of diseases, with a great spectrum of subtypes with 

distinct biological features that lead to different response patterns and clinical outcomes. 

Traditional classification systems take into account biological characteristics, such as 

tumour size, lymph node invasion, histological grade, patient’s age, Estrogen Receptors 

(ER), Progesterone Receptors (PR) and Human Epidermal Growth Factor receptor 2 (HER2) 

status, are usually used for patient prognosis and management3,4. Accumulating evidence 

has suggested that BrCas with different histopathological and biological features exhibit 

distinct behaviours that lead to different treatment responses (Table Intro. 1)5. 

Local therapy for non-metastatic BrCa involves surgical removal and sampling or 

subtraction of axillary lymph nodes, with consideration of post-operative radiation. 

Systemic therapy might be pre-operative (neoadjuvant), post-operative (adjuvant), or both. 

BrCa subtype guides the standard systemic administered therapy (Table Intro. 1), which 

consists of endocrine therapy for all Hormone Receptor (HR+) tumours (with some patients 

needing chemotherapy as well), trastuzumab-based HER2-directed antibody therapy plus 

chemotherapy for all HER2+ tumours (with endocrine therapy as well, if simultaneous HR+), 

and chemotherapy alone for Triple Negative Breast Cancer (TNBC)6,7. For metastatic BrCa, 

therapeutic goals are prolonging life and symptom palliation as currently, it remains 

incurable in virtually all affected patients. The same basic categories of systemic therapy are 

used in metastatic BrCa. Local therapy modalities (surgery and radiation) are only used for 

palliation in metastatic disease. 
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Table Intro. 1. Prevalence, prognosis, and therapeutic options for the three BrC Subtypes 

Adapted table from Adrienne G. Waks et al., 20196 and Funmilola A. Fisusi et al., 20197. 

 

 Hormone Receptor (HR) (ER+ or PR+) HER2+ (HR+ or HR-) TNBC 

Pathological 

definition 

≥1% of tumour cells stain positive for ER or PR 

proteins 

Tumour cells stain strongly for HER2 protein or HER2 gene is 

amplified in tumour cells. Approximately half of HER2+ tumours are 

also HR+ 

Tumour does not meet 

any pathologic criteria 

for positivity of ER, PR, 

or HER2. 

Molecular 

pathogenesis 

ERα (steroid hormone receptor) activates oncogenic 

growth pathways 

The oncogene HER2, encoding HER2 receptor tyrosine kinase from 

the epidermal growth factor receptor family, is overactive 

Unknown (likely 

various) 

Percentage 

of BrCa, % 

70 15-20 15 

Prognosis 

 Stage I (5-y 

BrCa-

specific 

survival),% 

≥99 ≥94 ≥85 

 Metastatic 

(median 

overall 

survival) 

4-5 years 5 years 10-13 months 

Typical 

systemic 

therapies for 

non-

metastatic 

disease 

(agents, 

route, and 

duration) 

Endocrine therapy (all patients): 

Tamoxifen, letrozole, anastrozole, or exemestane 

Oral therapy 

5-10 years 

Chemotherapy (some patients): 

Adriamycin/cyclophosphamide (AC) 

Adriamycin/cyclophosphamide/paclitaxel (AC-T) 

Docetaxel/cyclophosphamide (TC) 

Intravenous therapy 

12-20 weeks 

Chemotherapy plus HER2-targeted therapy (all patients): 

Paclitaxel/trastuzumab (TH) 

Adriamycin/cyclophosphamide/paclitaxel/trastuzumab ± 

pertuzumab (AC-TH±P) 

Docetaxel/carboplatin/trastuzumab ± pertuzumab (TCH±P) 

Intravenous therapy 

12-20 weeks of chemotherapy; 1 year of HER2-targeted therapy 

Adriamycin/cyclophosphamide (AC) 

Endocrine therapy (if also HR+) 

Tamoxifen, letrozole, anastrozole, or exemestane 

Oral therapy 

5-10 years 

Chemotherapy (all 

patients): 

AC 

AC-T 

TC 

Intravenous therapy 

12-20 weeks 

 

Outcome Intermediate Poor Poor 
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1.1. Triple Negative Breast Cancer 

TNBC is a highly aggressive tumour subtype with a high risk of recurrence, metastasis, 

chemotherapy resistance and acquired capacity to survive and grow under nutrient-

deprived and hypoxic (low-oxygen) conditions. All of these features involve an inherently 

aggressive clinical behaviour compared to other BrCa subtypes8. 

Histologically, TNBC are known to be ductal type, with a high mitotic rate, increased 

lymphocytic infiltrate and large tumour size. Regarding clinical features, TNBC patients 

usually present early visceral metastases and lymph node invasion at the time of diagnosis, 

involving an adverse prognosis at that moment. This metastasis rate has been observed to 

be four times more likely to occur than in patients with non-TNBC subtypes. Further, 

researchers have observed that the median survival of TNBC patients with specific 

metastatic status is lower than the other subtypes involving a worse prognosis (Figure 

Intro. 1)9. 

Another important factor to take into account is the tumour heterogeneity. As described 

by Lehmann et al.10, the gene expression analysis of 587 TNBCs showed six different TNBC 

subtypes having unique gene expression profiles. These data were further confirmed by the 

identification of TNBC cell line models representative of all subtypes and the subsequent 

prediction of driver signalling pathways pharmacologically targetable. 

The combination of these histopathological and clinical features makes this type of 

tumour difficult in terms of therapy, being the chemotherapy the main therapeutic 

approach alone or in combination with surgery and radiation therapy. Taxane-based agents 

are the most commonly used, followed by taxol derivatives and anthracycline 

chemotherapy, used as a conventional route in the case of failure with taxanes. It is 

important to note that since the first application of taxanes, used in adjuvant therapy for 

Figure Intro. 1. Median survival time (months) of different distant 
metastatic diseases stratified by molecular subtypes. (Xiao et al., 
20189). 
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over 20 years6,7,11, relatively few new agents have been proposed for the treatment of 

patients with TNBC.  

TNBC malignancy and resistance-related features can be explained, at least in part, by 

the inherited capacity of these cells to respond to cellular stress by mimicking a hypoxia 

gene signature associated with poor prognosis12–14. Under hypoxic conditions, TNBC cells 

can grow, survive, induce metabolic reprogramming and apoptosis, and alter cell adhesion 

and motility to facilitate metastasis and resistance to chemotherapy. TNBC is inherently 

hypoxic due to poor vascularization, as shown by overexpression of hypoxia-inducible 

factor 1- (HIF-1)15, and a median partial oxygen pressure of 10 mmHg compared to 65 

mmHg found in healthy breast tissue. Chen et al.16 identified a molecular signature in TNBC 

that correlated with the activation of the XBP1 branch of the unfolded protein response 

(UPR) pathway and to hypoxia response. In addition, Dales et al.17 established a significant 

relationship between clinicopathological characteristics and patient metastasis-free 

survival, studying the prognostic value of different HIF-1α transcripts expression levels in 

BrCa. They showed that mRNA expression of a HIF-1αTAG splice variant reflects a stage of 

BrCa progression associated with a worse prognosis17. Further, a recent meta-analysis with 

a total of 31 eligible studies including 5177 patients, done by Zhao et al18. concluded that 

HIF-1α might serve as an independent prognostic biomarker and a promising therapeutic 

target for BrCa18. So, based on that TNBC frequently shows morphologic evidence of hypoxia 

(central fibrosis and necrosis)19, augmented expression of HIF-1α might be considered a 

hallmark of TNBC tumours. 

All this data reflect a scenario where there are still many significant clinical and 

scientific challenges in terms of TNBC diagnosis, and treatment, as well as in the discovery 

of resistance mechanisms to current therapies20–23. Therefore, it is particularly challenging 

to find pharmacological targets that result in a longer metastasis-free disease and increase 

the overall survival rates in these patients23–25. 

2. Protein synthesis control and cancer 

In the latest years, the significance of regulating mRNA translation for gene expression 

and cell phenotype control has been strongly established. This process is highly regulated 

and finely sensitive to several forms of cellular stress as well as to growth factors and other 

cell signalling processes. mRNA translation regulation relevance is that cell proliferation 

and growth are proportional to the rate of protein synthesis. Therefore, control of 

translation has been recognized critical in regulating many other physiological processes in 
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the cell including: growth stimulation, cell cycle progression, differentiation, stress 

response, and oncogenic signalling in cancer26–29. 

From a structural perspective, mRNA can be thought of as a scaffold molecule that 

recruits a variety of players (Figure Intro. 2). Each mRNA can be roughly divided into five 

portions, which bind specific sets of RNA‐binding proteins (RBPs) and others RNAs (like 

miRNA and lncRNAs), and thus have distinct roles in mRNA organization: the 5′ cap, the 5′ 

untranslated region (UTR), the open reading frame (ORF), the 3′UTR, and the 3′ poly(A) tail. 

It is interesting to note the potential role of these RBPs, including mRNA stability, capping, 

translation initiation, and mRNA cleavage, among others. 

2.1. Canonical initiation of mRNA translation 

Regulation of eukaryotic protein synthesis occurs mainly at the level of translation 

initiation. Most mRNAs recruit ribosomes through the m7G-cap structure, the 5’ CAP, 

localized in the 5’UTR end of the mRNA, by the eukaryotic initiation factor 4F (eIF4F) 

complex, comprising eIF4E, eIF4A, and eIF4G. Then, binding of the 43S preinitiation 

complex, consisting of a 40S ribosomal subunit, eIF1A, eIF3, and eIF2-GTP, binds to the 

initiator tRNA and allows scanning downstream to the initiating AUG. Successful translation 

initiation is only achieved when eIF2α binds GTP and tRNA, thereby forming the ternary 

complex. Formation of this complex is dependent on the exchange factor eIF2B, which 

exchanges the GDP bound to eIF2α for GTP. The complex formation can be inhibited by the 

phosphorylation of eIF2α at Ser-51 by an active eIF2α kinase30,31. 

The mTOR pathway plays an evolutionarily conserved role in coordinating cell growth 

and cell proliferation and it is probably the central protein kinase for the regulation of 

translation. mTOR is a highly conserved Ser/Thr kinase in all eukaryotes that controls cell 

growth, metabolism, survival, and proliferation in response to growth factors, nutrients, 

energy, and environmental conditions. mTOR forms two multi-protein complexes, mTOR 

complex 1 (mTORC1) and mTOR complex 2 (mTORC2). mTOR-containing complexes have 

different sensitivities to rapamycin as well as to different upstream and downstream 

Figure Intro. 2 RNA elements. (Olivia S. Rissland 201647) 



Introduction 

8 
 

partners32. mTORC1 is the primary effector for the nutrient-sensitive functions of mTOR, 

whereas mTORC2 has been implicated in cytoskeletal reorganization, cell survival and 

metabolism33. The best-described upstream regulators of mTORC1 are growth factors, 

energy status, oxygen, nutrients, and amino acids. 

Cellular stresses such as low energy, low oxygen levels or DNA damage, break down the 

activation of mTORC1. In response to these cellular stresses, ATP generation drops 

substantially and AMP levels increase leading to the activation of the AMP-activated protein 

kinase (AMPK). AMPK stops mTOR signalling by phosphorylation of raptor and TSC2. 

Additionally, Wnt signalling has been also shown to regulate the mTORC1 pathway by 

increasing mTORC1 signalling through the inhibition of Glycogen Synthase Kinase 3 (GSK3), 

a kinase that phosphorylates TSC232.  

mTOR downstream events are also crucial regulators of protein synthesis. Activated 

mTORC1 directly phosphorylates two translation regulators, the eukaryotic initiation factor 

4E–binding protein 1 (4E-BP1) and ribosomal protein S6 kinase 1 (S6K1). mTOR stimulates 

mRNA translation by phosphorylation and inactivation of the eIF4E repressor 4E-BP1, and 

through phosphorylation and activation of S6K. In a stress situation, the binding of 4E-BP1 

to eIF4E impedes the assembly of the translation initiation complex eIF4F. In a nutrient-rich 

environment, mTORC1 is activated and consequently phosphorylates 4E-BP1, which results 

in the release of eIF4E, enabling it to participate in the formation of the translation initiation 

complex involved in the cap-dependent translation32,34. 

2.2. Non-Canonical initiation of mRNA translation 

The eukaryotic translation initiation relies not only on the cap-dependent mechanism 

of mRNA binding to the ribosome but also on poorly studied cap-independent ways of 

recruiting mRNAs to ribosomes. The latter mode plays an important role in cell 

differentiation and cellular response to abnormal conditions, such as oxygen-reduced 

conditions, when mRNAs cannot be translated through the cap-dependent mechanism35. 

The switch usually occurs secondary to the dephosphorilation of 4E-BP1and the consequent 

inhibition of cap-dependent translation and enhanced translation of those mRNA which can 

utilize the cap-independent translation pathway. The most commonly accepted way to 

explain cap-independent translation of cellular mRNAs is the presence of internal ribosome 

entry sites (IRESs). However, alternative mechanisms may exist, as some of the cap-

independent translation processes cannot be explained by the regulation of IRES and new 

concepts such as CITEs, TISU, and miRNA translational control have emerged36,37. 
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2.2.1. Internal Ribosome Entry Sites (IRES) 

In the situations where mRNAs cannot be translated through canonical cap-dependent 

mechanisms, the cap-independent translation driven by IRESs can attend as an alternative 

machine for protein production. These elements were originally discovered in the viruses 

of the Picornaviridae family such as poliovirus and encephalomyocarditis virus. A large 

number of IRES were later identified in pathogenic viruses, including human 

immunodeficiency virus, hepatitis C virus (HCV), and foot and mouth disease virus. Though 

these viral IRESs contain different sequences, many of them have analogous secondary 

structures and initiate translation through similar mechanisms35. An IRES is a structured 

RNA element that facilitates 5′ end-independent translation using subsets of translation 

initiation factors, in other words, RNA elements that recruit ribosomes to the internal region 

of mRNAs to initiate the translation35,36. Indeed, most suggested cellular IRESs reside in 

mRNAs that rely on internal initiation for sustained translation in conditions of stress, 

mitosis or apoptosis38. 

Several cellular IRESs are thought to be activated through a structural change in their 

RNA motifs following a change in cellular conditions. It is proposed that cellular IRESs can 

be mainly classified into three groups based on which factors or mRNA elements interact 

with the IRES structure: assisting IRES-trans-acting factors (ITAFs), which remodel IRES 

structures; upstream open reading frames (uORFs), which sequester ribosomes and affect 

IRES structures; or RNA G-quadruplex structures (RG4s), as part of IRES structures38. A 

well-known IRES-dependent translation example is the case of the transcription factor c-

Myc. Translation of c-Myc is activated following the induction of apoptosis in response to 

genotoxic stress and in a mTOR independent manner39,40. 

IRES–ITAF interactions might contribute to the stabilization of unstable IRES structures 

or to the induction of a conformational change that allows the recruitment and precise 

placing of the ribosome. Thus, different IRESs require sequential or combinatorial binding 

by ITAFs to induce the structural changes that serve to recruit ribosome subunits in a cap-

independent manner.  

An uORF is an ORF located in the 5'UTR of an mRNA. uORFs translation can regulate 

eukaryotic gene expression, through the inhibition of downstream expression of the 

primary ORF35,38. In this context, the suppression forced by uORFs on the initiation of 

translation of the main ORF is relieved, thus letting the production of specific proteins in 

response to stress. The mode of action of each uORF seems dictated by its initiation codon 

context, secondary structure and coding capacities. Moreover, the overall regulation of a 

https://en.wikipedia.org/wiki/5%27_untranslated_region
https://en.wikipedia.org/wiki/MRNA
https://en.wikipedia.org/wiki/Gene_expression
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given mRNA will depend on the precise combination and organization of uORFs in its 

5’terminal area41. 

In addition to secondary mRNA structures, specific RNA modifications may have a 

strong impact on alternative translation mechanisms. For instance, RG4s, an extremely 

stable RNA structure formed in G-rich regions by the stacking of at least two G-tetrads that 

forms a square-shaped structure, localize in 5’UTR structures, contributing to the regulation 

of IRES-mediated translation and to the direct recruitment of the 40S ribosomal subunit. 

These structures can also suppress translation and stimulate ribosomal frameshifting42. 

In summary, structured cellular IRES in 5’UTR engages diverse strategies to overcome 

translation silencing in response to environmental changes (Figure Intro. 3). 

2.2.2. Cap-independent translation element (CITE)  

In the last times, an alternative cap-independent mechanism has been proposed: the 

concept of cap-independent translation enhancers (CITEs) for mammalian mRNAs. CITEs 

are elements in the mRNA that attract key initiation factors, thereby promoting the 

assembly of translation initiation complexes. Unlike IRESs, CITEs can be located both within 

5’ and 3’ UTRs, and bind mRNA recruiting translational components. Another difference by 

scanning the sequence is that they need free 5’ ends of mRNAs and localize the initiation 

codon37 (Figure Intro. 3). 

Originally, CITEs were discovered two decades ago in UTRs of mRNAs from some plant 

viruses, where they were observed to provide high levels of translation of naturally 

uncapped virus mRNAs. Ilya M. Terenin et al.43 showed that inserting a CITE element from 

a virus stimulates the direct binding of elF4G to 5’UTR of cap-dependent mRNAs and 

dramatically reduces their requirement for the 5’-terminal m7G-cap, therefore, increasing 

the resistance to translation inhibition by the inactivation of elF4F. Thus, it was showed that 

contained CITEs in the 5’UTR that directly or indirectly bind key components of the 

translational machinery can be more or less resistant to stress37,43. Not many cellular CITEs 

have been described so far, but the DAP5 protein, an homologous for eIF4G, has been shown 

to mediate the cap-independent translation of a number of C-mRNAs, including the p53-, 

BCL2-, and CDK1- CITE-mRNA, among others37. 

2.2.3. Translation Initiator of Short 5’UTR (TISU) 

Translation in eukaryotes classically starts at the 5’ end of the mRNA, whith the 5’ CAP 

and the UTR as the entry point for the ribosome. However, some uncommon mRNAs 

completely lack 5’UTR, for example, mammalian mitochondrial mRNAs, which are known 
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to be leaderless. In some humans, it has been described the presence of mRNAs with an 

extremely short 5’ UTR, which undergo scanning-free initiation, a mechanism identified as 

translation initiator of short 5’UTR (TISU)38. The TISU element comprises an invariable AUG 

in the middle of its sequence as the start codon of TISU mRNAs. Since the position of the 

TISU element is downstream and very close to the m7G cap, TISU mRNAs have an 

abnormally short 5’ UTR, with a median length of 12 nt44 (Figure Intro. 3). Simplifying, these 

mRNAs are dependent on the m7G cap but avoid scanning for the initiation of translation. 

These special mechanisms direct protein synthesis of mRNAs with either an extremely short 

or a highly complex 5’ UTR and are advantageous under specific physiological settings. 

This TISU element is highly prevalent among genes with “housekeeping” functions such 

as protein synthesis, mitochondrial activities, and energy metabolism. A recent study 

discovered that TISU confers translational resistance to global inhibition of translation in 

response to energy stress but not to other stresses44,45. 

2.2.4. Others: miRNAs, lncRNAs 

Even though the 5’UTR plays a central role in the translation process, it is important to 

remark that the 3’UTR is also involved in the regulation of translation. It is very clear that 

small micro RNAs (miRNAs) (∼22 nucleotides length) contribute to the regulation of 

protein synthesis by two different mechanisms, mRNA destabilization or translational 

repression. miRNAs seem to control translational suppression by targeting the 3’UTR of the 

mRNA, leading to the destabilization and following degradation of the mRNA target46–49.  

Repression of translation by miRNAs can occur through inhibition of translation 

initiation or elongation, and may also lead to changes in the status of the mRNA 3' poly(A) 

tail. Actually, the poly(A)-binding protein (PABP) interacts with the cap through eIF4G and 

eIF4B, triggering to the circularization of the mRNA. Furthermore, circularization of mRNA 

brings the 3’UTR binding regulators, such as micro-RNAs, next to the 5’UTR, giving them the 

capability to modulate the translation initiation step41. New reports have proposed that in 

addition to the canonical binding of miRNAs to the 3’UTR of mRNAs, they might bind also to 

the 5’UTR region and ORF. Binding to sites located in coding regions and in 5’UTRs seem to 

produce less robust inhibition than those in 3’UTR and, surprisingly, determine 

translational activation, and not repression of miRNA targeted mRNAs (Figure Intro. 3). 

This situation has been described under growth arrest circumstances49. 
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On the other hand, other non-coding mRNAs such as lncRNAs have been postulated as 

translational modulators. Through homologous base-pairing with mRNA transcripts and 

interactions with ribosomal proteins and/or RNAs, lncRNAs are able to target mRNAs to the 

ribosomes. Containing complementary target sequences, lncRNAs also serve as miRNA 

decoys to prevent interactions of miRNAs with protein-coding transcripts (Figure Intro. 3). 

2.3. Polysome profiling 

Polysome profiling provides a key methodology for the development of translation-

related studies. The overall aim of the polysome profiling technique is to study and quantify 

the translation state of specific mRNAs under different cellular conditions. The principle of 

the technique is to capture mRNA translation by ‘‘freezing’’ actively-translating ribosomes 

on different transcripts and separate the resultant polyribosomes by ultracentrifugation on 

a sucrose gradient, thus allowing for a distinction between highly translated transcripts 

(bound by several ribosomes) and poorly translated ones (bound by one or two ribosomes). 

First, cells are lysed and loaded on top of a sucrose gradient. After ultracentrifugation, the 

gradient is monitored at A254 (absorbance) using a flow cell coupled to a 

spectrophotometer and then fractionated into equal sections: untranslated mRNAs (top 

fractions) are separated from polysome-associated mRNAs (bottom fractions) (Figure 

Intro. 4). Finally, fractions can be then processed for further characterization by traditional 

biochemical and molecular biology methods. Importantly, combining polysome profiling 

Figure Intro. 3. Canonical and Non-Canonical translational pathways. In a nutrient-rich 
environment, mTORC1 is activated and consequently phosphorylates 4E-BP1, which results in its 
release from eIF4E, enabling it to participate in the formation of the translation initiation complex 
involve in the canonical protein synthesis pathway. Stress conditions triggers inhibition of mTORC1 
with the consequent dephosphorylating of 4E-BP1. Binding of 4E-BP1 to eIF4E impedes the assembly 
of the translation initiation complex eIF4F leading to the inhibition of the canonical protein synthesis 
pathway. 
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with high throughput genomic approaches allows for a large scale analysis of translational 

regulation50,51. For the development of the technique, it is important to use chemicals that 

blocks the release of ribosome-translating mRNA. Both, cycloheximide, that binds to the 60S 

ribosomal subunit and blocks the release of deacetylated tRNA from the ribosome E 

site52,inhibiting ribosome translocation and stall ribosomes on translating mRNAs, or 

emetine, which also blocks translation elongation53, can be used50,51. 

3. Hypoxic stress 

In healthy tissues, the oxygen supply fits the cellular requirements (normoxia). Hypoxia 

takes place when oxygen source and consumption are not balanced, and normal cellular 

functions cannot be maintained. The microenvironment of solid tumours is considerably 

different from normal tissue in terms of oxygenation, making the occurrence of hypoxic 

tissue areas a frequent feature of solid tumours. These areas are heterogeneously 

distributed within the tumour mass (Figure Intro. 5). It has been described that this lack of 

efficient oxygenation within the tumour centre gives rise to a higher malignancy, including 

the occurrence of metastasis secondary to induction of hypoxia-related factors, a 

phenomenon associated with poor patient outcome in several types of cancer54,55. 

High cancer cells proliferation rate results in a huge increase of O2 consumption and 

promotes abnormal cell growth patterns. Hypoxc areas, at the same time, induces the 

formation of new vasculature, but it is usually insufficient and defective. This 

neovasculature shows severe structural and functional abnormalities; they are often 

occluded and leaky, resulting in perfusion-limited areas within the tumour that causes 

variations in oxygen supply and nutrients (Figure Intro. 5). As a result, the area within 70-

Figure Intro. 4. Polysome profiling representation. 
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100 µm away from the blood vessel is relatively oxygenated, but O2 diffusion is dramatically 

compromised beyond 100-150 µm distance to the blood vessel, leading to chronic 

hypoxia56–58. 

From a biological point of view, several features have been described in cells exposed to 

a hypoxic environment. It has been shown that intermittent hypoxia makes tumour and 

endothelial cells more resistant to apoptosis and radiotherapy. Moreover, cancer cells 

exposed to hypoxia are more aggressive and increase their ability in tumour initiation and 

metastasis. It has been also described that hypoxia may increase oxidative stress in 

tumours, what correlates with the effect known as re-oxygenation injury, that is 

consequence of the fluctuating levels of oxygen, and results in an increase of free radicals, 

tissue damage and activation of stress–response genes57,58.  

Generally, most solid tumours preserve hypoxic areas throughout disease progression, 

selecting for aggressive malignant cells that can survive the ischemic stresses of the adverse 

tumour microenvironment. This results in a clonal selection of hypoxia-resistant cancer 

cells, as well as DNA damage, resistance to chemotherapy and radiotherapy, and an 

increased likelihood of metastasis. Beyond HIFs dependent-response, reactions to 

decreased O2 levels involve changes in the epigenome, non-coding RNAs, the metabolome, 

signalling pathways, and biochemical reactions to ensure cell survival during hypoxic 

stress59. 

In addition to this, in the absence of oxygen, the DNA damage produced by the free 

radicals is reduced restoring the DNA to its original form and allowing cell survival60. The 

survival of these cancer cells permits the tumour to proliferate and metastasize as the 

Figure Intro. 5. Tumor-associated blood vasculature. (Marco B. Schaaf et al., 2018249) 
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disease progresses. Also, different sub-populations of cancer cells which are able to resist 

conventional radiotherapy, are capable of metastasizing to distant sites and possess stem-

cell like features, has been identified. This subset is known as cancer stem cells (CSCs)61. 

The existence of Breast Cancer Stem Cells (BCSCs) has been well documented since 

their first identification and isolation in BrCa by Al-Hajj et al.62. The subset of BCSCs were 

identified by FACS as a population of cells with a CD22-/CD44+ expression profile, that were 

able to recapitulate the primary breast tumour in immunodeficient mice when as few as 100 

of the CD22-/CD44+ cells were xenografted. Subsequently, there have been numerous 

investigations that have further defined the BCSC population based on their expression of 

markers, including the positive expression of CD133, epithelial surface antigen (ESA), and 

aldehyde dehydrogenase (ALDH) 163,64. 

Cancer is caused by the accumulation of multiple and consecutive genetic alterations 

together with the evolving crosstalk with the surrounding microenvironment65. In the past, 

the influence of microenvironment has been mostly ignored by cancer biologists, that is 

why, they routinely used two-dimensional (2D) cultures for studying the mechanisms 

involved in this disease. The development of three-dimensional (3D) cultures that 

incorporate multiple physical, mechanical, and chemical cues from the extracellular matrix 

(ECM) is crucial to get closer to the real situation and continue moving forward. They re-

establish tumour architecture shape, principally cores that contain quiescent and hypoxic 

cells. Remarkably, it has been demonstrated that they exhibit higher anticancer drug 

resistance as compared to classical 2D cultures, as well as a better mimicking of the in vivo 

situation66,67. However, this model presents important limitations, since cells grow as 

independent cellular aggregates and show reduced interactions with extracellular milieu. 

3.1. Adaptation mechanisms to hypoxic stress: transcriptional and post-

transcriptional events 

3.1.1. Transcriptional changes 

Hypoxia transcriptionally induces a robust set of genes controlled by HIFs. The vast 

majority of oxygen-sensitive genes are in fact direct HIF targets68. Specifically, cellular 

responses and adaptation to hypoxia are mediated partially through the activation of the 

HIF-1 signalling pathway. HIF transcription factors are heterodimers that comprise two 

subunits, a hypoxia inducible-expressed HIF-1α, and a constitutively-expressed HIF-1β 

subunit, also known as aryl hydrocarbon receptor nuclear translocator (ARNT), which 

belongs to the PER-ARNT-SIM (PAS) subfamily of the basic helix-loop-helix (bHLH) family 

of transcription factors69,70. Their structures are similar and both contain the following 

http://en.wikipedia.org/wiki/Basic_helix-loop-helix
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domains: a N-terminus bHLH domain, a central region with a PAS domain and a C-terminus. 

Regarding its functionality, the bHLH domain mediates DNA-binding, PAS and bHLH 

domains mediate heterodimerization and the C-terminal regions are responsible for the 

recruitment of transcriptional co-regulatory proteins71.  

Under normal oxygen conditions, HIF-1 is continuously synthesized and rapidly 

degraded by the ubiquitin-proteasome system. For its degradation, HIF-1α is hydroxylated 

by prolyl hydroxylases (PHDs) on two proline amino acid residues (P402 and P564) located 

in the oxygen-dependent degradation domains (ODDDs) 72. The prolyl hydroxylation results 

in an increase of the affinity of von Hippel-Lindau tumour suppressor protein (VHL) for HIF-

1α, promoting its ubiquitination by VHL and its subsequent proteasomal degradation. 

Additionally, there is one more hydroxylation in one C-terminal asparagine residue (N803) 

in the transactivation domain by the asparaginyl hydroxylase termed factor inhibiting HIF-

1 (FIH-1). FIH-1 hydroxylation avoids the recruitment of p300/CBP (CREB binding protein) 

and the subsequent transactivation of HIF target genes. Under hypoxic conditions, the 

activity of PHDs and FIH-1 is reduced, as a consequence of their requirement of molecular 

O2 as a co-substrate. HIF-1 is stabilized, accumulated, and it translocated to the nucleus, 

where it dimerizes with HIF-1 and associates with co-activators, such p300/CBP73. HIF 

binds to target genes, specifically to the hypoxia response elements (HREs) located in their 

promoters. Under these conditions, HIF is able to modulate the transcription of many 

hypoxia-responding genes, involved in several biological functions including angiogenesis 

(e.g. vascular endothelial growth factor (VEGF)), pH regulation (e.g. carbonic anhydrase 9 

(CA9)), and cellular metabolism (e.g. lactate dehydrogenase-A (ALDH))74,75.  

3.1.2. Translational changes: Adaptive protein synthesis in hypoxia 

Although the transcriptional components of the response to hypoxia have been studied 

reasonably well, changes in protein synthesis rates under low oxygen have been less well 

characterized. It might be said that the main goal of the negative regulation of translation is 

to suppress costly energy processes, such as "unnecessary" protein synthesis, and also to 

prevent the accumulation of stress-induced unfolded and/or misfolded proteins. 

Exposure to hypoxia involves a fast and continued inhibition of mRNA translation, 

basically by direct inhibition of the initiation step. The rate of protein synthesis is reduced 

by 60-70% within 1 hour of hypoxic exposure, and quickly returns to state levels after O2 

reintroduction. During longer hypoxia exposures where mRNA translation remains 

significantly repressed for up to 24 hours, the maximal inhibition occurs in approximately 

2 hours followed by a small recovery after 4 hours76. 
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Under physiological conditions, eukaryotic initiation factor 2 (eIF2) promotes 

translation initiation in its un-phosphorylated form; but in the context of O2 depletion, the 

endoplasmic reticulum (ER) resident kinase PERK phosphorylates eIF2α with the 

consequent suppression of mRNA translation initiation, involving an effect in global protein 

synthesis that limits the detrimental effects of proteotoxicty. In addition, hypoxia negatively 

regulates mTOR. There are two possible independent mechanisms to do so: first, hypoxia 

inhibits mTOR by an increase in AMP, which leads to the activation of AMPK77; and second, 

HIF-induced gene DNA damage response 1 (REDD1) activates the TSC complex, resulting in 

mTOR inhibition and involving a more direct link between HIF and mTOR78,79. Both cases 

end up in direct phosphorylation of TSC2/1 complex and subsequent mTOR inhibition and 

thus, effects on mTOR targets result in the regulation of translation in cancer cells80. This 

mTOR inhibition, maintains eIF4E bound to 4E-BPs, resulting in the inhibition of eIF4F 

assembly and decreased global translation rates. Interestingly, prolonged hypoxic exposure 

activates an alternative eIF2α mTORC1-independent pathway, which maintains translation 

repression, where eIF4F complex breakdown results in eIF4E becoming sequestered in the 

nucleus by its transporter 4-ET59.  

During hypoxia events, not only translational inhibition occurs, in parallel, translation 

of certain transcripts that encode proteins vital for survival in hypoxic environments is 

enlarged, in order to allow adaptation of cells to this stressful situation. Consequently, 

hypoxic control of mRNA translation undoubtedly influences individual gene expression 

and contribute to the hypoxic phenotype. The phosphorylation of eIF2α by PERK, not only 

results in translational attenuation, but it specifically promotes the translation of the 

activation transcription factor 4 (ATF4), a significant mediator of the unfolded protein 

response; and it plays an important role regulating other genes including CHP and GADD34, 

particularly important for preventing oxidative stress and apoptosis, respectively81,82.  

Importantly, there are some mRNAs that need to overcome the translation repression 

induced by hypoxia, obviously including those encoding mediators of hypoxia such as HIF- 

responsive genes, whose mRNA contains reverse hypoxia response elements (rHREs). Low 

oxygen levels stimulate the formation of a complex including HIF2α. HIF2α, apart from its 

function as a transcription factor, is a component of a cap-dependent translation initiation 

complex. This complex is composed by RNA binding motif protein 4 (RBM4) and eIF4E2 

(eIF4E homolog) and assembles at these rHREs to promote translation initiation. Hypoxia 

also promotes formation of hypoxia-specific eIF4F complex (eIF4FH) that binds rHREs. O2 

levels influence in the composition of the eIF4F complex, switching from eIF4E-eIF4A-eIF4G 

to eIF4E2-eIF4A-eIF4G3, which selectively recruits, with higher efficiency, mRNAs 
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regulated by HIF to the ribosome for translation, independently of the overall cellular 

transcription competency59,75. 

Another mechanism for selective hypoxia-responsive mRNA translation involves direct 

binding at IRES encoded in the 5′UTR of some specifics mRNAs such as VEGF, eIF4G and 

MYC83–85. 

In addition to these translational methods of HIFα regulation, non-coding RNAs also 

play an important role in mediating cellular response to hypoxia. Some of the most well-

known non-coding RNAs in hypoxia are micro-RNA-429 (miRNA-429) and micro-RNA-210 

(miRNA-210). These two miRNAs have been demonstrated to directly bind to the 3′ UTR of 

the HIF1α gene, in the end reducing the expression of HIF1α. At the same time, these 

miRNAs are also target genes of HIF1α, generating a negative feedback loop of HIF1α 

expression in hypoxia. HIFs can be also regulated by hypoxia-responsive long non-coding 

RNA (HRL). HRLs have a notable impact in hypoxic cancers as they have been associated 

with increased tumorigenesis, ionizing radiation therapy resistance and metastasis. HRLs 

are transcriptional targets of HIFs and unlike miRNAs, create a positive feedback by 

stabilizing them86. 

In summary, hypoxia induces elevated levels of 4E-BP1 resulting in the inhibition of 

canonical mRNA translation. Collectively, it results in an adaptive tumour cell response, 

thereby promoting a switch to the non-canonical protein synthesis pathway by several 

routes and mechanisms. That is why focus on the research of those fine-tuning 

translationally activated factors upon hypoxia conditions, can be the key to break down the 

malignant effects that hypoxia triggers during tumorigenesis.  
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4. Metastasis 

Metastasis is a multistep process, illustrated in Figure Intro. 7, which consists in several 

steps that all need to be completed successfully to form a metastatic tumour. Cancer cells 

have developed the ability to disseminate from the primary tumour, being able to travel 

through the blood and lymphatic system to distant sites in the body where they can form 

new colonies87,88. First of all, cancer cells need to cross the basal membrane in order to 

invade the adjacent stroma, a process called localized invasion. During the following step, 

intravasation occurs and cancer cells enter into the blood and lymphatic vessels. Once in the 

circulation, tumour cells can adhere to larger blood vessels and extravasate into nearby 

tissues through paracellular or transcellular migration, giving place to the formation of 

micro metastases in the target tissue when the tissue microenvironment is favorable89. 
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Figure Intro. 6. Mechanisms of hypoxic adaptations. Hypoxia can induce (1) ER stress with the 
consequent inhibition of eIF2α by PERK, and in parallel the activation of ATF6, to initiate responses to 
restore ER homeostasis. Upon activation, PERK phosphorylates eIF2α to decrease general peptide 
translation and promote the expression of transcription factor ATF4. Activation of the UPR alleviates 
the burden of misfolded and/or unfolded proteins, while translation inhibition decreases energy 
expenditure. (2) Hypoxia also negatively regulates mTORC1 activity resulting in a negative regulation 
of translation initiation by controlling the formation of the mRNA cap-binding eIF4F complex. (3) In 
addition, hypoxia also promotes nuclear sequestration of eIF4E by its transporter, 4-ET. (4) Elongation 
of mRNA translation is also controlled during hypoxia by modulating the activity of eEF2K, an inhibitor 
of eEF2. (5) Translation termination is negatively regulated by hypoxia due to decreased hydroxylation 
of eRF1 by JMJD4. (6) Some mRNAs overcome the translation repression induced by hypoxia, including 
those encoding mediators of hypoxia. Hypoxia-responsive mRNAs contain rHREs. Low oxygen 
stimulates the formation of a complex including HIF2α, RBM4 and eIF4E2 that assembles at these rHREs 
to promote translation initiation. (7) Hypoxia also leads to the formation of eIF4FH that binds rHREs. 
(8) Selective hypoxia responsive mRNA translation can also occur by direct binding of ribosomes to 
IRES sequences of certain mRNAs. (Pearl Lee et al., 202059). 
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Finally, colonizer cancer cells may begin to proliferate and form a secondary tumour, a 

process known as colonization87,90,91. 

4.1. Epithelial-Mesenchymal Transition (EMT) 

Epithelial-Mesenchymal Transition (EMT) is the process by which an epithelial cell 

shifts to a more mesenchymal phenotype92,93. A wide range of cellular events occurs during 

this process, which includes increased resistance to apoptosis, loss of apico-basal polarity, 

dissociation of cell adhesion junctions (cell-cell and cell-basal membrane junctions) and an 

important architectural reorganization of the cytoskeleton. These events are associated 

with the synchronized upregulation of mesenchymal markers and downregulation of 

epithelial markers. At the phenotype level, this acquisition of mesenchymal properties 

basically leads to an increase in cell motility94. Because of cellular plasticity, EMT can be 

recapitulated to the reverse of this process, Mesenchymal-Epithelial Transition (MET), 

which is associated with a loss of this migratory capacity, apico-basal polarization and 

expression of the junctional complexes that are hallmarks of epithelial tissues95. 

4.1.1. EMT in cancer 

It is thought that EMT is activated in cancer cells in order to allow its dissociation from 

the primary tumour and its intravasation in the blood vessels (Figure Intro. 7). However, 

the impact of EMT on cancer progression and patient survival is still far from being fully 

understood. Although many in vitro models have been used to detect EMT, the lack of 

evidence of EMT in clinical cancer samples has questioned its relevance during cancer 

progression95. It is important to keep in mind that EMT is considered a transient and non-

homogeneous event and a tumour specimen represents only one particular instant, 

Figure Intro. 7. Metastatic cascade. Metastasis is a multistep process. (Laura 
Gómez-Cuadrado et al., 201789) 
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highlighting the need to view EMT as a spectrum of intermediate states. This, added to the 

difficulty to distinguish cancer cells with mesenchymal properties from other mesenchymal 

cells within the tumour stroma, has been a subject of controversy. Paying attention to the 

invasive front, cancer cells, which spread from the tumour mass to the adjacent stroma, can 

be detected expressing both epithelial or mesenchymal markers96,97. By contrast, the main 

tumour bulk remains largely epithelial. So, the most likely situation in vivo is an EMT 

gradient from full (invasive front) to partial or even absent (tumour mass), reflecting the 

intrinsic heterogeneity of tumour cells and tumour microenvironment when compared with 

the relative homogeneity of cell culture models95. Importantly, this spectrum of 

intermediate states is also observed when the cells arrive to destination, just after cell 

extravasation, where there is usually a reversion to the epithelial phenotype, recovering 

epithelial phenotype through undergoing MET94. 

4.1.2. TGF-β Pathway  

It is broadly documented that Transforming Growth Factor Beta (TGF-β) plays central 

roles in carcinogenesis98,99. Interestingly, it plays a dual role during this process acting as a 

tumour suppressor and as a tumour promoter. As a tumour suppressor, in normal epithelial 

cells, it inhibits tumorigenesis by inducing growth arrest and apoptosis. It also regulates cell 

differentiation, senescence, adhesion, and motility99. As a tumour promoter, since tumour 

cells are known to be resistant to TGF-β anti-mitogenic effects, it leads to tumour cell 

migration and stimulates EMT, increasing the expression of mesenchymal markers, such as 

N-Cadherin and vimentin, and reducing the expression of epithelial markers, such as E-

Cadherin. Immunostaining analyses have demonstrated a correlation between TGF-β 

expression and metastasis in breast, colon and prostate cancer. Moreover, the intensity of 

TGF-β staining in invading lymph node metastases has been observed to be higher in breast 

and colon cancer metastasis than in the primary tumours100,101. 

TGF-β ligands bind to TGF-βRII dimers, which in turn recruit a dimer of TGF-βRI forming 

an hetero-tetrameric complex. Then, the receptor rotates in such a way that their 

cytoplasmic region is oriented towards a catalytically favourable conformation. TGF-βRII 

trans-phosphorylates the serine residues of TGF-βRI, resulting in its activation and the 

subsequent binding, phosphorylation and stimulation of the latent transcription factors 

SMAD2 and SMAD3. TGF-βRIII also contributes to this process as a co-receptor that 

increases the binding of ligands to TGF-βRII98,99. Once activated, SMAD proteins shuttle to 

the nucleus forming a complex with SMAD4, a binding partner common to all SMAD 

isoforms98,99. This SMAD-dependent pathway is also known as Canonical TGF-β pathway 

(Figure Intro. 8).  
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Although SMAD proteins are fundamental for TGF-β driven cellular responses, there 

are numerous signalling processes stimulated by TGF- β that occur independently of them, 

they are known as non-canonical TGF- β signalling and complement SMAD-dependent 

actions. Factors such as tumour necrosis factor (TNF), receptor associated factor 4 (TRAF4), 

TRAF6, TGF-β-activated kinase 1 (TAK1), p38 mitogen-activated protein kinase (p38 

MAPK), p42/p44 MAPK, RHO, phosphoinositide 3-kinase PI3K/AKT, extracellular signal 

regulated kinase (ERK), JUN N-terminal kinase (JNK), or nuclear factor-kB (NF-kB) act by 

supporting or mitigating TGF-β downstream cellular responses.  

Cells under EMT not only lose apical-basal cell polarity, but also gain spindle-shaped, 

fibroblast-like morphology distinctive for mesenchymal cells. These phenotypic changes 

are the result of molecular changes, basically based in the loss of E-Cadherin expression 

together with other components of epithelial cell junctions. As a substitute, they generate a 

mesenchymal-like cell cytoskeleton and acquire motility and invasive properties. All the 

orchestra is driven by a set of transcription factors including the zinc-finger proteins SNAIL 

and SLUG, the bHLH factor TWIST, the zinc-finger/homeodomain proteins ZEB-1 and -2, 

and the fork head factor FOXC398. 

Cell junction complexes are also regulated by TGF-β and thus can be regulated by 

SMAD-dependent and SMAD-independent events. SMAD-mediated expression of HMGA2 

induces expression of SNAIL-1/2 and TWIST. TGF-β also upregulates integrin-linked kinase 

(ILK), increasing cellular motility. Moreover, expression of integrins (e.g., α5, αv, β1, β3, β5), 

which bind the ECM, is also enhanced by TGF-β. As a result of this binding, there is an 

induction of TGF-β production that leads to a feed-forward loop between tumour cells and 

ECM102. Cooperatively, these phenotypic and morphologic changes collaborate to convert 

Figure Intro. 8. TGF-β SMAD-dependent and –independent signaling. (Constanza Brunella et 
al., 2017250) 
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steady multicellular epithelial tissue into highly mobile, independent cells ready for 

invasion and metastasis. 

4.2. Intercellular communication 

Intercellular communication between cancer cells and other nearby cells within the 

tumour microenvironment plays a major and well-established role in tumour development. 

Tumours are not isolated entities, they contain infiltrates of stromal cells, normal cells from 

the tissue of origin, and vascular and immune cells, all of them embedded in an ECM 

containing various connective tissue structures, as well as growth factors, cytokines and 

chemokines, extracellular vesicles (EVs), metabolites and nutrients, electrolytes, oxygen, 

etc. All these molecules can either promote or inhibit tumorigenesis, depending on the 

situation of the tumour microenvironment and their effect on cell activation status103–105. At 

early stages of tumorigenesis, the microenvironment displays anti-tumour activity in order 

to control tumour growth. As the tumour keeps on developing, the leading role of the 

microenvironment shifts over to be tumour promotive, providing mitogenic growth factors, 

trophic factors or blocking growth inhibitory signals. These heterotypic interactions may 

occur through direct contact between cells or paracrine signal exchange of intracellular 

material106,107, signals that can be mediated by soluble factors and/or EVs. Although studies 

have been mainly focused on soluble factors, showing how chemokines and cytokines 

produced in the tumour are mostly responsible for changes in cancer and stromal cells, 

accumulated pieces of evidence point towards the contribution of another mode of cell 

communication involving EVs in cancer progression104. 

4.2.1. Extracellular vesicles-dependent intercellular communication 

EVs have become important players in intercellular communication within the 

tumour microenvironment, metastasis and drug resistance. They can influence either local 

sites, close to their place of production, or they can be directed to distant sites108–110. EVs 

can transport biomolecules, modulate changes in signalling pathways, regulate maturation 

and differentiation, and induce genetic changes in cells. It is known that EVs have the same 

topology than the cell they are originated from.  

Following the idea that they are present in biological fluids, added to their relative 

stability and their resistance to proteolytic and nuclease activity, together with their ability 

to carry out the transfer of a variety of molecules, tumour-derived EVs are perfect actors to 

take into account in the liquid biopsy field. Current research has focused on their 

characterization in different cancer types and their potential for multicomponent 

analyses111,112.  
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Cancer-associated fibroblasts (CAFs) are known to be another important central 

point in EVs-related cancer progression. On the one hand, it has been described how EVs 

promote activation and reprograming of fibroblast toward the phenotype of CAF, triggering 

the support of tumour growth and the establishment of a favourable tumour 

microenvironment. On the other hand, EVs secreted by CAFs can increase cell motility and 

invasiveness promoting EMT activation in surrounding cancer cells113–116. 

In recent studies, tumour-derived EVs have been demonstrated to play an important 

role in pre-conditioning future metastatic sites. EVs derived from metastatic melanoma cell 

lines were found to localize in vivo at the site of future metastasis and to educate the site 

towards a pro-metastatic phenotype via the upregulation of hepatocyte growth factor 

receptor (HGFR) also known as MET108. Similarly, it was shown that EVs containing 

Macrophage Migration Inhibitory Factor (MIF) primes the liver for metastasis and may be a 

prognostic marker for the development of Pancreas Ductal Adenocarcinoma (PDAC) liver 

metastasis109. 

Finally, concerning evasion of immune recognition by cancer cells, several studies 

have confirmed tumour derived-EVs to be immunosuppressive and to induce apoptosis of 

T cells by delivery of FasL and TNF-related apoptosis-inducing ligand (TRAIL)116–118. 

4.2.2. Extracellular vesicle biology 

EVs are an heterogeneous group of secreted membranous vesicles including apoptotic 

bodies, microvesicles, ectosomes, and exosomes119, although it is worthy to note that the 

classification of EVs is continuously growing as a consequence of the novelty in the field120. 

Ectosomes are vesicles generated by the direct outward budding of the plasma membrane, 

which produces microvesicles, microparticles, and large vesicles in the size range of ~50 

nm to 1μm in diameter. By contrast, exosomes have endosomal origin and comprise a size 

range of ~40 to 160 nm in diameter (~100 nm on average)121. However, the mechanisms 

underlying their biosynthesis, release from donor cells, and uptake into target cells remain 

poorly understood. Exosomes are of particular interest in EVs-biology because their 

formation implicates a complex intracellular regulatory process that likely determines their 

composition, and possibly their functions, once secreted into the extracellular space121. 

Once released from the donor cell, these vesicles induce cell signalling, either by interacting 

with target cell-surface proteins or by being internalized into the receiving cell119,122. 

Exosomes are a highly heterogeneous population that is known to have distinct abilities to 

induce complex biological responses. This complexity is based on the basis of their size, 

content (cargo), functional impact on recipient cells, and cell of origin (source). Distinct 
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combinations of these features give rise to differences among exosomes highlighting the 

heterogeneity of this population of EVs (Figure Intro. 9)121. 

4.2.3. Exosomes uptake 

The questions surrounding the function of exosomes are mostly focused on 

understanding the destiny of their components and the phenotypic and molecular changes 

that they induce on receiving cells. Many and largely distinct mechanisms and pathways 

associated with exosome uptake have been described119,123 and the putative specificity of 

exosomes for certain cell types, add complexity to the function of exosomes and its 

relevance in intercellular communication121. 

To enable communication, it is essential for the exosomes to dock on the plasma 

membrane and engage with surface receptors, which in turn activate other molecules on 

the surface and trigger rapid downstream signalling, uptake, or fusion with the recipient 

cell membrane. The uptake is currently the less understood step in vesicle-based 

Figure Intro. 9. Identity and the heterogeneity of EVs and exosomes. 
(Adapted from Kalluri et al., 2020121) 



Introduction 

26 
 

intercellular communication, and proposed mechanisms range from passive membrane 

fusion to active uptake via: 1) general mechanisms: macropinocytosis, phagocytosis, lipid 

raft-dependent, and 2) alternative mechanisms: caveolin-/clathrin-dependent or 

independent endocytosis pathways124–129. All these mechanisms are still incompletely 

understood but everything seems to indicate that both, the particle size and cell type, play 

a crucial role in determining specific exosomes behaviours. Because of the low size of the 

caveolae, its endocytosed material tends to be minor than 60 nm, while clathrin-involved 

mechanisms are able to internalize particles up to 120 nm. This size restriction in terms of 

uptake may point out functional differences depending on exosome size128. Moreover, it is 

still unknown whether a different mode of exosome uptake by recipient cells results in 

distinct localization, degradation, and/or functional outcomes of the exosomal constituents. 

Previous to internalization, it is essential for the EV to recognize and dock with the 

cellular membrane. Heparan Sulfate Proteoglycans (HSPG) are plasmatic membrane 

receptors binding a variety of ligands through their Heparan Sulfate (HS) chains. These 

receptors participate in many different activities in cells and tissues including ligand-

receptor clustering and signalling, endocytosis and trafficking of cytoplasmic vesicles, 

cytoskeletal dynamics, cell adhesion and motility, basement membrane organization, 

chemotactic gradient formation, and cell-cell cross talk. Many studies have described HSPGs 

as "co-endocytosis receptors," which internalize structures by transferring ligands to other 

receptors or by forming a complex that takes the ligand into the cell. HSPGs can be directly 

tied to exosomes, facilitating extracellular interactions. It is important to note that the 

location of HSPG is essential to its impact on exosomes uptake. It has been shown that the 

treatment of different cancer cell lines with both heparin, a highly-sulfated 

glucosaminoglycan that mimics heparin sulfate, or with heparinase, an enzyme that 

specifically acts on HSPG proteins, effectively regulates exosomes uptake, rather than the 

direct treatment of exosomes130–132. HSPGs receptors inhibition do not completely abolish 

exosomes uptake, indicating it is not the only functioning mechanism involved in this 

process128. Interestingly, very similar mechanisms have been described for virus 

endocytosis133,134, which begins when viral membrane glycoproteins bind to glycoprotein 

attachment factors, such as HSPGs, on the target cell surface, supporting the hypothesis that 

this mechanism may be also occurring in EVs, with virus-comparable size. 

After the uptake, several studies have proposed that exosomal cargo can be 

transferred to recipient cells; however, the fate of exosomes and their cargo in recipient 

cells leftovers incompletely understood. Tracking of fluorescent purified exosomes revealed 

that exosomes that enter cells through filopodia are transferred to endocytic vesicles and to 
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the endoplasmic reticulum and then targeted to lysosomes for degradation in fibroblasts. 

Other studies exhibited how labelled fibroblast-derived exosomes co-localize with 

mitochondria in BrCa cells. What looks clearer is that exosomes or exosome subpopulations 

may not be trafficked in the same way in all cell types. Further studies could offer a critical 

understanding of the fate of exosomes and how this ultimately influences acceptor cell 

behavior121,135. 

4.2.4. Exosome biogenesis 

Biogenesis is the main source of differences among vesicle subtypes, while 

microvesicles and ectosomes bud from the plasma membrane, exosome formation begins 

on early endosomes (EE). EE formation occurs after the invagination of the plasma 

membrane and it is followed by the formation of intracellular multivesicular bodies (MVBs) 

through the invagination of the endosomal membrane and formation of intraluminal 

vesicles (ILVs)136,137, which later will give rise to exosomes. Ultimately, exosomes are 

released by the fusion of ILVs with the plasma membrane107,123,138. The first invagination of 

the plasma membrane forms a structure that includes cell surface proteins and molecules 

associated with the extracellular medium (Figure Intro.10). This leads to the de novo 

formation of an early-sorting endosome (ESE). In some cases, it may directly merge with a 

pre-existing ESE, with material originated from the endoplasmic reticulum (ER), trans-Golgi 

network (TGN), and mitochondria. ESEs can mature into late sorting endosomes (LSEs) and 

eventually generate MVBs through the second invagination of the endosomal limiting 

membrane in the LSEs. It is at that point, when proteins that were originally from the cell 

surface could be distinctly distributed among the ILVs contained in the MVB, which will give 

rise to exosomes. Then, the MVB can either fuse with lysosomes or autophagosomes to be 

degraded or can be fused with the luminal side of the plasma membrane in order to release 

the contained ILVs as exosomes (Figure Intro. 10)121,138. Several proteins are known to be 

involved in exosome biogenesis, including RAB GTPases, ESCRT proteins, syntenin-1, ALIX, 

syndecan-1, TSG101, as well as others that are also used as markers for exosomes 

(tetraspanins, phospholipids, flotillin, SNARE, integrins, and ceramides). Loss- and gain-of-

function assays involving RAB and ESCRT proteins have provided evidence about the 

regulation of exosomes biogenesis, highlighting the crucial role of these proteins in this 

process, specifically during the formation of ILVs121,136,139,140. 
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4.2.5. Exosome heterogeneity 

The heterogeneity of exosomes is a reflection of their size, content, functional impact on 

recipient cells, and cellular origin (Figure Intro. 9). In addition to this, it is lately raising the 

idea that exosome uptake and secretion pathway as well as exosome biogenesis may be 

interconnected, resulting in net production of a mixed population composed of both 

endogenously produced and recycled exosomes (Figure Intro. 11). 

Exosomes can directly enter cells by different mechanisms, as explained above (Figure 

Intro. 11; red) and in parallel, they can also be generated de novo by the cells through the 

endocytic pathway (Figure Intro. 11; blue), meaning exosomes are continuously being 

generated and taken up by cells. Those that are taken up may get degraded by lysosomes or 

fuse with pre-existing ESEs, which already contains de novo exosomes previously generated. 

It is more than likely that they can be secreted as a mixture of the de novo generated and 

internalized exosomes (Figure Intro. 11; red and blue), however, it is still unknown if the 

release of both, endogenously generated or acquired exosomes, occurs at the same time or 

separately. Computing the rate of exosome production is challenging as a result of the 

Figure Intro. 10. Biogenesis of exosomes. (Adapted from Kalluri 
et al., 2020121) 
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dynamic of the process, derived from the de novo production and uptake of external 

exosomes by any given cell type121. 

5. Integrins 

Integrins, the main cell adhesion receptors for ECM components, constitute a family 

of transmembrane proteins that form a bidirectional hub transmitting signals between cells 

and their environment141. Until twenty-four different transmembrane heterodimers can be 

generated, in a stable non-covalent manner, from a combination of 18α and 8β integrin 

subunits within the endoplasmic reticulum, which following post-translational modification 

in the Golgi apparatus are able to perform their numerous functions. The extracellular 

domain of these resultant integrins shows a strong affinity for ECM proteins, including 

fibronectin, vitronectin, collagen, and laminin. After binding to ECM and consequent 

integrin’s clustering, these integrins also trigger signal transduction pathways through their 

intracellular domain. It results in a cascade activation that regulates a wide variety of 

processes including cell growth, survival, cell division, and migration. Due to the huge range 

of mechanisms where integrins are involved with, dysregulated integrin-mediated adhesion 

and signalling is a precursor in of pathogenesis in many human diseases, including bleeding 

disorders, cardiovascular diseases and cancer. 

Figure Intro. 11. Exosome internalization and biogenesis may be interconnected: 
Heterogeneity of exosomes. (Adapted from Kalluri et al., 2020121) 
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5.1. Integrin structure and family 

Integrins act as heterodimers, consisting of an α and a β subunit. Each subunit has a 

large (700-1000 aas) NH2-terminal extracellular domain, a single membrane-spanning 

domain, and a generally short and unstructured cytoplasmic domain (13-70 aas), as well as 

flexible linkers between them. Unlike the remarkable homology between the β cytoplasmic 

tails, with the exception of β4, there is a huge divergence regarding α cytoplasmic tails, 

excepting for a conserved GFFKR motif next to the transmembrane region, a crucial point 

for association with the β tail142,143. 

It is important to remark the great specificity of these subunits (α and β) in the 

binding to cytoskeleton and signalling proteins. Specifically, NPxY motif, found in the vast 

majority of β tails, contains a potentially binding site to a wide variety of cytoskeletal and 

signalling proteins that contain a PTB-domain. Phosphorylation of tyrosine residues in the 

NPxY motif may denote a manner of regulation of integrin interaction at the cytoplasmic 

face what allows the recruitment of proteins that bind cytoskeleton filaments. This way, 

cytoplasmic tails intercede in the essential integrin-mediator role between ECM and the 

intracellular space.  

There are four different types of integrins categorized according to which cell 

surface, ECM or inflammatory ligands they bind: 1) laminin receptors, 2) leukocyte-specific 

receptors, 3) collagen receptors, and 4) RGD receptors, which recognize the sequence 

Arginine-Glycine-Aspartate (RGD) found in several ECM proteins such as fibronectin, 

collagen, vitronectin, osteoponin, and thrombospondin (Figure Intro. 12)144. 

Integrins β1 and αv are the major subgroups. The first one can associate with all α 

subunits with the exception of αD, αM, αX, αL, αIIb, and αE. In the case of αv subunit, it can 

interact with at least five distinct β subunits including β1, β3, β5, β6 and β8, whereas the 

integrin β3 subunit can exclusively form heterodimers with αv and αIIb subunits.  
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5.2. The role of integrins: multidirectional integrin signalling  

A great variety of mechanisms have been reported as regulators of integrin function, 

including conformational changes, protein-protein interactions and trafficking. Integrin’s 

function mainly depends on two general factors, 1) a gentle balance between active and 

inactive receptors on the cell surface, and 2) spatiotemporal control of integrin activation. 

Tight regulation of this last one is key for efficient adhesion and cell motility since it is a 

highly dynamic process undergoing constant cycles of assembly and disassembly.  

Integrins-dependent signalling is characterized by its bi-directionality. Integrins 

processing includes the switch from inactive or close conformation, presenting low affinity 

for ECM ligands, to a fully extended or open form, where the integrin is active and capable 

of promoting downstream signalling and cellular responses following ligand engagement. 

Through “inside-out” signals, an intracellular signal promotes the binding of proteins such 

as talin and kindlin to the β tail, what results in the switch of the receptor into an extended 

conformation with a high affinity for ECM ligands, eliciting the receptor-like role of the 

integrins. Then, additional junctions between the ECM and integrin, in turn, generates 

“outside-in” signals that recruit protein complexes, consisting of scaffolding/adaptors 

molecules, kinases, and phosphatases that regulate cell behaviour. This outside-in signal is 

heterodimer-dependent and context-dependent, but typically involves recruitment and 

autophosphorylation of FAK with subsequent recruitment and activation of SRC. Other 

processes secondly involved are RAS-MAPK and PI3K-AKT signalling pathways (Figure 

Intro.13), as well as the regulation of small GTPases of the RHO family145–149.  

Figure Intro. 12. Integrin families. Reported 
pairing between integrin α-subunits and β-
subunits and the ECM ligand (or ligands) for 
each heterodimer (Adapted from Paulina 
Moreno-Layseca et al., 2019144) 
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On the other hand, spatiotemporal control is related to the trafficking of integrins, 

the mechanism by which cells regulate integrin-cell surface availability and 

distribution148,150. Integrins both active and inactive forms, are constantly endocytosed from 

the plasma membrane. Cycles of endocytosis and re-exocytosis (recycling) can control the 

availability of integrins. Almost all of the surface pools of integrins are cleared within a time 

period of around 30 minutes. The degradative turnover of integrins is slow (the half-life of 

surface-labelled integrins is 12-24 hours), and hence the majority of internalized integrins 

are recycled. 

Multiple distinct mechanisms are used by the cells for integrin-endocytosis from the 

cell surface, including micropinocytosis, clathrin-dependent and clathrin-independent 

routes. In all cases, integrins are transmitted to early endosomes. EEs are key organelles for 

the targeting of integrins to different recycling or degradation pathways, which is extremely 

dependent on the integrin heterodimer and cell type, as well as on the stimuli and the ECM 

composition. Independently of the route used by the cell, there are some common actors in 

both pathways that are able to act as regulators; including RAB and ARF family of small 

GTPases, implicated in each step of this process, FAK, Disabled-2 (DAB-2), Adapator-

complex 2 (AP2) and the GTPase Dynamin (DYN), involved in vesicle scission151,152. These 

last ones have been suggested to be related to endocytosis of ligand-bound active integrins 

during focal adhesion (FA) assembly and disassembly, crucial steps in integrin endocytosis.  

There is clear evidence that efficient kinetic, in terms of integrin trafficking, result 

crucial for the cell. This is way, kinetics regulation is known to be commonly altered in 

cancer, resulting in changes in the usual cell surface/endosomal pool ratios of the receptor. 

Furthermore, endocytosed integrins are not only important in terms of kinetics, they are 

also able to transmit intracytoplasmic “inside-in” signals either using the endosomes as a 

platform for integrin-mediated signalling153,154 or by enhancing the signalling of co-

trafficking growth factor receptors148,155. 

Regarding FAK signalling, regulation depending on integrins is not only secondary 

to their recruitment to FA areas after integrin-clustering (outside-in) (Figure Intro.13). 

There is a subtle regulation network of FAK signalling secondary to integrin trafficking. 

Alanko, J et al.153 showed that integrin-containing endosomes have the capacity to recruit 

and activate FAK on endomembranes153.This mechanism is a clear example of the 

functionality of integrins in subcellular locations other than plasma membrane adhesion 

sites. Another interesting point is how integrin endocytosis can be fine-tweaked by 

extracellular-initiated signals, mechanism sustained by the presence of extracellular 

molecules in endocytic vesicles together with the endocytosed integrin, confirming co-
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endocytosis. A clear example of this phenomenon has been described in fibroblasts; the 

binding of syndecan-4 to ECM molecule fibronectin triggers a signalling cascade that results 

in integrin endocytosis mediated by caveolin and DYN156. Thus, interactions and signals at 

the cell surface can be vital for triggering integrin endocytosis. 

In summary, integrins’s activity extremely depends on the recruitment of proteins 

to both cytoplasmic tails (inside-out) and extracellular domains (outside-in), to regulate 

their ligand binding affinity and establish a connection to the actin cytoskeleton, initiating 

intracellular signalling and even regulating their intracellular trafficking. Moreover, active 

integrins and integrin-dependent signalling complexes, alongside with ECM ligands, 

membrane receptors or kinase proteins found within endosomes, can trigger “inside-in” 

signalling, which is strongly dependent on integrin endocytosis (Figure Intro. 13)145. 

From a phenotypic point of view, all these mechanisms are translated in plenty of 

integrin-related processes. Much of the literature has associated this family to several 

mechanisms such as migration, invasion, cell survival, and adhesion. It is important to note 

that many other processes have been also associated with integrins, including viruses 

entrance, stemness, and epithelial plasticity. 

Integrins play a crucial role in cell biology by directly promoting proliferation or 

indirectly, by interacting with growth factor receptors. Due to their ability to interact with 

the ECM, integrins can either enhance cell survival or initiate apoptosis. In a cell in which 

most of the integrins are ligated with their ligands, a pro-survival pathway is maintained157–

160. Moreover, integrins have a clear role in motility as a mediator of the stability between 

adhesion molecules and cytoskeleton. It is very likely indeed that deregulation of migration 

can lead to the development of pathologies such as cancer, specifically, metastatic cancer. 

Figure Intro. 13. Multidirectional integrin signaling. (Adapted from 
Hellyeh Hamidi et al., 2018145) 
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Migrating cells are characterized by a polarized morphology. At the cell front, a structure 

called lamellipodium containing an actin network is related to stationary focal complexes, 

while at the rear, F-actin stress fibres are connected with inward sliding focal 

contacts. During migration, integrins are essentially stabilizing the lamellipodium through 

the building of a bridge between the actin cytoskeleton and the ECM or neighbouring cells. 

By anchoring the actin cytoskeleton to the ECM in cell-matrix adhesions, integrins are also 

required for the generation of propulsive forces. It is important to note that different 

integrins stimulate distinct ways of motility and cells may alter their motile behaviour by 

expressing different isoforms. 

In summary, actin polymerization in the direction of the attractant at the leading 

edge pushes the cell membrane forward and free integrins at the cell surface form new 

contacts with proteins in the matrix. On the other side, rear, old contacts with the ECM are 

broken, integrins are internalized and trafficked to the sites where new contacts with the 

matrix are formed, and actin is retracted towards the leading edge.  

Although the classical integrin functions are related to cell survival, cell migration, 

and cell adhesion, in the last times, it has been shown the contribution of integrins to several 

and striking mechanisms. Up to 20 different viruses, as well as other pathogens, have been 

found to use integrins as a cellular receptor. As it has been explained above, integrins can 

be internalized through several mechanisms, making this fact an interesting strategy for 

viruses entrance into the cell following the same routes than those described for integrin 

trafficking133,134. Another example of a non-classical integrin function is the role in stemness. 

Recent studies have revealed that integrin signalling drives multiple stem cell functions, 

including tumour initiation and epithelial plasticity149. Integrins have been proposed as 

markers of both normal progenitor and stem cell populations as well as markers of cancer 

stem cells.  

5.3. Integrins and cancer 

An extensive variety of integrins contribute to tumour progression, but because of 

integrin regulation, ECM composition, concomitant signalling from growth factor receptors, 

and pleiotropic functions together with their contribution to cancer may differ across 

different cancer types, stages and treatment, it is significantly complicated to associate a 

specific cancer-related phenotype to a given integrin. Despite the above, some crucial 

factors influencing cancer progression has been recognized in particular metastasis. 

Each cell type displays a specific range of integrins and this range changes according 

to the cellular or environmental input. In cancer, changes in the components of the ECM, in 
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response to growth factors or due to intracellular alterations such as activation of 

oncogenes, impact in this integrin’s variety (Table Intro. 2). Moreover, several studies have 

suggested that integrins on tumour cells are not only altered quantitatively but 

qualitatively, by changes at phosphorylation and/or glycosylation level, what disturbs the 

properties of the cytoskeletal and extracellular ligand-binding capabilities. The contribution 

of these alterations may influence both transformation and tumour progression. 

Table Intro. 2 Integrin expression in metastatic tumour cells compared to primary tumour cells. 
Cancer Type α1β1 α2β1 α3β1 α6β1 α5β1 αVβ3 α4β1 
Breast Up Down   Up Up  

Skin  Up Up Up  Down  

Ovary      Up Up 

Colon  Down   Up Up  

Kidney        

Lung  Down   Up   

Melanoma Up Up  Up Up Up  

Prostate      Up  

Pancreatic      Up  

Cervical      Up  

Glioblastoma      Up  

Adapted table from Antti Arjonen. (2013). Integrins on the move (Doctoral Thesis). University of 
Turku. Turku, Finland161. 

An additional level of regulation is related to the ratio of the receptors between the 

cell surface and endosomal pools. Cancer cells frequently present altered integrin 

endocytosis and recycling back to the plasma membrane. Recent studies have shed new 

light on the controversial ligation-dependent effects. There are evidence about how un-

ligated integrins can positively or negatively influence tumour cell survival, thereby 

affecting tumour growth and metastasis162. The establishment of more defined mechanisms 

by which integrins affect tumour cell survival both in the ligated and un-ligated states could 

be a crucial determinant of the efficacy of integrin antagonists in cancer. 

Integrins role in cancer does not finish in tumour cells themselves; they are also 

relevant on the surface of tumour-associated host cells. The tumour microenvironment is 

full of several host cell types, including endothelial cells, perivascular cells, fibroblasts, and 

inflammatory cells, contributing to tumour progression by modulating angiogenesis, 

lymphangiogenesis, desmoplasia, and inflammation. In line with this, and probably 

contributing to communication among all of these cell types, it has been demonstrated the 

role of integrins in cell-to-cell communication, not only acting as a co-receptor for growth 

factors or oncogenes but also as an important player for EVs biology. Specifically, integrins 

present in EVs have a functional role in priming the metastatic niche109,110. EVs released by 

cancer cells may support metastasis by contributing to the development of organ-specific 
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(pre)-metastatic niches through their capacity to transfer metabolites, proteins, and RNA to 

distant tissues. Extraordinarily, enrichment of integrins on the surface of cancer-derived 

EVs contributes to organ-specific targeting163. For example, α6β1 and α6β4 present in EVs 

surface secreted by cancer cells, have the ability to promote the cell tumour homing in the 

lung, while αVβ5 integrin-EVs, home preferentially to the liver108,110,163. Once there, EVs 

contribute to the creation of a pre-metastatic niche by inducing the expression of specific 

ECM proteins and pro-inflammatory factors, which allow the recruitment of inflammatory 

cells. 

In summary, integrins show an extraordinary biological role in the link of cells to 

counter-receptors on other cells and ligands in the ECM, what leads to changes in tumour 

cell behaviour and microenvironment status by the triggering of a variety of signal 

transduction pathways164. Integrin activation can also regulate ECM assembly and the 

polarity of migrating cells, in that way interceding tumour metastasis and non-tumour cell 

infiltration165. In consequence, microenvironmental influences on cell behaviour might be 

determined by the pattern of integrin expression on the cell surface80. Thus, integrins could 

be interpreted as the hub family of proteins that connects tumour cells and their 

surrounding microenvironment164. 

Figure Intro. 14. Integrin-dependent functions relevant to cancer. 
(Adapted from Begoña Alday-Parejo et al., 2019163) 
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A great variety of integrins contribute to tumour progression. In one hand, those 

integrins usually expressed by epithelial cells, the main source of many solid tumours, 

which includes α6β4, α6β1, αvβ5, α2β1 and α3β1; on the other hand, those integrins 

typically expressed at low or undetectable levels in most adult epithelia but that have been 

observed to be highly altered in some tumours, including αvβ3, α5β1, and αvβ6162. There is 

an abundant collection of literature supporting these integrin expression pattern 

alterations in a wide range of cancer types (Table Intro. 3). 

Table Intro. 3. Integrins in cancer progression. 
Tumour type Integrins expressed Associated phenotypes 
Melanoma αvβ3 and α5β1 Vertical growth phase and lymph node metastasis 

Breast 
α6β4, αvβ3, αvβ5 and 
αvβ6 

Increased tumour size and grade, and decreased 
survival (α6β4). Increased bone metastasis (αvβ3) 
and increased invasiveness of breast cancer cells 
(αvβ5). Associated with very poor survival and 
increased metastases to distant sites (αvβ6) 

Prostate αvβ3 and αvβ5 
Increased bone metastasis (αvβ3) and correlated 
significantly with the Gleason pattern (αvβ5) 

Pancreatic αvβ3 Lymph node metastasis 

Ovarian α4β1 and αvβ3 
Increased peritoneal metastasis (α4β1) and tumour 
proliferation (αvβ3) 

Cervical αvβ3 and αvβ6 Decreased patient survival 

Glioblastoma αvβ3 and αvβ5 
Expressed at the tumour-normal tissue margin. 
Possible role in invasion. Associated with a poor 
prognosis/decreased survival 

Non-small-cell 
lung carcinoma 

α5β1 
Decreased survival in patients with lymph node-
negative tumours 

HNSCC αvβ5 Lymphatic metastasis and angiogenesis 

Colon αvβ6 and αvβ3 

Reduced patient survival. Significantly associated 
with T stage and TNM stage (αvβ6) and correlated 
with poor differentiation and lymph node invasion 
(αvβ3) 

Adapted table from Jay S. Desgrosellier et al., 2010166 and H.T.A and Ahmedah (2015). Correlation 
between the expression of integrins and their role in cancer progression (Doctoral Thesis). 
Bradford, West Yorkshire, England. University of Bradford, England167. 

5.4. ITGB3 

Integrin Beta 3, also known as CD61, GP3A or GPIIIa, is a protein that in humans is 

encoded by the ITGB3 gene, localizes on chromosome 17 (GRCh38:17: 

47253827:47313743:1), and is one of the most broadly studied memberships of the 

integrin family. It contains 15 exons and spans 59.89 kb (Figure Intro. 15). Three isoforms 

produced by alternative splicing have been described and two more potential isoforms have 

been computationally mapped. Isoform beta-3A (P05106-1), isoform beta-3B (P05106-2) 

and isoform beta-3C (P05106-3) are tissue-specific, being isoform beta-3A expressed in 

osteoblast cells, and isoform beta-3C in prostate and testis. The beta-3A isoform is 

the canonical sequence. After mRNA processing and translation, the integrin undergoes a 

series of O- and N-glycosylations and post-translational modifications in the endoplasmic 
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reticulum and the Golgi apparatus. The primary structure of Integrin Beta 3 consists of a 

sequence of 788 amino acids and has a molecular weight of 87.058 KDa. For the secondary 

structure, about 13% of the chains are in the form of alpha helix and 29% in the beta lamina 

form. Another smaller part of the sequence (about 8%) is occupied by turns that change the 

direction within the sheets. The rest of the polypeptide chain corresponds to intrinsically 

disordered regions, which are very common in signalling proteins, such as integrins. Given 

that Integrin Beta 3 is a transmembrane protein, three parts can be distinguished: 

extracellular (the largest by far, consisting of about 692 amino acids), transmembrane (23 

amino acids) and cytoplasmic (47 amino acids). Transmembrane amino acids share the 

characteristic of hydrophobicity, which is essential to cross the membrane. Thus, it can be 

seen that valines, leucines, isoleucines, glycines and alanines predominate. In the 

extracellular part different regions and domains responsible for Integrin Beta 3 

functionality can be distinguised143,168–170. 

As an heterodimer, ITGB3 is constituted by two main forms, αIIbβ3 and αvβ3, both 

of which can selectively discriminate ligands containing an RGD tripeptide active site, like 

vitronectin and fibronectin142,164. αIIbβ3 integrin is highly expressed in platelets, where it is 

associated with the pathogenesis of Glanzmann thrombasthenia171 and its role in platelet 

tumorigenesis has been suggested 164,172,173. Besides, although αvβ3 integrin is expressed at 

low levels on resting epithelial cells, αvβ3 overexpression has been observed in angiogenic 

Figure Intro. 15. Integrin Beta 3 gene location, transcript and protein structure, based on the 
version GRCh38.p13 of the Human genome. 
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endothelial cells, as well as tumour cells, promoting invasion and migration in numerous 

malignant tumours174–178. Furthermore, ITGB3 is considered a robust prognostic factor 

concerning poor survival in non-small cell lung cancer, BrCa, cervical cancer, pancreatic 

ductal adenocarcinomas, T-cell acute lymphoblastic leukaemia and gliomas164,179–182. 

αvβ3, together with αvβ5, is probably the most prominent integrin involved in 

tumorigenesis. This is supported by a great variety of mechanisms that αvβ3 is somehow 

involved with. It has diverse central roles in malignant tumour progression and the 

reprogramming of the tumour microenvironment, which is reflected in the alteration of 

several biological processes such as metabolic reprogramming183,184, EMT185, endothelial to 

mesenchymal transition (EMT)186, stemness regulation, drug-resistant acquisition187,188, 

angiogenesis189,190, and stromal and immune microenvironment re-education164,191–195.  

In ovarian cancer, it has been shown that together with αvβ1, αvβ3 enhances 

proliferation via ILK and blockage of αv was observed to be sufficient to arrest cell cycle196. 

This regulation of cell proliferation has been supported in vitro, where TGF-β1 increased 

levels of αvβ3, as well as FGFR (Fibroblast Growth Factor Receptor) under expression of β3 

subunit context185. In BrCa cells, β3 integrin, together with SRC, facilitates TGF-β mediated 

induction of EMT197. As in this context αvβ3 expression depends on TGF-β induction, its 

expression was shown to be sufficient and necessary to activate SLUG, a well-known EMT-

inductor198.  

A similar example of crosstalk between αvβ3 and oncogenes has also been described 

in vascular endothelial cells. Recruitment of SRC by VEGFR2 triggers αvβ3-SRC crosstalk 

resulting in conformational changes and phosphorylation modifications that promote an 

increase of β3-VEGFR2 complex formation162. SRC kinase phosphorylates two tyrosine 

residues in the cytoplasmic domain of β3 integrin (Y747 and Y759) which are necessary for 

the interaction between the two receptors, β3 integrin and VEGFR2199.This may be the 

explanation for the increased levels of VEGFR2 in ITGB3-/- mice that leads to an increase in 

angiogenesis. Another scenario where ITGB3 is influenced by VEGF results from a feedback 

loop where VEGF regulates the activation state of the integrin and on the other way around, 

activation of ITGB3 can increase tumour cell secretion of VEGF, resulting in increased 

tumour growth162,200. 

Recent studies have linked anchorage-independent tumour cell survival in vitro and 

metastasis in vivo to the αvβ3-dependent resistance to integrin-mediated death. To note, 

although in non-anchored cells, clustering of most integrins on the plasma membrane with 

the ECM is lost, un-ligated αvβ3 is still able to work as a signal-transmitter, due to its unique 
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ability to maintain receptor clustering201. Un-ligated αvβ3, through recruitment and 

activation of SRC, provokes a switch to a FAK-independent survival pathway to confer 

anoikis resistance to cancer cells201. Another described anchorage-independent clustering 

depending on αvβ3 is mediated by galectin 3 and gives rise to membrane-proximal KRAS 

clustering, allowing numerous oncogenic functions of activated KRAS145. 

In the case of ITGB3 regulation by endocytosis, several studies have related its 

trafficking with tumorigenesis. RAB34, a small GTPase that it is overexpressed in aggressive 

BrCa, can bind to the cytoplasmic tail of ITGB3, regulating its trafficking in a SRC-dependent 

manner. EGF stimulation recruits RAB34 to the plasma membrane and promotes its SRC-

mediated tyrosine-phosphorylation, which induces β3-integrin internalization and delivery 

to recycling compartments. This process protects β3-integrin from degradation and 

stimulates cancer cell migration and invasion.202.  

Another example of the role of β3-trafficking in tumorigenesis is in cooperation with 

syndecan-4. The tyrosine phosphorylation status of syndecan-4, which depends on SRC, can 

be switched, monitoring differential recycling of αvβ3- and α5β1-integrins. This results in a 

fine-tuned balanced availability of these two receptors at the plasma membrane that 

determines FA half-life and cell migration behaviour. Non-phosphorylable syndecan-4 

mutants stimulate recycling of α5β1, as well as αvβ3 recycling suppression, leading to a fast 

adhesion turnover and as a consequence, reduced cell migration203,204. It has been also 

demonstrated that after treatment with platelet-derived growth factor (PDGF), αvβ3 is 

trafficked via short-loop recycling to the cell surface in a RAB4-dependent manner what 

promotes the formation of new adhesions at the leading edge. This mechanism needs direct 

interaction between integrin αvβ3 and PKC-related kinase (PKD1). Recycling through this 

route stimulates the creation of αvβ3-integrin-containing cell-matrix adhesions at the 

leading edge to maintain directionally persistent migration of fibroblasts and cancer 

cells205–207. 

Another unexpected process, within tumorigenesis, in which ITGB3 has been 

involved in recent times, is cancer cells stemness. Mammary progenitor cell populations 

have been shown to express high levels of CD61 (ITGB3), which is only marginally 

expressed in normal mammary epithelia. Employing three different mouse models of 

mammary tumorigenesis, they found that in two of them (MMTV-Wnt-1 and p53+/−), CD61+ 

recognized a subpopulation that was highly enriched for tumorigenic capability relative to 

the CD61− subgroup63. Their data provide additional evidence that breast cancers can 

develop according to a CSC model of mammary tumorigenesis and highlight the importance 

of the progenitor marker CD61 in defining a cellular hierarchy within some tumours. 
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Furthermore, there are several in vivo studies that support the implication of ITGB3 

in cancer progression, especially in metastasis. These studies show both, promotion of bone 

metastasis through overexpression of αvβ3, and inhibition of metastasis upon αvβ3 

knockdown208. Additional studies using a constitutively activated mutant of αvβ3 

(αvβ3D723R) showed an increase in lung metastatic activity compared with cells expressing 

αvβ3WT or αvβ3 knockdown209. In the same manner, it was demonstrated that MYC blocks 

BrCa metastasis to the lung by suppressing transcriptional αvβ3 expression. This phenotype 

was rescued by exogenous expression of β3 integrin in those cells that did not express it210. 

Finally, Parvani et al.211 showed that TGF-β-pre-stimulated MDA.MB.231 mouse tumours 

treated intravenously with siβ3-nanoparticles (nanoparticles containing integrin β3 siRNA) 

did not present metastasis and did not show relapse after primary tumour resection neither 

4 weeks after release from the treatment, in comparison to untreated mice211. 

Collectively, there is widespread evidence that ITGB3 is able to regulate cell 

behaviour in a variety of cell types and it is involved in tumorigenic processes. 

Understanding the multiple roles of ITGB3 will help us to understand the biology behind 

tumour progression and to develop strategies considering ITGB3 as a potential target for 

the treatment of cancer, likely in combination with conventional cytotoxic therapies. 
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The overall aim of this thesis was to identify novel factors conferring resistance to 

cellular stress in breast cancer. Hypoxic stress confers malignancy, aggressiveness and 

metastasis features acquisition in cancer cells. A lot has been characterized about 

transcriptional changes occurring in cancer cells submitted to hypoxia, however, less is 

known about protein synthesis activation in a microenvironment were mRNA translation is 

heavily downregulated. Therefore, a screening designed to discover novel factors actively 

translated in oxygen-depleted conditions could reveal factors responsible for the hypoxic 

stress resistance that may facilitate malignancy and metastasis in breast cancer. An 

exhaustive study of the function and mechanisms of action of identified factors in the screen 

would allow us to define new promising targetable proteins. 

After having carried out the RNA-Seq screening for translationally activated proteins in 

hypoxia plus mTOR inhibition, the candidate ITGB3 protein has been subjected to further 

analysis. Therefore, the objectives of this doctoral thesis have been divided into two main 

chapters as follows: 

Chapter I: 

I.1-To identify and characterize new proteins upregulated at the translational level (protein 

synthesis) in low oxygen conditions, through setting up an RNA-Seq screening to determine 

factors present in polysomes after hypoxic stress and mTOR inhibition.  

I.2- To establish translationally activated candidate mRNAs under hypoxia and hypoxia plus 

mTOR inhibition through a bioinformatics analysis. The altered factors will be analysed 

through RT-PCR and WB to validate the screening. 

I.3-To study the differential protein expression response to hypoxic stress in tumour cells 

versus non-tumour cells. 

I.4-To elucidate the potential mechanism of action of one of the identified candidates, ITGB3, 

through the analysis of its role in malignant phenotypes such as survival, migration, growth 

rate in spheroids and mammospheres capacity formation. 

I.5-To categorize the translational machinery behind ITGB3 protein synthesis. 

I.6- In vitro and in vivo functional validation of the newly identified factors in the 

progression of breast cancer. 

The formation of metastasis requires complex interactions; 1) between cancer cell 

subpopulations, 2) between cancer cells and non-malignant cells surrounding the primary 

tumour and 3) between cancer cells and the tissue where metastasis is formed. During the 
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last years, tumour-derived extracellular vesicles have been described as one of the key 

factors orchestrating this interplay in intercellular communication. Also, some specific 

integrins contribute particularly to metastasis by developing a role in this mechanism.  

Because integrins are crucial for the role of extracellular vesicles in cancer 

progression and particularly in metastasis, together with our previous findings that ITGB3 

is required for lung metastasis in MDA.MB.231 cells, we pretended to delineate the role of 

ITGB3 in extracellular vesicles-mediated intercellular communication in breast cancer cell 

lines. 

This was achieved through the following objectives: 

In Chapter II:  

II.1- To study the role of ITGB3 in the homing step of lung metastasis. Both, control and 

shITGB3 cells, fluorescently labelled, will be injected into the tail of the mouse and the next 

day the fluorescence intensity in the lungs of the mice will be analysed by Flow Cytometer. 

II.2- To study the role of ITGB3 in intercellular communication by analysing the growth 

capacity of cells with ITGB3 inhibited versus control cells. For this, previously conditioned 

medium from both control and shITGB3 cells will be used and compared with cells without 

the conditioned medium. 

II.3- To elucidate the role of extracellular vesicles in intracellular communication through 

the study of cell growth capacity using conditioned medium previously depleted of 

extracellular vesicles.  

II.4- To analyse the mechanism involved in the uptake of extracellular vesicles in cells. 

Control cells and shITGB3 will be treated with fluorescently-labelled vesicles and then, 

using Flow Cytometer, the intensity of fluorescence in the acceptor cells will be analysed. 

Also, known proteins involved in different types of uptake will be inhibited to know the 

exact mechanism as well as the involved players. 

II.5- To characterize the secretome of the extracellular vesicles of both control cells and cells 

with ITGB3 inhibited. The vesicles will be characterized by Nanosight and cryo-electron 

microscopy and their proteome will be determined by LC-MS/MS and Western blot. 
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Summary 

The results section is divided into two different chapters. Chapter I contains the paper I 

and some unpublished data. We performed a polysomal RNA-Seq screen in non-malignant 

breast epithelial (MCF10A) and TNBC (MDA.MB.231) cells exposed to normoxic or hypoxic 

conditions and/or treated with an mTOR pathway inhibitor. Analysis of both the 

transcriptome and the translatome identified mRNA transcripts translationally activated or 

repressed by hypoxia in an mTOR-dependent or -independent manner. Integrin Beta 3 

(ITGB3) was translationally activated in hypoxia and its knockdown increased apoptosis 

and reduced survival, spheroid growth, mammosphere formation and migration, 

particularly under hypoxic conditions. Moreover, ITGB3 was required for sustained TGF-β 

pathway activation and the induction of Snail and associated epithelial-mesenchymal 

transition markers. ITGB3 downregulation significantly reduced lung metastasis and 

improved overall survival in mice. Collectively, these data suggested that ITGB3 was 

translationally activated in hypoxia and regulated malignant features, including epithelial-

mesenchymal transition and cell migration, through the TGF-β pathway, revealing a novel 

angle for the treatment of therapy-resistant hypoxic tumours. 

In the follow-up Paper II, and after having been previously described that ITGB3 plays 

an important role in BrCa metastasis, we have uncovered essential and far unknown roles 

of ITGB3 in vesicle uptake. The functional requirement for ITGB3 derives from its 

interactions with HSPGs and the process of integrin recycling, allowing the capture of 

extracellular vesicles and their endocytosis-mediated internalization. Key for the function 

of ITGB3 is the interaction and activation of FAK, which is required for endocytosis of these 

vesicles. Thus, ITGB3 has a central role in intracellular communication via extracellular 

vesicles, proposed to be critical for cancer metastasis. 

Altogether, these studies further demonstrate the important role of ITGB3 in adaptive 

mechanisms to tumour microenvironment and stress at different levels and pave the way 

for the evaluation of novel, potential therapeutic strategies.  
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Summary 

Introduction: Breast cancer is the most prevalent malignancy in women and new 

therapeutic approaches are needed. Control of protein synthesis plays an essential role in 

cell growth and is particularly implicated in tumour progression, resistance to therapy and 

cellular stress. In particular, hypoxic cancer cells attain invasive and metastatic properties, 

as well as chemotherapy resistance, which together constitutes the lethal cancer phenotype; 

but the regulation and role of protein synthesis in this setting is poorly understood. In this 

study, we have utilized polysome profiling to separate and quantify mRNAs bound to 

ribosomes, the ones that are actively translating, by a sucrose gradient fractionation. 

Objectives: Identify new factors that confer resistance to cellular stress that can be 

inhibited and become possible therapeutic targets. To face that, we characterized new 

factors that confer resistance to hypoxic stress and mTORC1 / 2 inhibition, after performing 

in vitro screening through RNA-Seq for translationally active mRNAs (bound to polysomes) 

in both, non-malignant (MCF10A) and tumorigenic (MDA.MB.231) cells. Finally, phenotypes 

of malignancy will be assessed in vitro and in vivo for loss/gain of function of identified 

factors. 

Methodology: Both, non-malignant breast epithelial cells (MCF10A) and breast cancer cells 

(MDA.MB.231) were exposed to hypoxic conditions (0.5 % O2 for 24h) and treated with or 

without an inhibitor of cap-dependent translation (2.5mM of PP242 for 3h). We performed 

RNA-Seq polysomal profiling to compare the levels of total and polysomal (actively 

translating) mRNA. Polysomal mRNA was obtained by 10-50% sucrose gradient 

sedimentation. Then,  mRNA populations of each sample were converted to cDNA libraries 

using the TruSeq protocol and then sequenced using a HiSeq 2000 machine. Paired-end 

reads were mapped against the reference human genome (GRCh38) with STAR v2.5.1b 

(ENCODE parameters for long RNA) and GENCODE v24 annotation. Gene quantification was 

performed using RSEM v1.2.28 with default parameters. Only protein-coding genes were 

kept for the analysis. Normalization of the count matrix was done with the TMM method of 

the edgeR package. 
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Translationally activated candidate targets such as ITGB3 with a translational efficiency 

(Te) >1.5 were selected and tested by siRNA- and shRNA-mediated knockdown in 

MDA.MB.231 and MCF10A cells followed by the analysis of expression by WB, proliferation, 

survival, migration, apoptosis in the presence or absence of hypoxia, mammospheres and 

spheroid formation, as well as the study of the molecular mechanism behind. MDA.MB.231 

cells with knockdown of ITGB3 were used in the study of lung metastasis in vivo. 

Results: Through an RNA-Seq polysome profiling under hypoxic conditions, we have 

identified the Integrin Beta 3 translationally activated. After further phenotypic studies, we 

show that Integrin Beta 3 is activated at protein synthesis level in hypoxia and hypoxia + 

mTOR inhibitor conditions, and that is important to allow cells to migrate in these particular 

environments. In particular, knockdown of ITGB3 in breast cancer cells increases apoptosis 

and reduces survival, cancer stem cell formation and migration in vitro and in mice, where 

we observe a significant reduction of lung metastasis. 

Conclusions: We propose a new mechanism to analyse translational control in cells and we 

show that the Integrin Beta 3 is controlled at the protein synthesis level in hypoxia. ITGB3 

regulates malignant features, including epithelial-mesenchymal transition and its 

knockdown, increases apoptosis and reduces survival and migration in breast cancer cells 

through the regulation of Snail in a TGF-β pathway-dependent manner, especially under 

hypoxic conditions. This mechanism is translated into a significant reduction of lung 

metastasis and improved overall survival in mice, revealing a novel angle for the treatment 

of therapy-resistant hypoxic tumours. 
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ABSTRACT

Breast cancer is the most prevalent malignancy in women and there is an urgent 
need for new therapeutic drugs targeting aggressive and metastatic subtypes, such as 
hormone-refractory triple-negative breast cancer ( TNBC) . Control of protein synthesis 
is vital to cell growth and tumour progression and permits increased resistance 
to therapy and cellular stress. Hypoxic cancer cells attain invasive and metastatic 
properties and chemotherapy resistance, but the regulation and role of protein 
synthesis in this setting is poorly understood. We performed a polysomal RNA-Seq 
screen in non-malignant breast epithelial ( MCF10A)  and TNBC ( MDA-MB-231)  cells 
exposed to normoxic or hypoxic conditions and/ or treated with an mTOR pathway 
inhibitor. Analysis of both the transcriptome and the translatome identified mRNA 
transcripts t ranslat ionally act ivated or  repressed by hypoxia in an m TOR- dependent  
or - independent manner. I ntegrin beta 3 ( I TGB3)  was translationally activated in 
hypoxia and its knockdown increased apoptosis and reduced survival and migration, 
particularly under hypoxic conditions. Moreover, I TGB3 was required for sustained 
TGF-β pathway activation and for the induction of Snail and associated epithelial-
mesenchymal transition markers. I TGB3 downregulation significantly reduced lung 
metastasis and improved overall survival in mice. Collectively, these data suggest 
that  I TGB3  is t ranslat ionally act ivated in hypoxia and regulates m alignant  features, 
including epithelial-mesenchymal transition and cell migration, through the TGF-β 
pathway, revealing a novel angle for the treatment of therapy-resistant hypoxic 
tum ours.

w w w .im pact journals.com / oncotarget /          Oncotarget , 2 0 1 7 , Vol. 8 , ( No. 7 0 ) , pp: 1 1 4 8 5 6 - 1 1 4 8 7 6

                                                      Research Paper
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INTRODUCTION

Breast cancer is the most common malignancy 
and the second leading cause of cancer-related death 
in adult women [1]. Despite significa nt  advances in 
the characterization of breast cancer subtypes and the 
development of new therapeutic approaches, advanced 
and aggressive forms of breast cancer continue to have a 
poor prognosis [2]. Triple-negative breast cancer (TNBC) 
is an important subtype of breast cancer define d by the 
loss of estrogen receptor, progesterone receptor and 
human epidermal growth factor receptor type 2 (HER2), 
all of which are clinically important therapeutic targets 
because the major therapeutic strategies in breast cancer 
are hormone therapy and/or HER2 antibodies [3]. TNBC 
is a highly aggressive tumour subtype with high risk of 
recurrence, metastasis, chemotherapy resistance and 
acquired capacity to survive and grow under nutrient-
deprived and hypoxic (low-oxygen) conditions. TNBC 
also appears to adopt a unique response to cell stress by 
mimicking a hypoxia gene signature associated with poor 
prognosis [4]. Under hypoxic conditions, TNBC cells 
can grow, survive, induce metabolic reprogramming and 
apoptosis and alter cell adhesion and motility to facilitate 
metastasis and resistance to chemotherapy [5, 6]. Most 
of these phenotypes involve several transcriptional 
changes mainly related to the stabilization of the master 
transcription factor HIF1α [7, 8]. However, little is 
known about mRNA regulation at the translational level 
under low-oxygen conditions [9, 10], although prolonged 
exposure to hypoxia inhibits translation via repression of 
the mTOR (mechanistic target of rapamycin) signalling 
pathway more effici ent ly at 0.3%–0.5% O

2
 compared to 

1% of O
2
 concentration [10, 11]. Little is known about 

translational regulated targets in low oxygen conditions, in 
particular those subsets of mRNAs that are still capable to 
be translated that may favour cell migration and survival 
of TNBC cells under this stress.

Tumours display a high rate of protein synthesis 
[12] and several studies have shown that control of mRNA 
translation is critical not only for survival under hypoxic 
conditions, but also for cancer initiation, progression, 
migration and invasion [13, 14]. Translation is mostly 
controlled at initiation, when eukaryotic translation initiation 
factors (eIFs) are recruited to the 5′-m7G cap structure 
of mRNA, forming the eIF4F complex that recruits the 
eukaryotic small 40S ribosomal subunit. This step is mainly 
regulated by the mTOR signalling pathway [15–17]. mTOR 
forms two distinct complexes, mTOR complex 1 (mTORC1) 
and mTOR complex 2 (mTORC2) [18]. mTORC1 is 
composed of mTOR, regulatory-associated protein of mTOR 
(Raptor), mammalian LST8/G-protein β-subunit-like protein 
(mLST8/GβL) and the PRAS40 and DEPTOR partners [19] 
and is a master regulator of protein synthesis that couples 
nutrient sensing to cell growth and cancer cell survival. 
The major regulators of protein synthesis downstream 

of mTORC1 are 4E-BP1 and p70S6K1/2 [19–21]. Upon 
phosphorylation by mTORC1, 4E-BP1 releases eIF4E, which 
can then recruit eIF4A and eIF4G to form the eIF4F complex 
[22, 23]. This global downregulation of protein synthesis 
under low-oxygen conditions coincides with a simultaneous 
enhanced translation of certain mRNAs that encode proteins 
involved in adaptation to cellular stress. Activation of the 
eIF4F initiation complex is compromised under hypoxic 
conditions [9, 24] in favour of an eIF4FH complex composed 
of eIF4E2, eIF4A and eIF4G3 [25]. HIF2α is induced 
by hypoxia and binds to a specific element in the 3′UTR 
(untranslated region) of some mRNA transcripts, allowing 
their selective translation initiation via recruitment of eIF4E2 
[25–27]. Transcripts activated through this mechanism 
include the epidermal growth factor receptor (EGFR) and the 
insulin growth factor receptor (IGFR1) [26].

Another proposed mechanism to ensure protein 
synthesis when cap-dependent translation is inhibited is 
IRES (internal ribosome entry site)-mediated translation 
[28–30]. The presence of potential IRES elements in the 
5′UTR of certain mRNAs such as HIF1α, VEGF and 
c-MYC enables activation of their translation through a 
cap-independent pathway in hypoxia.

Finally, a third mechanism is the observation that, 
in hypoxia, uORF (upstream ORF)-mediated translation 
is enhanced due to an increase in eIF2α phosphorylation 
by PERK. Transcripts containing uORFs in their 5′UTR 
include genes related to proliferation and cell survival under 
stress conditions such as ATF4, CHOP and GADD34 [31].

Polysome profiling is a standardized technique 
to capture mRNA translation by immobilizing actively 
translating mRNAs on ribosomes and separate the resulting 
polyribosomes by ultracentrifugation on a sucrose gradient, 
thus allowing for an analysis of translated mRNAs compared 
to total mRNA [32]. The combined use of polysomal 
fractionation with microarray analysis or of ribosome 
profiling with high-throughput RNA sequencing (RNA-Seq) 
has identified specific transcripts actively translated under 
low-oxygen conditions in tumour cells [24, 25, 33–35]. 
These approaches have already revealed the ability of an 
mTORC1 inhibitor to block cap-dependent translation in 
the translatome of both fibroblasts and PC-3 cells [36, 37]. 
Nevertheless, the mechanisms underlying this selective 
translation are poorly understood, as well as how it affects the 
behaviour and survival of cancer cells exposed to hypoxia. 

ITGB3 is an integrin that forms heterodimers with 
alpha chains, either ITGAV or ITGAIIb. These adhesion 
molecules are receptors for fibr onect in,  vitronectin, 
collagen and laminin and facilitate attachment between 
the cell cytoskeleton and the extracellular matrix [38]. 
Most integrins induce transmembrane signalling through 
activation of focal adhesion kinase (FAK) and Src family 
kinases that in turn activate downstream effectors such as 
small GTPases. Functional inhibition of ITGB3 suppresses 
neovascularisation, tumour growth and metastasis, 
suggesting that αvβ3 integrin may be a critical modulator 
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of pathological angiogenesis [39–44]. ITGB3 is expressed 
in a subpopulation of breast cancer stem cells and is 
associated with poor outcome [45, 46]. 

In this study, we used sucrose gradient fractionation 
and polysome profiling to separate and quantify actively 
translating mRNAs bound to ribosomes. We sequenced total 
and polysomal mRNAs and examined the effects of hypoxia 
alone and hypoxia combined with mTOR inhibition to 
avoid standard cap-dependent translation on the translatome 
of the non-malignant MCF10A epithelial breast cell line and 
the triple-negative MDA-MB-231 breast cancer cell line. 
Our screen identified translational regulation of a number 
of genes under highly inhibitory and stressful situations, 
including ITGB3, which was upregulated at the protein 
synthesis level in hypoxia. Increased ITGB3 facilitates the 
migratory and invasive capabilities of breast cancer cells 
through induction of Snail and epithelial-mesenchymal 
transition (EMT) via the TGF-β pathway, an effect 
particularly evident under hypoxic conditions. Moreover, 
ITGB3 silencing with shRNA reduced tumourigenesis 
in vitro and in vivo, suggesting that ITGB3 is a candidate 
therapeutic target for most aggressive breast tumours able 
to survive under low-oxygen conditions.

RESULTS

Combination of hypoxia and mTOR inhibitor 
treatment identifie

s
 a uni que subset  of  

genes regulated at both transcriptional and 
translational levels

We aimed to analyse differential transcription 
and translation efficiencies under hypoxic conditions by 
comparing non-tumourigenic cells (MCF10A) to malignant 
TNBC cells (MDA-MB-231). We conducted a polysomal 
RNA-Seq screen after exposing cells to 24 hours of 
hypoxia (0.5% O

2
) or normoxia (21% O

2
), with or without 

3-hour treatment with the mTORC1 and -2 inhibitor PP242 
(Figure 1A). PP242 treatment was used to discriminate 
between mRNAs that were still bound to polysomes after 
mTORC1/-2 inhibition under low-oxygen conditions in 
order to identify transcripts supposedly translated in a cap-
independent manner. As expected, HIF1α accumulated 
in cells exposed to hypoxia, and its induction was slightly 
diminished in cells co-treated with PP242 [47], which 
dephosphorylated 4E-BP1 (Figure 1B) and thereby inhibited 
cap-dependent translation. Under all four conditions, total 
mRNA was isolated and fractionated using a sucrose gradient 
to separate monosomes and oligosomes (free mRNA, F) 
from the actively translated mRNAs bound to polysomes 
(polysomal mRNA, P) (Figure 1B). A systematic analysis of 
the total (T) and polysome-bound (P) mRNA of each sample 
was carried out by high-throughput RNA-Seq and analysed 
bioinformatically to obtain differential gene expression with 
regards to both the transcriptome and translatome in the two 
cell lines.

Principal component analysis (PCA) of the raw data 
clearly separated MCF10A and MDA-MB-231 samples in 
accordance with the highly different transcriptomes of the 
two cell types (Figure 1C). The within-cell type variability 
upon treatment, which is reflected by principal component 
2 (PC2), appeared to be higher for the MCF10A samples 
than the tumour samples (Figure 1C), meaning that non-
tumourigenic MCF10A cells were more affected by hypoxia 
or PP242 than tumoural MDA-MB-231 cells. Independent 
PCAs were performed for each cell type dataset to inspect 
in greater detail the clustering within each cell type. In 
tumour cells, PC1 mainly reflected variance attributable to 
differences between the total mRNA and polysome-bound 
mRNA and PC2 differentiated normoxic and hypoxic 
conditions. In non-tumoural cells, the pattern was the 
reverse (Figure 1D). However, in both cases, PC3 explained 
the drug effect (PP242 vs non-PP242) (data not shown). 
These results confirmed that there was variability between 
cell lines and within treatments.

Following bioinformatic analysis of the differential 
gene expression in both total (T) and polysome-bound 
(P) mRNA, the fold change expression (log

2
FC) levels 

were calculated by comparing all conditions with the 
control condition of normoxia and plotting the correlation 
between log

2
FC_P and log

2
FC_T for each treatment. There 

was a close correlation between differentially expressed 
genes in total mRNA versus genes differentially expressed 
in polysomes, meaning that major transcriptional changes 
were also reflec t ed at the level of translation (blue colour 
in Figure 2). We classifie

d
 the genes into four groups: 

(1) transcriptionally upregulated or downregulated (blue 
colour in Figure 2); (2) transcriptionally upregulated 
or downregulated but no changes in translation (green 
colour in Figure 2); (3) translationally upregulated or 
downregulated (red colour in Figure 2); and (4) non-
signific

a
nt  changes (black colour in Figure 2). Notably, 

the translation of some genes was specifica l ly activated 
or inactivated by the different treatments (red colour in 
Figure 2). In general, we observed the most significa nt  
activation and inhibition, both transcriptionally and 
translationally, upon double hypoxia + PP242 treatment. 
Normoxia + PP242 treatment alone did not affect 
transcription, but potently inhibited translation, as 
expected. Moreover, in all conditions, MCF10A cell 
lines were more affected at the level of both transcription 
and translation than MDA-MB-231 cells, supporting the 
fin

d
i ngs  of our PCA analysis (Figure 1C). These find i ngs  

mean that MCF10A cells have to enact major changes to 
survive under low-oxygen conditions (Figure 2).

Transcriptional changes are more extensive in 
the non-tumourigenic cell line in both hypoxia 
and combined hypoxia + PP242

Next, we analysed the transcriptional differences 
between the two cell lines upon hypoxia (H) and hypoxia 
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+ PP242 (HPP) treatment. We detected 236 upregulated 
and 17 downregulated genes in MCF10A cells and 61 
upregulated and 9 downregulated genes in MDA-MB-231 
cells at the transcriptional level in hypoxia; 23 of these 
genes were the same in the two cell lines (Supplementary 
Figure 1). By analysing the function of genes upregulated 
in the intersection between the two cell lines, we found 

that most of the Gene Ontology (GO) categories were 
related to response to hypoxia and glycolysis and 
oxidation-reduction processes, as expected (Figure 3A). 
The MDA-MB-231 cell line did not show any significa nt  
GO-enriched category (perhaps because fewer genes were 
applied to the analysis), whereas the genes upregulated in 
MCF10A cells were associated with nucleosome assembly, 

Figure 1: Overview of the polysomal RNA-Seq screen after hypoxia and mTOR inhibition. (A) Schematic workflow  of the 
experiment. (B) Above: Immunoblot of HIF1α and 4E-BP1 under normoxic (N), hypoxic (H), PP242 (PP) and hypoxic + PP242 (HPP) 
conditions. Below: Polysome profile s of MCF10A cells in all conditions. (C) PCA plot of all samples of the dataset to emphasize the 
variation between replicates, treatments and cell lines. The firs t  component (PC1) explained 96% of the total variance while PC2 explained 
32%. (D) PCA plot of MDA-MB-231 (left) and MCF10A (right) samples showing that one PC separates total from polysomal mRNA and 
the other separates normoxic from hypoxic conditions.
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apoptosis, angiogenesis and proliferation. This difference 
may suggest that changes induced by hypoxia in genes 
associated with malignant features are more extensive in 
the non-tumourigenic cell line than in the tumourigenic 
TNBC cell line.

Transcriptional changes were more evident when 
cells were treated with combined hypoxia + PP242, 
especially in MCF10A cells, which showed more up- 
and downregulated transcripts than MDA-MB-231 cells 
(Supplementary Figure 1). In particular, 631 mRNAs 
were upregulated in MCF10A cells upon HPP treatment, 
compared with only 130 genes in MDA-MB-231 cells, 
with 74 genes common to the two cell lines. Again, GO 
analysis indicated that the genes in the intersection were 
devoted to the response to hypoxia, nucleosome assembly 
and glycolysis categories. In cancer cells, angiogenesis and 
the Notch signalling and p53 pathways were upregulated. 
In MCF10A cells, cell adhesion, cell–cell signalling, 
apoptosis, growth, proliferation and cell cycle categories 
were upregulated, indicating a more organized change in 

the non-tumourigenic cell line towards a full EMT program 
(Figure 3B). On the other hand, genes transcriptionally 
downregulated under H and HPP conditions were mainly 
related to cell proliferation and cell cycle in the two cell 
lines (Supplementary Figure 2A). In terms of GO categories 
and pathways downregulated in HPP, minor changes were 
observed in MDA-MB-231 cells. However, in MCF10A 
cells, several signalling pathways were downregulated, such 
as the Wnt pathway, the Hippo pathway, the TGF-β pathway 
and pathways related to the cell cycle (Supplementary 
Figure 2B). As expected, no significant transcriptional 
changes were observed in cells treated with PP242 
alone (Supplementary Figure 3). Genes transcriptionally 
deregulated in each condition are listed in Supplementary 
Table 1.

Although many of the genes transcriptionally 
upregulated upon hypoxia + PP242 treatment are 
important for cell survival, we focused our attention 
on genes activated at the protein synthesis level, a less 
understood and studied feature.

Figure 2: Transcriptional and translational changes in non-tumoural and malignant cells under hypoxic and mTOR 
inhibition conditions. (A and B) Correlation between transcript expression in total mRNA versus mRNA in polysomal fractions 
under the different conditions in (A) MCF10A and (B) MDA-MB-231 cell lines. Classifica t ion of the transcripts as (I) deregulated at the 
transcriptional level (blue), (II) translationally activated or inhibited (red) and (III) not significa nt ly regulated (black). Overall, the results 
show that more genes are regulated transcriptionally and translationally in non-tumoural cells than in tumoural cells.
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The MCF10A and MDA-MB-231 translatome in 
hypoxia and hypoxia + PP242

We analysed the translational effici ency (Te)
to identify translationally activated (z-score > 1.5) or 
inactivated (z-score < 1.5) genes under H, HPP and 
NPP conditions (Supplementary Table 1). In hypoxia, 
82 and 43 genes were upregulated and 12 and 22 genes 
were downregulated at the translational level in MDA-
MB-231 and MCF10A cells, respectively (Figure 4A, 
Supplementary Figure 4B, Supplementary Table 1). This 

suggests that a limited number of genes are significa nt ly 
regulated at the level of translation under hypoxic 
conditions. Curiously, more genes were regulated at the 
translational level in the tumour cell line (MDA-MB-231) 
than in non-tumoural cells (MCF10A), which is the 
opposite of what was occurring in terms of transcriptional 
changes. With hypoxia + PP242 treatment, we detected 87 
and 99 genes translationally upregulated and 224 and 450 
translationally inactivated in MDA-MB-231 and MCF10A 
cells, respectively (Figure 4A, Supplementary Figure 4B, 
Supplementary Table 1). However, as expected, mRNAs 

Figure 3: Transcriptome analysis of MCF10A and MDA-MB-231 cells after hypoxia and hypoxia + PP242. (A) Venn 
diagram of upregulated transcripts in hypoxia. GO (in white boxes, with P < 0.03) and Kegg pathway analysis (in grey boxes, with P < 0.1) 
of gene sets enriched only in MCF10A cells, only in MDA-MB-231 cells and in the intersection between these two cell lines. (B) Venn 
diagram of upregulated transcripts in hypoxia + PP242. GO (in white boxes, with P < 0.03) and Kegg pathway analysis (in grey boxes, 
with P < 0.1) of gene sets enriched only in MCF10A cells, only in MDA-MB-231 cells and in the intersection between these two cell lines.
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were mainly translationally inactivated in HPP and NPP 
upon mTOR inhibitor treatment. Twice as many genes 
were downregulated in tumoural cells, possibly due to a 
highly activated mTOR pathway in this cell line, which 
naturally increases the number of effective PP242 targets. 
GO categories of activated transcripts indicated that the 
genes were mainly related to cell adhesion, angiogenesis 
and extracellular matrix organization in MCF10A cells 
(Figure 4B), whereas the only significa nt  GO category 
in the cancer cell line was circadian regulation of gene 
expression.

Genes inactivated by H and HPP in both cell 
lines are presented in Supplementary Figure 4 and were 
mainly related to translation, catabolic processes and 
mitochondrial transport in both cell lines (Supplementary 
Figure 4A–4C). Genes translationally activated/inactivated 
in each condition are listed in Supplementary Table 1.

As a validation of our screening, most of the genes 
inactivated under NPP conditions, of which nearly 50% 
were common to the two cell lines, were cap-dependent 
genes containing TOP sequences. These cis-acting 
elements are found in some mRNAs that are mostly 
localized to polysomes in actively growing cells whose 
translational activation is mainly regulated by the mTOR 
signalling pathway [48, 49], and most were the same as 
those described by Thoreen and colleagues and Hsieh 
and colleagues after mTOR inhibition of other cell lines 
[36, 37] (Supplementary Figure 4D). To further validate 
our screening at the protein level, candidate genes that 
were translationally activated or inactivated in HPP were 
analysed by western blotting. Candidate genes with a 
Te higher than 1.5 displayed an increase at the protein 
level under HPP conditions compared with control in 
both MCF10A cells (TTC30B and ITGB3) and MDA-
MB-231 cells (CCDC103, ITGB3, Cx31, MMP3 and 
TTC30B). Although we picked these candidates from 
genes translationally activated by HPP, in most cases, 
we also observed more protein under hypoxic conditions 
alone. We detected reduced expression when analysing 
proteins from translationally inactivated genes such as 
RPL11, EIF3G and YBX1 (Figure 4C). As expected, we 
also detected increased protein expression of HIF1α target 
genes such as CA9 in hypoxia (Figure 4C). These set of 
proteins activated / intactivated translationally were also 
validated in other breast cancer cell lines such as MCF7, 
MDA-MB-468 and BT-549 (Supplementary Figure 5) 
to ensure that this phenomena was occurring in a more 
general way. Importantly, we observed that ITGB3 was 
overexpressed in H and HPP in all cell lines analyzed.

The screening was also validated by quantitative real 
time RT-PCR (qRT-PCR) for some targets using the 50-gene 
PAM50 assay (Prosigna; NanoString Technologies, Seattle, 
WA) [50, 51], which is designed to identify clinically relevant 
molecular subtypes of breast cancer [52]. We observed a 
strong correlation between our RNA-Seq results and our 
NanoString analysis (Supplementary Figures 6 and 7).

Altogether, our RNA-Seq analysis showed that 
transcripts found to be transcriptionally and translationally 
activated in hypoxia or in hypoxia + PP242 were also 
found to be increased with qRT-PCR and NanoString 
and at the protein level by western blot, which validates 
our multi-level screening approach and suggests that 
some of the identifie

d
 genes may be relevant in hypoxia, 

for example, by promoting survival and/or migration 
capabilities.

ITGB3 is translationally activated in hypoxia 
and hypoxia + PP242 and promotes cell 
migration in hypoxia in vitro and metastasis 
establishment in vivo

A secondary functional screening was performed 
using siRNA from the list of candidate genes actively 
translated (Te > 1.5) in both cell lines. Both proliferation and 
migration assays were conducted (Supplementary Figure 8). 
Of the candidates, ITGB3 silencing in MDA-MB-231 cells 
significantly reduced cell viability specifically in hypoxia 
and not in normoxia (Supplementary Figure 8A and 8B). 
Moreover, increased apoptosis was observed in hypoxia 
but not normoxia upon ITGB3 silencing (Supplementary 
Figure 8D). In contrast, there was a tendency for decreased 
cell migration (Supplementary Figure 8C).

Notably, when analysing GO categories of 
translationally activated genes in HPP in MCF10A cells, 
we observed a general activation of integrins at the protein 
synthesis level, particularly ITGB3, ITGB4, ITGAX 
and ITGA5. Based on this find i ng and the results of our 
preliminary siRNA screen, we therefore performed a more 
detailed analysis of ITGB3 and its regulation and role in 
hypoxia. Considering the important role of ITGB3 in 
tumourigenesis, we further studied ITGB3 in breast cancer 
cells under hypoxic conditions. To further validate the role 
of ITGB3, cells were treated with actinomycin D to avoid 
transcriptional changes and were subjected to hypoxia. 
ITGB3 protein was still induced in hypoxia in the absence 
of mRNA synthesis (Figure 5A), in concordance with our 
RNA-Seq data, suggesting that this is a translational rather 
than transcriptional event. As a control, we studied CA9, a 
well-known effector of HIF1α, which was not activated in 
hypoxia upon treatment with actinomycin D (Figure 5A).

Having validated that ITGB3 was upregulated 
at the protein level in HPP and also under hypoxic 
conditions alone, we explored putative functional roles 
of ITGB3 in breast cancer progression, particularly under 
low-oxygen conditions. Similar to our siRNA screen 
(Supplementary Figure 8C), knockdown of ITGB3 
using viral shRNA approaches reduced cell proliferation 
under both normoxic and hypoxic conditions in 
MCF10A and MDA-MB-231 cells (Figure 5B). 
Furthermore, ITGB3 depletion induced apoptosis, 
with more evident effects in hypoxia (Figure 5C  
and Supplementary Figure 8D). Knockdown of ITGB3 
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significantly decreased cell migration, but this was more 
prominent and significant under low-oxygen conditions 
in both cell lines (Figure 5D). This suggests that ITGB3 
is important for cell migration and survival in both 
cancer and non-malignant cells, but particularly under 
hypoxic conditions.

Next, we assessed ITGB3 function in vivo by 
injecting control and ITGB3-silenced cells into the mouse 
tail. Our results suggested that cancer cells with silenced 
ITGB3 form fewer metastases and those that do appear 
are smaller than with control non-silenced tumour cells 
(Figure 6B–6D). This was reflec t ed in the improved 

Figure 4: Increased translational effici ency (Te) is accompanied by increased protein. (A) Venn diagram of Te distribution 
of transcripts in MDA-MB-231 (left) and MCF10A (right) cells under all three experimental conditions. (B) GO analysis of Te under HPP 
conditions in both cell lines. (C) Immunoblots for all experimental conditions of the different translationally activated (ITGB3, GJB3, 
MMP3, CCDC103, TTC30B) or inactivated (RPL11, EIF3G, YBX1) targets in HPP.
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overall survival of animals injected with ITGB3-silenced 
MDA-MB-231 cells compared with non-silenced cells 
(Figure 6A).

ITGB3 amplifie

s

 TGF-β signalling in hypoxia, 
enhancing the EMT and cell migration

Because ITGB3 interacts with TGF-β receptor II in 
mammary epithelial cells and enhances its function through 
Src [53], we wondered whether the TGF-β pathway was 
modulated by ITGB3 under hypoxic conditions. We 
measured cell migration in control and ITGB3-silenced 
MDA-MB-231 cells with or without treatment with TGF-β, 

a well-known stimulator of EMT and migration in cancer 
cells [54]. As expected, TGF-β increased the rate of cell 
migration in both normoxia and hypoxia (Figure 7A). 
However, when ITGB3 was silenced, TGF-β treatment 
failed to induce and even partially reduced cell migration, 
especially under hypoxic conditions. Accordingly, TGF-β 
increased ITGB3 expression in control cells but not in 
shITGB3 cell lines. Moreover, increased expression of 
the important EMT-associated transcription factor Snail 
was observed at the mRNA and protein levels after TGF-β 
treatment in control cells but not when ITGB3 was silenced. 
In fact, we observed a clear downregulation of Snail 
expression upon ITGB3 silencing, which was especially 

Figure 5: ITGB3 is translationally activated under hypoxic conditions and is important for breast cell line survival 
and migration. (A) Immunoblots of ITGB3 in MDA-MB-231 cells subjected to hypoxia or normoxia and treated with actinomycin D. 
(B–D) Phenotypes of stably shITGB3-infected cells. Effects of ITGB3 depletion on (B) survival visualized by MTT assay at 48 hours,  
(C) apoptosis using caspase-3/-7 activation and (D) migration in a wound healing assay in hypoxia versus normoxia.
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Figure 6: Survival and lung metastasis after intravenous inoculation with ITGB3-depleted MDA-MB-231 human 
breast cancer cells. (A) Overall survival rates of inoculated mice. Downregulation of ITGB3 protein significa nt ly increased the overall 
survival rate of mice inoculated with the MDA-MB-231.shITGB3 cell variant. Median survival times were 45.0 days and 57.5 days for 
the MDA-MB-231.shCtrl- and MDA-MB-231.shITGB3-inoculated groups, respectively. Subsequently, the two Kaplan-Meier curves and 
estimates of survival showed them to be significa nt ly different (P = 0.0132). (B and C) Comparative analysis of the lung metastasis number 
(B) and number per size (C) of MDA-MB-231.shCtrl- and MDA-MB-231.shITGB3-inoculated groups at the end time point. Lines indicate 
the median corresponding values of the groups. Downregulation of ITGB3 protein decreased lung metastasis growth of breast cancer with 
respect to control animals, with significa nt  differences in lung total number (P = 0.0213) (B) and in number per size (P = 0.0400) (C).  
(D) Hematoxylin and eosin staining of mouse lung sections were tumours of shCTL and shITGB3 MDA-MB-231 cell lines are evident.
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evident and significant in hypoxia (Figure 7B and 7C). 
The same observations were made using MCF10A cells, 
indicating that this integrin is required for proper TGF-β 
signalling and regulation of Snail (Supplementary Figure 9). 
These results clearly suggest that ITGB3 is required for 
TGF-β-mediated expression of Snail, particularly under 
low-oxygen conditions. In support, reduced TGF-β-
mediated induction of Snail-regulated EMT genes such as 
vimentin and N-cadherin was observed in ITGB3-silenced 
cells (Figure 7B and Supplementary Figure 9). Finally, we 
observed maximum phosphorylation of Smad2 after 1-hour 
treatment. At this time point, Smad was not phosphorylated 
when cells silenced with ITGB3 (Figure 7D). These findings 
suggest that ITGB3 affects the classical TGF-β signalling 
pathway at an early stage, possibly by directly acting on the 
receptor itself, as previously suggested [53].

EIF4E is essential for the translational activation 
of ITGB3 in hypoxia

Finally, we wanted to know how translation 
activation of ITGB3 is regulated in hypoxia. Most 
transcripts translated under low-oxygen conditions use 
the eIF4FH initiation complex, especially those transcribed 
by the HIF transcription factor [25]. The eIF4FH complex 
is composed of the initiation factor 4E2 (eIF4E2), eIF4A 
and eIF4G3. We used siRNA targeting eIF4E2 to block 
this mechanism of translation in hypoxic conditions. 
In addition, we used siRNA against HIF1β (ARNT1) 
to inhibit the HIF1α–HIF1β complex in charge of the 
transcription of HIF target genes. We also treated cells 
with siRNA targeting eIF4E to inhibit the standard cap-
dependent translation initiation complex eIF4F. In MDA-
MB-231 cells, we found that ITGB3 was still activated 
under low-oxygen conditions when both ARNT1 and 
eIF4E2 were silenced, suggesting that ITGB3 is not a 
HIF target gene and is not translated through the eIF4FH 
complex. As controls, expression of CA9 and EGFR 
were assessed, with the find i ngs  showing that CA9 was 
not expressed when ARNT1 was silenced and that EGFR 
translation was not activated with EIF4E2 siRNA, as 
reported [25]. However, eIF4E inhibition blocked any 
induction of ITGB3 protein by hypoxia, indicating that 
synthesis of this integrin is cap-dependent and dependent 
on eIF4E and the canonical translation pathway (Figure 8). 
The same situation was observed in MCF10A cells 
(Supplementary Figure 10).

DISCUSSION

In addition to transcription, both protein stability 
and translation effici ency are important determinants of 
the protein concentration in cells, and several screens 
analysing and quantifying mRNA bound to ribosomes, 
either by ribosome or polysome profili ng,  have been 
reported [25, 31, 35–37, 55, 56]. We measured the 

changes in global translation in cells subjected to hypoxia 
or to hypoxia plus an mTOR inhibitor, comparing non-
tumoural versus tumoural human breast cancer cell lines. 
Although the use of polysomal fractionation combined 
with microarray technology has been used to identify 
transcripts upregulated at the protein synthesis level in 
tumour cells in response to hypoxia [24, 33, 34, 57, 58], 
our experiments allowed a comparison between non-
tumoural and malignant cells using RNA-Seq technology. 
Our data showed that hypoxia led to transcriptional 
changes in 70 and 253 genes and translational changes in 
94 and 65 genes in tumoural (MDA-MB-231) and non-
tumoural (MCF10A) cells, respectively. When cells were 
treated with hypoxia + PP242, we observed 158 and 1048 
transcriptionally deregulated genes and 311 and 549 genes 
subjected to translational regulation in the MDA-MB-231 
and MCF10A cells, respectively (Supplementary Table 1).  
This is not simply due to an additive effect because 
treatment with PP242 alone only deregulated 26 and 109 
genes transcriptionally and 139 and 118 transcripts at the 
translational level in the MDA-MB-231 and MCF10A 
cells, respectively. Thus, the double treatment acts 
synergistically at both the transcriptional and translational 
levels.

Another conclusion that can be drawn is that non-
tumoural MCF10A cells displayed significa nt ly more 
transcriptional and translational changes compared with 
the triple-negative MDA-MB-231 cell line. Both cell 
lines upregulated genes related to hypoxia and glycolysis. 
In hypoxia, HIF-1α plays a critical role in promoting 
and stimulating EMT [59–62], and downstream targets 
of this transcription factor were transcriptionally 
activated in both cell lines, as expected. In particular, 
MCF10A cells mainly upregulated the synthesis of 
factors related to cell adhesion, migration, angiogenesis 
and EMT in general, whereas MDA-MB-231 cells did 
not activate transcription or translation related to these 
processes in hypoxia (Figures 3 and 4). This distinction 
suggests that the nature of the stress response, whether 
protective or destructive, largely depends on the cell 
type. A comparison of transcripts bound to polysomes 
clearly revealed that non-malignant cells upregulated 
genes related to negative regulation of cell proliferation  
(P = 2.2 × 10–3) and cell death (P = 0.01), whereas 
tumour cells upregulated genes related to cell migration  
(P = 4.7 × 10–4) and positive regulation of cell proliferation 
(P = 9.3 × 10–5). One plausible explanation for this 
difference may be that malignant cells have already 
activated many genes related to these processes (EMT, 
proliferation, migration and angiogenesis), reducing 
the extent of the activation of such genes in hypoxia. 
On the other hand, the control of mTORC1 activity 
in hypoxia influe nces the survival response but with 
different outcomes in normal versus cancer cells. Whereas 
mTORC1 inhibition reduces the survival of normal cells 
in hypoxia, it supports the emergence of tumour cells 



Results. Chapter 1 

66 
 

 

  

Oncotarget114867www.impactjournals.com/oncotarget

Figure 7: ITGB3 depletion blocks TGF-β pathway activation more effici ent ly in hypoxia than in normoxia. (A) Migration 
assays of MDA-MB-231.shITGB3 cells in hypoxia versus normoxia and treated with TGF-β. (B) Immunoblot of MDA-MB-231.shITGB3 
and MDA-MB-231.shCTL cells treated with TGF-β and subjected to hypoxia or normoxia for 48 hours to analyse the expression of EMT 
factors such as Snail and vimentin. (C) Immunoblot analysis of Smad2 phosphorylation in MDA-MB-231 cells infected with shITGB3 or 
control shCTL subjected to hypoxia or normoxia for 24 hours and treated with TGF-β for 60 minutes. (D) qRT-PCR of cells treated with 
TGF-β and subjected to hypoxia or normoxia for 48 hours to analyse the expression of EMT factors such as Snail and vimentin.
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that are resistant to hypoxia because, in a situation of 
restoration of mTOR signalling, cancer cells become 
sensitive to hypoxia again [31, 63]. Consistent with these 
results, mTOR inhibition negatively regulated GO profile s 
related to proliferation and growth in MCF10A cells and 
positively regulated apoptosis GO categories, whereas 
angiogenesis and tumourigenic features were identified  in 
treated MDA-MB-231 cells (Figure 3).

In terms of translation, in hypoxia, we found 
similar transcriptional changes to those published by 
Thomas et al . [33] and Koritzinsky et al . [57] but very 
few translational changes compared with what was 
reported by Lai et al. [58]. This difference might be due 
to the use of different cell lines or more technical reasons, 
namely, because we isolated fractions of heavy and light 
polysomes, from the two ribosomes to the end, whereas 
Lai and colleagues isolated only the heavy polysome 
fractions. However, validation of our experiments 
revealed that the same amount and almost the same genes 
were translationally downregulated by mTOR inhibition 
compared with what has been reported and that most 
of these transcripts contained TOP elements [36, 37] 
(Supplementary Figure 4). Finally, we also validated 
our screening by using western blotting, showing that 
translationally activated transcripts in HPP correlated 
with an increase in protein expression in this condition 
(Figure 4C). More transcripts were translationally 
upregulated in HPP, possibly due to a synergistic effect 
with the hypoxia treatment. In addition to determining that 
transcripts activated in HPP correlated with greater protein 

expression in HPP, we also found that they were activated 
in hypoxia, as occurred with our candidate target ITGB3 
(Figure 4C). A possible explanation for this find i ng is that 
treatment with the mTOR inhibitor highlighted genes still 
bound to polysomes under low-oxygen conditions after 
cap-dependent translation inhibition in the RNA-Seq and 
that western blotting is more sensitive and more able to 
detect an increase in the real protein. In addition, some 
transcripts activated in HPP are also increased in hypoxia.

In this study, we showed that ITGB3 is 
translationally activated upon hypoxia and hypoxia + 
PP242 in cancer and non-tumourigenic breast epithelial 
cells and that this protein synthesis activation was 
dependent on eIF4E (Figures 4C, 5A and 8). ITGB3 
has been reported to be recruited to the membrane and 
to regulate invasion in hypoxia in glioblastoma by 
interacting with type III EGF receptor (EGFRvIII) in a 
hypoxic microenvironment enriched with vitronectin 
[64, 65] . It is also transcriptionally increased in Caco-2 
cells simultaneously treated with EGF and hypoxia [66]. 
ITGB3 activates EGFR signalling through SRC-FAK-
AKT and thereby promotes invasion [65]. Phenotypes 
of ITGB3 siRNA are stronger in activated cells with 
EGFRvIII than under normal conditions, and hypoxia 
enhances the colocalization of these two factors, 
preventing degradation of this receptor. In addition, 
activation of αvβ3 is required for metastasis in a breast 
carcinoma model by promoting migration in vi tro and 
colonization in metastasis assays [67–71]. By inhibiting 
ITGB3 expression in cancer cells via infection with viral 

Figure 8: eIF4E is essential for enhanced protein synthesis of ITGB3 under low-oxygen conditions. Immunoblot showing 
ITGB3 expression under hypoxic conditions after eIF4E2, eIF4E or HIF1β silencing in the MDA-MB-231 cell line.
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shRNA, we observed reduced migration, as expected, and 
increased apoptosis, but these effects were surprisingly 
more signific

a
nt  in hypoxia (Figure 5). In addition, 

silenced MDA-MB-231 cells showed fewer and smaller 
lung metastases in an in vivo mouse model, consistent 
with previous results [71] showing that downregulation 
of ITGB3 impairs spontaneous metastasis but not growth 
of the primary tumour and that ITGB3 is required by the 
tumour cell and not by the stroma surrounding the tumour. 
Integrins couple several growth factor receptors to regulate 
angiogenesis, survival and EMT. We found, as described 
previously [54], that ITGB3 is activated by the TGF-β 
pathway (Figure 7). ITGB3 in turn enhances TGF-β 
signalling by interacting physically with TGF-β receptor 
(TbetaR) type II via Src-mediated phosphorylation of 
the receptor in mammary epithelial cells [53]. TGF-β is 
involved in cancer cell invasion and migration through its 
participation in EMT. We observed that ITGB3 silencing 
blocked the effects of TGF-β treatment, particularly under 
low-oxygen conditions, especially the transcription and 
expression of EMT markers such as SNAIL and VIM 
(Figure 7). The effects of ITGB3 silencing on Smad2 
phosphorylation were already visible 1 hour after TGF-β 
treatment and Smad2 was not phosphorylated in hypoxia 
when ITGB3 was silenced (Figure 7). This fits  with the 
published data showing that the interaction between these 
two signalling pathways is at the receptor level, but also 
provides novel evidence that this pathway is particularly 
important under low-oxygen conditions, where ITGB3 
is suggested to be more necessary [53]. This find i ng is 
consistent with the previously reported function of ITGB3 
in EMT, where overexpression of ITGB3 increases 
motility and N-cadherin expression through binding of 
the FGF1 receptor and knockdown of ITGB3 suppresses 
the enhancement by FGF1 of TGF-β1-induced EMT in 
MCF10A cells [54]. Additionally, ITGB3 silencing has 
been reported to decrease MMP2 and MMP9 expression 
and reduce invasion [65, 72]. ITGB3 also increases 
bone metastasis [67, 73–75]. Finally, our results are 
consistent with data showing that genetic interference and 
pharmacological targeting of αv integrin (the partner of 
ITGB3) with the non-peptide RGD antagonist GLPG0187 
in different breast cancer cell lines inhibits invasion and 
metastasis in the zebrafish  or in a mouse xenograft model. 
Depletion of αv integrin in MDA-MB-231 cells also 
inhibits the expression of mesenchymal markers and the 
TGF-β/Smad response [76].

ITGB3 inhibitors have shown only modest effica cy 
in patients with advanced solid tumours and in tumour 
models in vivo. In this respect, our results suggest that 
highly hypoxic tumours may be more responsive to ITGB3 
therapy. Cilengitide is an antagonist of integrins and 
preliminary but promising results have suggested that the 
microenvironment plays a role in glioblastoma progression 
and that ITGB3 inhibitors can act in a neoadjuvant setting 
to prevent metastasis rather than reduce tumours once 

formed [65]. Recently, other studies have used drugs to 
target integrin αvβ3 in glioblastoma and more recently in 
lung cancer [77, 78].

Finally, we demonstrated that translational 
activation of ITGB3 in hypoxia and hypoxia + PP242 
was eIF4E dependent. During hypoxia, mTOR signalling 
is inhibited and translation of hypoxia-responsive genes 
requires alternative mechanisms, such as IRES elements 
[23, 79] and uORFs [80]. It is unlikely that ITGB3 is 
translated through an IRES-mediated mechanism because 
its 5′UTR is too short (21 nucleotides). Translation 
through HIF2a-RBM4-eIF4FH, a complex preferentially 
chosen by HIF target genes [25, 26], was also not 
implicated, because silencing of eIF4E2 (which forms part 
of eIF4FH) or HIF1β did not prevent activation of ITGB3 
in hypoxia (Figure 8). Ho et al. [25] classifie

d
 mRNAs 

into three classes depending on Te, with class III mRNAs, 
representing 15% of the translatome (i.e., EGFR, IGF1R), 
showing maintained or increased translation in hypoxia 
and many of the HIF targets genes belonging to this class. 
In contrast to that study, we found that CA9 expression 
was independent of eIF4E2, suggesting that the eIF4FH 
complex is cell line dependent. Finally, we cannot discard 
translational regulation by microRNAs. Integrins have 
been shown to be downregulated by microRNAs in several 
studies in different types of cancer, some of which regulate 
ITGB3 translation, such as miR-128, which is upregulated 
in hypoxia [81, 82], miR-98 in hypoxia and miR-338, 
which inhibits migration by targeting HIF1α under low-
oxygen conditions [83]. Some examples in the literature 
are reported for other integrins, such as TGF-β, which acts 
through miR-130b to increase integrin alpha 5 expression 
and promote migration [84]. Several miRNAs act on 
ITGB3 and it is possible that one of them is expressed at a 
low level in hypoxia and triggers an increase in the protein 
under these conditions.

In summary, our find i ngs  clearly show that, under 
hypoxic conditions, there is a clear regulation of protein 
synthesis in tumourigenic and non-tumourigenic cells. 
ITGB3 displays enhanced translational activity in hypoxia 
or in hypoxia combined with mTOR inhibition. ITGB3 
silencing reduced cell migration and metastasis formation, 
most likely by partly blocking TGF-β pathway signalling. 
ITGB3 seems to play a particularly important role under 
hypoxic conditions and targeting of this integrin in such 
scenarios may provide an added therapeutic benefit

.

MATERIALS AND METHODS

Cell culture and reagents

Breast cancer and non-tumourigenic cell lines were 
purchased from the American Type Culture Collection 
(ATCC) and they were authenticated by DNA profiling using 
short tandem repeat (STR) (GenePrint® 10 System, Promega) 
at Genomics Core Facility, Instituto de Investigaciones 
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Biomédicas “Alberto Sols” CSIC-UAM. MDA-MB-231, 
MCF7, MDA-MB-468 and BT-549 cells were maintained 
in Dulbecco’s modified Eagle’s medium (DMEM) 
(Invitrogen) supplemented with 10% heat-inactivated 
foetal bovine serum (FBS) (Life Technologies) and 
antibiotics (100 U/mL penicillin, 100 µg/mL streptomycin) 
(Life Technologies). MCF10A cells were maintained 
in DMEM supplemented with 10% FBS, 20 ng/mL  
EGF (#E9644; Sigma), 0.5 µg/mL hydrocortisone, 100 ng/mL  
cholera toxin (#C9903; Sigma) and 10 µg/mL insulin 
(#I9278; Sigma). Cells were maintained at 37°C in a 5% CO2 
humidified incubator. To establish hypoxic conditions, cells 
were subjected to 0.5% O2 in 5% CO2/95% N2 and 100% 
humidity for 24 hours in a hypoxic chamber (INVIVO2 200; 
Ruskinn Technology, UK).

PP242 was purchased from Selleckchem (#S2218), 
reconstituted in dimethyl sulfoxide (DMSO) and used 
at a fina l  concentration of 2.5 µM. Actinomycin D and 
TGF-β were purchased from Sigma-Aldrich and used at 
fin

a
l  concentrations of 5 µg/mL and 5 ng/mL, respectively. 

Cycloheximide was obtained from Sigma. Control cells 
were treated with the same amount of DMSO (vehicle).

Sucrose density gradient fractionation and 
polysome and total RNA purifica t ion

Polysomal mRNA was obtained by 10%–50% 
sucrose gradient sedimentation. Upon hypoxia or 
normoxia, with and without PP242 treatments, cells were 
washed twice with cold 1× phosphate-buffered saline 
(PBS) and lysed by incubation for 10 minutes on ice in 
polysome buffer: 1.5 mM KCl, 5 mM Tris-HCl pH 7.4, 
2.5 mM MgCl

2
, 1% Triton X-100, 1% Na-deoxycholate, 

100 µg/ml cycloheximide, 2.5 µl/mL RNAaseOut and 1× 
Complete Roche Protease Inhibitor. The cell lysate was 
centrifuged at 12,000 × g for 15 minutes at 4°C. One 
microgram of total protein from the supernatant was 
loaded onto a 10%–50% sucrose gradient, made with 
the BioComp Gradient Maker, and ultracentrifuged at 
37,000 rpm (SW40 rotor) for 150 minutes at 4°C. The 
sucrose gradient was fractionated with the ISCP UV 
gradient fractionation system (BioComp), connected 
to a UV detector to monitor absorbance at 254 nm, and 
the polysome profile  was recorded. Twelve fractions of 
900 µl each were isolated and RNA was extracted using 
phenol:chloroform and ethanol precipitation followed 
by an RNeasy Mini Kit (Qiagen) for DNase treatment 
according to the manufacturer’s instructions. Both total 
RNA and polysome-bound mRNA were analysed on an 
Agilent Bioanalyzer to assess RNA integrity.

cDNA library construction, RNA sequencing 
(RNA-Seq) and data analysis

Total RNA was assayed for quantity and quality 
using Qubit® RNA HS Assay (Life Technologies) and 
RNA 6000 Nano Assay on a Bioanalyzer 2100 (Agilent).

The RNASeq libraries were prepared from total RNA 
using the TruSeq™ RNA Sample Prep Kit v2 (Illumina 
Inc.,). Briefly, after poly-A based mRNA enrichment with 
oligo-dT magnetic beads from 0.5µg of total RNA as the 
input material, the mRNA was fragmented (resulting 
RNA fragment size was 80–250 nt, with the major peak at 
130 nt). After first and second strand cDNA synthesis the 
double stranded cDNA was end-repaired, 3´adenylated and 
the Illumina barcoded adapters were ligated. The ligation 
product was enriched by 15 cycles of PCR. 

The libraries were sequenced on HiSeq2000 
(Illumina, Inc) in paired-end mode with a read length of 
2 × 76 bp using the TruSeq SBS Kit v3. We generated 
in a mean of 37 million paired-end reads per sample, 
following the manufacturer’s protocol. Image analysis, 
base calling and quality scoring of the run were processed 
using the manufacturer’s software Real Time Analysis 
(RTA 1.13.48, HCS 1.5.15.1) and followed by generation 
of FASTQ sequence fil

e

s by CAS A VA.
The mRNA populations of each sample were 

converted to cDNA libraries using the TruSeq protocol and 
then sequenced using a HiSeq 2000 machine. Paired-end 
reads were mapped against the reference human genome 
(GRCh38) with STAR v2.5.1b (ENCODE parameters 
for long RNA) and GENCODE v24 annotation. Gene 
quantification was performed using RSEM v1.2.28 with 
default parameters. Only protein-coding genes were included 
in the analysis. Normalization of the count matrix was 
performed with the TMM method of the edgeR R package. 
Polysomal RNA (P) and RNA total (T) fold changes across 
conditions were calculated with edgeR. Significant genes 
(FDR < 5% for MCF10A cells and FDR < 10% for MDA-
MB-231 cells) in polysomes were selected for translational 
effic

i

ency calculation (log
2
FC RNA polysomes/log

2
FC RNA 

total). Genes with a z-score > 1.5 were considered to have 
an increased translational effici ency and genes with a z-score 
< –1.5 were considered to have a decreased translational 
efficiency. GO enrichment analysis of significant genes was 
performed with the DAVID database.

The data discussed in this publication have been 
deposited in NCBI’s Gene Expression Omnibus [85] and 
are accessible through GEO Series accession number 
GSE104193 (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE104193).

qRT-PCR and NanoString

One microgram of total RNA was used to synthesize 
cDNA using SuperScript III Reverse Transcriptase (Life 
Technologies). qRT-PCR was performed on a Veriti 96-
well Thermal Cycler (Applied Biosystems) using SYBR 
Green Technology (Applied Biosystems).

Gene Forward 5′-3′ Reverse 5′-3′

ITGB3
CATCACCATCCA 
CGACCGAA GTGCCCCGGTACGTGATATT

SNAIL
CACTATGCCGCG 
CTCTTTC

GCTGGAAGGTAAACTCT 
GGATTAGA
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VIM
CGCCAGATGCGT 
GAAATGG ACCAGAGGGAGTGAATCCAGA

ECADH
CCCTCGACACCC 
GATTCAAA TGGATTCCAGAAACGGAGGC

NCADH
TGTTTGACTATGAAC 
GCAGTGG TCAGTCATCACCTCCACCAT

YBX1
TCGCCAAAGAC 
AGCCTAGAGA TCTGCGTCGGTAATTGAAGTTG

HIFa
GAACGTCGAAAAGAA 
AAGTCTCG CTTTATCAAGATGCGAACTCACA

Myc
TCAAGAGGCGAA 
CACACAAC GGCCTTTTCATTGTTTTCCA

MXD1
AGAAGTTGAAGG 
GGCTGGTG TCGCTGAAGCTGGTCGATTT

CCND3
TGCACATGATTT 
CCTGGCCT CTGTAGCACAGAGGGCCAAA

GAPDH
TGCACCACCAA 
CTGCTTAGC GGCATGGACTGTGGTCATGAG

CCDN1
AGTGGAAACC 
ATCCGCCG TCTGTTCCTCGCAGACCTCCA

MXI1
GGGTCCTCAGGA 
GATGGAAC TGGGAGAACTCTGTGCTTTCA

FLCN
AGAGTCCTCCT 
CTCTCTCAGG GGTCCACGTCTCTGCTTTTC

FNIP1
CGCCTCTTTCTT 
TGCAGTTCA GGTAGCTGCTGGCACAACTT

Arrdc3
GCCCTTCAAGG 
ACCACTGTT AGGGGCAGGATGGTCTATCA

IRF9
GCTCTTCAGAA 
CCGCCTACTT CCAGCAAGTATCGGGCAAAG

ADIRF
TTGCAGGACCT 
GAAGCAACA TGGTTTCCTGGGTGGTCTTG

PTGS2
AGATCATAAGC 
GAGGGCCAG GGCGCAGTTTACGCTGTCTA

DLL1
CGTGGGGAGAA 
AGTGTGCAA CTCTGCACTTGCATTCCCCT

BMP2
ATGGATTCGTG 
GTGGAGTG GTGGAGTTCAGATGATCAGC

Actin
GCAAAGACCTGTAC 
GCCAAC AGTACTTGCGCTCAGGAGGA

Knockdown analysis using siRNA transfection

Small interfering RNA (siRNA) of HOXB3, JAG2, 
MXI1, PTGFR, RORA, ITGB3, IRF9, EGFP (esiRNA; 
Sigma), eIF4E, ARNT and eIF4E2 (Dharmacon Research, 
Inc.) were transfected at a fina l  concentration of 10 nM 
using RNAi MAX Lipofectamine (Invitrogen). After 
48 hours of transfection, cells were seeded for MTT 
assays, migration assays or western blot analysis.

Modulation of expression using retroviral and 
lentiviral infection

For lentiviral shRNA of ITGB3, pLKO.1-
puro-shITGB3 was constructed by annealing the 
oligonucleotides 5′-ccgggccaagactcatatagcattgctcga-3′ and  
5′-aattcaaaaagccaagactcatatagcatt-3′ and cloning them 
into a pLKO1 vector. The shITGB3 #3 was obtained from 
Dharmacon. We also used pLKO1 as shCTL. MGC Human 
ITGB3 Sequence-Verified  cDNA (CloneId: 40128462) was 

obtained from Dharmacon and was subcloned into pLPCX 
retroviral plasmid after annealing of the oligonucleotides 
5′-CTTAGATCTA CCATGCGAGC GCGGCCGCGG 
CCC-3′ and 5′-GGTAAGCTTT TAAGTGCCCC GGT 
ACGTGAT ATT-3′. Production of lentiviruses and 
retroviruses and their infection of target cells were 
performed as previously described [86]. Infected MDA-
MB-231 and MCF10A cells were selected with 0.7 µg/mL 
or 1.5 µg/mL puromycin for 3–4 days, respectively. Viral 
production and infection were performed at 37°C. All of 
these plasmids were sequenced twice from both ends to 
ensure expression of the correct coding sequence.

MTT assays

MTT (3-[4,5-dimethylthiazol-25-yl]-2.5-dipheny 
ltetrazolium bromide; Sigma) was added to the medium 
to a fina l  concentration of 0.5 mg/mL and incubated for 
4 hours at 37°C. The medium was then removed and 
0.2 mL DMSO was added. Absorbance was measured at 
590 nm by using a Synergy spectrophotometer (Biotek). 
Readings were taken 0, 24, 48, 72 and 96 hours after cell 
treatment.

Migration assays

Cells were plated in 24-well plates in triplicate. 
After 24 hours, the cells were treated overnight with 
mitomycin C (5 µg/mL, Santa Cruz Biotechnology). Then, 
a wound was made in the monolayer with a pipette tip, the 
medium was replaced and the cells were incubated under 
normoxic or hypoxic conditions. Pictures of the wounds 
were taken 0, 8 and 24 hours after treatment initiation, 
and wound closure was measured using ImageJ software.

Caspase assays

To measure caspase-3 and -7 activity, the Caspase-
Glo 3/7 Assay (Promega) was used. Five thousand cells 
in 200 µL were seeded in black-walled 96-well plates 
and subjected to normoxia or hypoxia for 48 hours. Then, 
100 µL Caspase-Glo 3/7 reagent was added to each well 
and the cells were incubated at room temperature for 
1 hour. Luminescence was measured using a Synergy Mx 
Monochromator-Based Multi-Mode Microplate Reader.

Protein extraction and immunoblotting

Total protein extracts were generated using lysis 
buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton 
X-100, 1% sodium deoxycholate, 0.1% SDS, 1 mM EDTA) 
supplemented with PhosSTOP and Complete Phosphatase/
Protease Inhibitor Cocktails (Roche Diagnostics GmbH, 
Mannheim, Germany). Protein extracts (20–25 µg 
per sample) were loaded onto SDS-PAGE gels and 
transferred electrophoretically to PVDF membranes and 
immunodetection of proteins was performed using ECL™ 
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Western Blotting Detection Reagents (GE Healthcare, 
Buckinghamshire, UK). The following primary antibodies 
were used: anti-Myc, anti-HIF1a, anti-4EBP1, anti-eIF4E, 
anti-YBX1, anti-Snail, anti-CA9, anti-Smad2/3, anti-α-
catenin (Cell Signaling), anti-phospho Smad2 (Millipore), 
anti-β3 integrin, anti-MMP3, anti-N-cadherin (Abcam), 
anti-CycD1, anti-vimentin (Santa Cruz Biotechnology), 
anti-BMP2, anti-CCDC103, anti-TTC30B, anti-EIF3G, 
anti-RPL11 (CusaBio), anti-Cx31 (Alpha Diagnostics), 
anti-eIF4E2 (GeneTex), anti-αv integrin and anti-β-actin 
(1:500; Calbiochem, Darmstadt, Germany). Anti-mouse 
and anti-rabbit HRP secondary antibodies were from 
Pierce. Bound antibodies were visualized with an enhanced 
chemiluminescence detection kit (Amersham Pharma-
Biotech).

Animal study

Female athymic nude mice (Harlan Interfauna 
Iberica, Barcelona, Spain) were kept in pathogen-free 
conditions and used at 7 weeks of age. Animal care was 
handled in accordance with the Guide for the Care and Use 
of Laboratory Animals of the Vall d’Hebron University 
Hospital Animal Facility, and the experimental procedures 
were approved by the Animal Experimentation Ethical 
Committee at the institution. All of the in vivo studies were 
performed by the ICTS ‘NANBIOSIS’, more specifica l ly 
at the CIBER-BBN in vivo Experimental Platform of the 
Functional Validation & Preclinical Research (FVPR) 
area (http://www.nanbiosis.es/portfolio/u20-in-vivo-
experimental-platform/) (Barcelona, Spain).

Mice received an intravenous injection of tumour 
cells (MDA-MB-231 parental cells or MDA.MB-231-
shITGB3, 2 × 106 cells per inoculum) into the left caudal 
tail vein. Animals’ body weight and physical appearance 
were measured twice a week. Two set of experiments were 
performed. To record animal survival after inoculation, 
animals were kept alive until they met the established ethical 
criteria (in accordance with the protocol approved by the 
Experimental Animal Ethics Committee). In the second set 
of experiments, all animals were euthanized 36 days after 
inoculation to compare the number and extent of the lung 
metastases between groups. In these experiments, the lungs 
were collected, weighed and fixed with Bouin’s solution. 
The number and size of lung metastases were quantified 
macroscopically using a stereoscopic microscope. Lungs 
were processed later for histopathological analyses.

Statistics

Results are expressed as means + standard errors of 
the means. The two-tailed Student’s t-test was used for 
statistical analysis. P < 0.05 was considered significa nt . 
To analyse the distributions of qualitative variables, the 
Pearson coeffic

i

ent  wa s used.
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SUPPLEMENTARY MATERIALS

Supplementary Figure 1: Venn diagrams showing the distribution of transcriptionally deregulated genes in H, HPP and NPP in MDA-
MB-231 (A) and MCF10A (B) cell lines.
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Supplementary Figure 2: Analysis of transcriptionally downregulated genes under hypoxic and hypoxic + PP242 
conditions. (A) Venn diagram with the distribution of transcripts downregulated in hypoxia. A table showing the main GO categories 
(with P < 0.03) and Kegg pathways (with P < 0.03) associated with each cell line. (B) Venn diagram with the distribution of transcripts 
downregulated in hypoxia + PP242. A table showing the main GO categories (with P < 0.03) and Kegg pathways (with P < 0.03) associated 
with each cell line.
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Supplementary Figure 3: Analysis of transcriptionally deregulated genes when cells are treated with PP242. (A) Venn 
diagram with the distribution of transcripts upregulated in NPP. A table showing the main GO categories (with P < 0.03) associated with 
each cell line and the GO categories (with P < 0.03) associated with genes in the intersection between the two cell lines. (B) Venn diagrams 
with the distribution of transcripts downregulated in NPP. A table showing the main GO categories (with P < 0.03) associated with each 
cell line and the GO categories (with P < 0.03) associated with genes in the intersection between the two cell lines.
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Supplementary Figure 4: Translationally downregulated transcripts upon PP242 treatment. (A) Venn diagrams showing 
the distribution of downregulated transcripts at the protein synthesis level under H, HPP and NPP conditions in each cell line. (B) Venn 
diagrams showing translationally downregulated transcripts in HPP and NPP highlighting genes in the intersection between the two cell 
lines. (C) Main GO categories associated with translationally downregulated genes in HPP in both cell lines. (D) Above: Table showing 
the number of genes translationally downregulated in our study and in others studies. Below: Venn diagram showing the number of genes 
translationally inactivated in NPP compared with the ones inactivated in other published studies.
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Supplementary Figure 5: Increased translational effici ency (Te) of ITGB3 is accompanied by increased protein in 
other breast cancer cell lines. Immunoblots for all experimental conditions of the different translationally activated (ITGB3, GJB3, 
MMP3, CCDC103, TTC30B) or inactivated (RPL11, EIF3G, YBX1) targets in HPP in MDA-MB-468, BT-549 and MCF7.
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Supplementary Figure 6: Validation of the screening by qRT-PCR and NanoString in MDA-MB-231 cells. (A) qRT-
PCR of candidate genes in polysomal mRNA (left panels) and the ratio of Log

2
FC P to Log2FC T (right panels) compared with the values 

obtained from the RNA-Seq screening under H, HPP and NPP conditions. (B) Correlation between the 50-gene PAM50 assay and the 
expression obtained in RNA-Seq for these genes from the total mRNA.
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Supplementary Figure 7: Validation of the screening by qRT-PCR and NanoString in MCF10A cells. (A) qRT-PCR of 
candidate genes in polysomal mRNA (left panels) and the ratio of Log

2
FC P to Log

2
FC T (right panels) compared with the values obtained 

from the RNA-Seq screening under H, NPP and HPP conditions. (B) Correlation between the 50-gene PAM50 assay and the expression 
obtained in the RNA-Seq for these genes from the total mRNA.
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Supplementary Figure 8: Screening by siRNA of candidate translationally activated genes in hypoxia with PP242. (A) 
Forty-eight hour survival rates in hypoxia compared with normoxia. (B) Forty-eight hour survival rates in hypoxia compared with normoxia 
in MCF10A cells transfected with the different siRNAs. (C) Migration assays in MDA-MB-231 cells transfected with the different siRNAs 
and subjected to hypoxia versus normoxia for 8 hours. (D) Apoptosis in MDA-MB-231 cells transfected with the different siRNAs. (E) 
Apoptosis in MCF10A cells transfected with the different siRNAs.
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Supplementary Figure 9: Migration assay of MDA-MB-231 and MCF10A cells with ITGB3 silencing and treated 
with TGB-β. (A) Migration assay of MDA-MB-231 cells using shITGB3 #3 (above) and an immunoblot showing ITGB3 and Snail 
expression upon treatments (below). (B) Migration assay of MCF10A cells using shITGB3 #1 (above) and an immunoblot showing ITGB3 
and N-cadherin expression upon treatments (below). (C) Migration assay of MCF10A cells using shITGB3 #3 (above) and an immunoblot 
showing ITGB3 and N-cadherin expression upon treatments (below).
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Supplementary Figure 10: eIF4E is essential for protein synthesis activation of ITGB3 under low-oxygen conditions. 
Immunoblot showing ITGB3 expression under hypoxic conditions after eIF4E2, eIF4E or HIF1β silencing in the MCF10A cell line.

Supplementary Table 1: Lists of mRNAs that are translationally regulated in MCF10A and MDA-MB-231 cells in all 
experimental conditions. See Supplementary_Table_1
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In the published data of Chapter I, we performed a polysomal RNA-Seq screen to 

analyse the translatome in hypoxia of cancer cells versus normal cells, and we identified 

ITGB3 as a candidate. Our data suggested that ITGB3 is translationally activated in hypoxia 

and regulates malignant features including EMT and cell migration through the TGF-β 

pathway. Besides, downregulation of ITGB3 significantly reduced lung metastasis and 

improved overall survival in vivo revealing a novel angle to treat therapy-resistant hypoxic 

tumours. 

After this, we were interested in expanding our knowledge in the specific role of 

ITGB3 in hypoxic conditions, using different in vitro models. Models that Professor Alan 

McIntyre, from the University of Nottingham, England, had a huge experience working with. 

That is why I had the opportunity to spend three months in the Tumour and Vascular 

Biology Laboratory of Professor Alan McIntyre.  

Our principal goal during this stay was to study the role of ITGB3 in mammospheres 

formation in hypoxic conditions and the evaluation of hypoxic phenotype monitored using 

the spheroid model. To this end, we used two different breast cancer cell lines, MCF7 and 

MDA.MB.231, subjected to ITGB3 depletion using stable shRNA. 

Results 

Oxygen consumption rate per volume was shown to be smaller in spheroids 

compared to single cells and was more similar to values measured in tumours66,212,213. 

Additionally, oxygen consumption was discovered to be higher in small spheroids and drops 

while volume increases, indicating that cells in spheroids adapt to low oxygen pressure by 

a shift to anaerobic metabolism or quiescence. When spheroids reach diameters of 1 mm, 

oxygen consumption turns out to be less dependent on size and is analogous to oxygen 

consumption in avascular tumour regions. Oxygen diffusion is constant regardless of 

spheroid size and is comparable to the diffusion detected in solid tumours212. 

The stratified cellular conformation of spheroids with proliferating cells at the 

border and quiescent and necrotic cells within the core suggests that restriction of 

metabolic parameters induces cell cycle arrest and apoptosis. Concerning spheroid cell 

death, a correlation between the decrease of oxygen pressure and simultaneous detection 

of core necrosis has been found in spheroids models66,214. 

Integrin Beta 3 increases the 3D growth rate in breast cancer cell lines 

The ability of ITGB3 to promote spheroid formation was tested in MDA.MB.231 and 

MCF7 breast cancer cell lines with ITGB3 depleted using stable shRNA. Reduction of ITGB3 
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expression significantly reduced the spheroid growth rate by 50-60% in MDA.MB.231  

(Unpublished Figure 1A) cells and 30% in MCF7 (Unpublished Figure 1B) compared with 

shCON. It is worthy to note that MDA.MB.231 control cells showed an exponential growth 

rate and a compact morphology, meanwhile MCF7 cells showed more inconsistent 

morphology, leading to spontaneous disintegration. 

 

Unpublished Figure 1. ITGB3 depletion affects growth rate in breast cancer cell spheroids. Representative spheroid 
images and spheroid growth curves of (A, B) MDA.MB.231 and (C, D) MCF7 cells, (*p<0.05, **p<0.01, n=3). Error bars 
represent standard deviation. Statistical analysis including Student’s t-test and linear regression of log transformed 
growth data were carried out as appropriate using GraphPad Prism 6.01. 
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ITGB3 promotes mammospheres formation in both normoxic and hypoxic 

conditions 

The standard in vitro assays currently used to prove the self-renewal property of 

cancer stem cells are the colony-forming assays and the culture of cells in non-adherent 

conditions, which outcomes in the proliferation of cells as tumorspheres. This assay has 

exposed that only the mammary stem cells have the ability to survive in suspension and 

generate 3D non-adherent colonies called mammospheres. These mammospheres are 

enriched in mammary stem cells and are able to differentiate into all three mammary 

epithelial lineages as well as to clonally generate complex functional structures in 

reconstituted 3D culture systems215,216. Along with the ability of stem cells to form 

mammospheres, it has been demonstrated the ability of cells to generate secondary and 

subsequent generation mammospheres since this associate with better assurance the 

number of sphere-forming cells with the number of multipotential progenitors or stem 

cells217. 

To investigate whether the ITGB3 knockdown cell line displays functional 

characteristics of cancer stem cells, we tested the ability of the population to grow as non-

adherent mammospheres. Cells were grown as mammospheres for 7 days and then their 

secondary regeneration mammosphere capacity was tested for a total of 14 days. The 

analysis was done in both conditions in parallel, normoxia, and hypoxia (Unpublished 

Figure 2A). The results showed that the MCF7 shITGB3 cell line presented less capacity to 

form mammospheres as well as second generation of spheres, meaning that they present 

less multipotency capacity in relation to MCF7 shCON cells. This effect was observed in both 

conditions, normoxia and hypoxia (Unpublished Figure 2B). However, phenotypic 

differences were observed between groups. Wild type mammospheres were larger 

compared to the shITGB3 ones (Unpublished Figure 2C-F). Therefore, reduction in ITGB3 

expression is translated into a reduction in cancer stem cells properties. The lack of ITGB3 

affects the mammosphere formation, but equally in normoxic and hypoxic conditions. 

Additionally, wild type-mammospheres present bigger size. 
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Unpublished Materials and Methods 

Generation of spheroids 

For the formation of tumour spheres, cells are grown in the presence of matrigel in 

low adherent 96 well plates (Costar). Cells cultures were trypsinised in 1X Trypsin-EDTA, 

neutralised with DMEM, and diluted 1:2 with Trypan Blue Solution (Sigma-Aldrich) for cell 

count. Stock cell suspensions of the desired cell densities were seeded using DMEM medium. 

Matrigel TM matrix (Corning) was added to stock cell suspensions in a 50µL:1mL ratio. 3D 

spheroids were formed after seeding cells: MCF7 or MDA.MB.231 at 10,000cells/well in 

Costar ultra-low cluster with round bottom 96-well plates. After seeding, plates were 

centrifuged for 10 minutes at 2,000 rpm and incubated under standard cell culture 

conditions in a humidified incubator at 37ºC with 5% CO2. Once the spheres have reached a 

diameter of approximately 1000 μm they represent many features of a primary tumour, like 

Unpublished Figure 2. The lack of ITGB3 affects mammosphere formation, but similarly in Normoxia and Hypoxia in MCF7 
cell line. Moreover, wild type-mammospheres are able to form bigger ones (*p<0.05, **p<0.01, ****p<0.0001 n=4-6). Error 
bars represent standard deviation. Statistical analysis was carried out as appropriate using GraphPad Prism 6.01 
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an external proliferation zone an inactive intern zone, caused by the limited diffusion of 

oxygen, nutrients, and metabolites, as well as a necrotic core, that mimics the heterogeneity 

features seen in vivo. Spheroids were visualised every two days using the Nikon Ti-E 

microscope with NIS-Elements AR program and analysed using Image J and GraphPad Prism 

v6.01 software. 

Generation of mammospheres 

MCF7 cells were plated in 6-well ultra-low attachment surface plates (Corning) at a 

concentration of 40,000 cells/well. Cells were maintained in 3.0 mL MammoCult Basal 

Medium (StemCell Technologies), supplemented with MammoCUlt Proliferation 

supplements (StemCell Technologies), 4,0ug/mL Heparin (StemCell Technologies), and 

0,48ug/mL Hydrocortisol (StemmCell Technologies). Secondary generation 

mammospheres were generated on day 7 by dissociating primary mammospheres with 1X 

Trypsin-EDTA, re-suspending in the afore-mentioned medium and plated at the same cell 

density in 6-well ultra-low attachment surface plates. The capacity of cells to form primary 

and secondary mammospheres, after 7 and 14 days in culture respectively, were visualised 

using the Nikon Ti – E microscope with NIS-Elements AR program and analysed using Image 

J and GraphPad Prism v7.00 software. 

The number of primary mammospheres which are larger than 50 mm were 

determined using Image J (Fiji). Mammosphere forming efficiency (%) was calculated as 

follows: (Number of mammospheres per well / number of cells seeded per well) x 100. 

Assessment of self-renewal (second generation mammospheres) was calculated as done for 

the primary mammospheres. 
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Manuscript 

ITGB3 mediated extracellular vesicle uptake facilitates intercellular communication to drive 

breast cancer metastasis. 

Pedro Fuentes, Marta Sesé, Pedro J. Guijarro, Marta Emperador, Sara Sánchez, Héctor 

Peinado, Stefan Hümmer*, Santiago Ramón y Cajal* 

Summary 

Introduction: Metastasis, the spread of malignant cells from a primary tumour to distant 

sites causes 90% of cancer-related deaths. The integrin ITGB3 has been previously 

described to play an essential role in breast cancer metastasis, but the underlaying 

mechanisms remain undefined. Tumors are complex systems where cell-cell 

communication between intra-tumoural and extra-tumoural cells play a crucial role. 

Extracellular Vesicles (EVs), membrane-limited vesicles secreted by normal and malignant 

cells, have been proposed to act as mediators of intercellular communication in 

physiological and pathological scenarios. It is now well established that integrins are 

constantly endocytosed and recycled back to the plasma membrane through multiple 

routes. Accumulating evidence clearly indicates that endocytosis and recycling of integrins 

plays a crucial role during cancer progression, invasion, and metastasis. Here we describe a 

fundamental link between endocytosis mediated integrin trafficking and the integrin-

mediated uptake of exosomes. 

Objectives: As the integrins are crucial for the role of extracellular vesicles in cancer 

progression and particularly in metastasis together with our previous findings that ITGB3 

is required for lung metastasis in MDA.MB.231 cells, we were aiming at delineating the role 

of ITGB3 in extracellular vesicles-mediated intercellular communication in breast cancer 

cell lines. 

Methodology: Using stable shRNA of ITGB3 (shITGB3) in the triple-negative breast cancer 

cell line MDA.MB.231, EVs were isolated by ultracentrifugation and characterized by 

Western blot analysis to determine the protein composition and by NTA and CryoEM to 

measure the amount of EVs. An LC-MS/MS-based assay was performed to determine the 

differences in the protein composition of EVs after knock-down of ITGB3. Uptake of 

fluorescently labelled EVs into recipient cells was measured by flow cytometry. The colony- 

forming capacity induced by conditioned medium was used to assess the functional impact 

on the role of ITGB3 in intercellular communication.  

Results: Studies of colony formation capacity, as a model for the formation of colonies 

within the distant organ during the metastatic process, showed that ITGB3 is required for 
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EVs-induced colony formation. In line with this, the uptake of fluorescently labelled EVs was 

strongly impaired in shITGB3 cells. In agreement with the integrin trafficking model, 

inhibition of FAK, HSPGs, and Dynamin proteins using chemical and genetical approaches. 

Furthermore, we demonstrated that this defect is linked to endocytosis of EVs. Finally, 

analysis of shITGB3 derived-EVs revealed a clear ITGB3-dependent alteration in the EVs 

secretome. On the one hand, clear defects in protein complexes required for exosome 

formation and on the other hand, Nanoparticle Tracking Analysis (NTA) and CryoEM 

showed that the overall amount of small EVs was increased upon ITGB3 inhibition. 

Conclusions: Our work demonstrates that extracellular vesicles-stimulated clonal growth 

relies on ITGB3 in EVs-receiving cells and that ITGB3 plays a central and thus far unknown 

role in EV uptake. Our data indicate that this need for ITGB3 may be due to its dual role 

connecting the capture of extracellular vesicles at the cell surface by HSPG-modified 

proteins like syndecans to the local activation of FAK-induced Dynamin-driven endocytosis 

Thus, the transmembrane protein ITGB3 is required for both extracellular recognitions of 

EVs by interacting with HSPGs and for intracellular FAK activation. The stimulated 

endocytosis of integrins results in the coordinated cellular uptake of ITGB3- and HSPG-

associated EVs. Thus, the central role of ITGB3 in intracellular communication via EVs and 

the proposed function of EVs in cancer metastasis might explain the requirement for ITGB3 

in breast cancer metastasis.  
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Supplementary Figure 1

Supplementary Figure 1. shITGB3 MDA.MB.231 cells are capable of homing in the lung.
A) Schematic workflow for lung homing tumour cells analysis. B-C) Flow cytometry analysis
for DID+ labelled shITGB3 and shCON MDA.MB.231 cells gated for CD45- (left panel) and
CD45+ (right panel). Source data are provided as a Source Data file.

(n= 8 animals). Data are represented as mean ± SD in b-c. Scheme created with BioRender.
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Supplementary Figure 6

Supplementary Figure 6. Co-localization between EVsand ITGB3 at cellular membrane A)
Representative confocal pictures of non-permeabilized MDA.MB.231 cells treated for 1h with
PKH26-labelled shITGB3-derived EVs, fixed, and stained for αvβ3. B) Graphical representation
of the Mander’s coefficient values for determining co-localization between the different
markers. (n=111 cells/condition). Bar represents 5µm. Source data are provided as a Source Data
file.

Data are represented as mean ± SD in b.
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Supplementary Figure 9

Supplementary Figure 9. Extracellular vesicles co-localizes with ITGB3 in endocytic-
pathway structures. MDA.MB.231 shCON and MDA.MB.231 shITGB3 cells were treated for
1h with PKH26-labelled EVs, fixed, and stained for EEA1 and αvβ3 and EEA1 and LAMP1
respectively. A-B) Graphical representation of the Mander’s coefficient values for determining
co-localization between the different markers. (n= 75 cells/condition). C) Representative
confocal pictures of MDA.MB.231 shCON and MDA.MB.231 shITGB3 cells. Bar represents
5µm.

(*p value<0.05, **p value<0.01). In a-b data are represented as boxplots using the MIN to MAX
method. The middle line is the median, the lower and upper hinges correspond to the 25th to
75th percentiles. The upper whisker extends from the hinge to the largest value and the lower
whisker extends from the hinge to the smallest value. Statistical analysis including two-way
ANOVA multiple comparisons was carried out using GraphPad Prism 6.01.
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Supplementary Figure 11

Supplementary Figure 11. Heat map representation showing the difference in the abundance of
proteins with a described role in endocytosis (A) and exosome biogenesis (B). C) Gene ontology
enrichment analysis of proteins with a log2 FC of -1 and a q.value < 0.05 in the comparison of
proteins identified in the vesicle fraction of MDA.MB.231 shCON and MDA.MB.231 shITGB3
cells. In addition, proteins uniquely identified under either of the two conditions we included in
the analysis. Pie charts are arranged by the mean –log10 p.values for the individual categories.
Source data are provided as a Source Data file.
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  Supplementary Figure 12

Supplementary Figure 12. Phenotype confirmation using a different breast cancer cell line.
A) Representative immunoblot showing ITGB3, TSG101 and CD81 expression in MCF7 and
MCF7 shITGB3 cells. Amido black staining (lower). Source data are provided as a Source Data
file. Three independent experiments were performed with similar results.
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Supplementary Figure 14

Supplementary Figure 14. Only FAK activity was stimulated by EV treatment among all
tested signalling pathwaysreported to be downstream of ITGB3. A) Representative Western
blot analysis. Source data are provided as a Source Data file. Three independent experiments
were performed with similar results.
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Although cancer cells are subject to constant cellular stresses, such as hypoxia, low 

nutrient levels and oxidative conditions, they are still able to proliferate, survive and 

develop malignant characteristics. The mechanisms and factors that help tumour cells to 

overcome cellular stress are not fully understood. The present thesis focused on the 

identification of new players required for the adaptation of tumour cells to hypoxic stress. 

To do so, we performed high-throughput RNA-Seq analysis of both the transcriptome and 

the translatome of a malignant and a benign BrCa cell line subjected to low-oxygen 

conditions. This screening approach led to the identification of several transcripts that are 

translationally activated by hypoxia in an mTOR-dependent or -independent manner. Of 

these transcripts, we selected ITGB3 for further functional studies. 

Rationale and reliability of high-throughput polysomal mRNA-Seq screening 

Even though mRNA transcription is still widely studied in the post-genomic era as 

the basis of gene expression, it is important to note that the mere presence of an mRNA is 

not a guarantee that the encoded protein is translated. Thus, the study of translationally 

active transcripts appears to be essential for determination of the response at the protein 

level30,31. While the direct assessment of protein levels at a genome-wide scale remains 

limited by the capacity of the applied mass spectrometry, the readout of translational 

activity by ribosome profiling provides a valuable tool to predict the cellular abundance of 

a protein. Under physiological conditions, normal and cancerous tissues are often only 

transiently exposed to hypoxia, which does not allow a sufficiently rapid cellular response 

based on the activation of mRNA transcription. Therefore, gene expression requires 

additional layers of regulation, such as protein translation, to allow a swift response to 

changes in the microenvironment. Ultimately, the ability of a cell to rapidly respond to 

cellular stress is essential for cellular adaptation and survival. However, in the case of 

hypoxic stress, mRNA translation is severely, although reversibly, inhibited under hypoxic 

conditions after only a few minutes of oxygen deprivation218. Nonetheless, the precise 

control of protein synthesis is required for cell growth, and deregulation of this process 

promotes tumour progression and the development of resistance to therapy and cellular 

stress. In this respect, tumour cells use alternative modes of translational regulation to 

express fundamental survival factors for their maintenance. In this regard, the capacity of 

tumour cells to survive under cellular stress conditions is achieved through their ability to 

stimulate non-canonical translation pathways, which promote tumour progression. This 

mechanism is used to compensate for the reduction in the canonical protein synthesis 

pathway and the inactivation of the mTOR pathway under hypoxic conditions59,86. 
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The ability of translational control to regulate the expression of individual genes has 

been poorly investigated on a genome-wide scale. Previous studies assessed the 

contribution of translational regulation during hypoxia on a genome-wide scale through the 

use of microarray technology. Our study was based on the use of RNA-Seq technology to 

detect translationally active transcripts. In addition, the use of differentiated polysomal and 

total mRNA fractions allowed us to compare translational efficiency (TE) with 

transcriptional changes. 

We performed RNA-Seq screening to determine the translational activation of 

mRNAs under hypoxic stress alone and in combination with inhibition of the canonical 

protein synthesis pathway. To do so, the established mTORC1/mTORC2 inhibitor PP242 

was used to block mTOR-dependent protein synthesis. We isolated cytosolic mRNA and 

translationally active mRNA (polysome-associated) via a 10–50% sucrose gradient 

sedimentation. This procedure was carried out in parallel for breast epithelial cells 

(MCF10A) and BrCa cells (MDA.MB.231) under several conditions: 1) normoxia, 2) hypoxia, 

3) normoxia + PP242 treatment, and 4) hypoxia + PP242 treatment (Figure 1, Paper I). 

Using these different combinations, we aimed to identify candidate mRNAs subjected to 

non-canonical control mechanisms of protein translation. In this regard, IRES-mediated 

protein translation has been suggested to be sustained under hypoxic conditions. However, 

only a few candidates with IRES-mediated protein translation were identified. Thus, 

alternative and parallel pathways of non-canonical translation must co-exist to ensure 

protein synthesis under hypoxic conditions. A detailed analysis of the mRNAs efficiently 

translated under hypoxic conditions might therefore reveal novel mechanisms of non-

canonical protein translation. 

In relation to other studies that investigated protein translation under hypoxic 

conditions, we found comparable changes to those published by Thomas et al.219 and 

Koritzinsky et al.76,220, but only a small overlap with the translational changes reported by 

Lai et al.221. These differences might be explained by the use of different cell lines, the 

duration of exposure to hypoxia (20 and 16 hours of hypoxia exposure instead of 24 hours) 

and the different O2 conditions (0.02% instead of 0.05%). All of these experimental criteria 

have previously been shown to affect the cellular response to hypoxia. Therefore, different 

results could be expected. 

For future studies, it would be of interest to further evaluate the regulation of mRNA 

translation at a range of oxygen concentrations typically seen in tumours (i.e., 0.02–5% O2), 

as well as at different time points (acute vs sustained effects). Moreover, it would be 
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interesting to also focus on early time points because translational regulation can result in 

an immediate response while transcriptional regulation might be required for the 

subsequent adaptation phase. Moreover, it suggests its involvement in transient changes in 

oxygenation in vivo. These different response “waves” might provide the basis for the acute 

and sustained adaptation to hypoxia and explain the differences in the TE of different 

groups of genes at different times as a result of changes in molecular mechanisms. Another 

option would be that some mRNAs could be transcriptionally induced but translationally 

repressed under normal conditions. In response to stress, protein synthesis would be 

restored to allow the cell to resist the adverse situation. 

To confirm the results obtained after mTOR inhibition, we compared our results 

with additional studies. Similar changes were also observed in other studies, where almost 

the same genes were translationally downregulated by mTOR inhibition222,223. Moreover, 

most of these transcripts contained TOP elements, cis-acting elements found in mRNAs 

localised to polysomes in actively growing cells whose translational activation is mainly 

regulated by the mTOR signalling pathway224 (Supplementary Figure 4, Paper I). The mRNA 

encoding RPL11 (ribosomal protein L11) is an example of a TOP motif-containing mRNA 

that is reduced in the polysomal fraction of PP242-treated cells (Figure 4C, Paper I). These 

results validate the sufficient inhibition of the canonical pathway in the screening procedure 

and therefore provide a solid base for the detection of mRNAs translated by non-canonical 

pathways. 

Through this innovative approach, this thesis revealed several changes in gene 

expression at both transcriptional and translational levels that might have been overlooked 

in previous studies. Differences between tumour and non-tumour cells, particularly in 

terms of ITGB3, the candidate gene chosen for further studies, will be discussed below. 

The MCF10A and MDA.MB.231 transcriptome and translatome in hypoxia and 

hypoxia + PP242 

The results of the screening highlight marked differences in the mechanisms of the 

stress response between tumour and non-tumour cells. We analysed these transcriptional 

differences between the two cell lines under hypoxic and hypoxic + PP242 conditions. 

Under hypoxic conditions, 236 overexpressed and 17 downregulated genes were detected 

in non-tumour cells. In contrast, only 61 overexpressed and 9 downregulated genes were 

regulated in tumour cells. Interestingly, 23 genes showed a response pattern in both cell 

types. Analysis of the biological significance of these 23 genes revealed that most belonged 

to Gene Ontology (GO) categories related to response to hypoxia, glycolysis and oxidation-
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reduction processes, as expected. In the case of MDA.MB.231 cells, no other significantly 

differentiated categories were found, likely due to the low number of genes differentially 

expressed. Instead, MCF10A cells demonstrated categories such as apoptosis, angiogenesis 

and proliferation. The first conclusion is that non-tumour cells promote greater 

transcriptional changes than tumour cells in response to hypoxic stress. This may be 

because tumour cells present a high basal activation threshold of related genes, whereas 

non-tumour cells need the activation of these genes as an adaptation mechanism to the new 

scenario. 

The observed changes in MCF10A cells were even more evident when the cells were 

subjected to double treatment comprising hypoxia + mTOR inhibition. A total of 631 mRNAs 

were upregulated in non-tumour cells compared with the 130 genes found to be 

upregulated in tumour cells; 74 of the genes were the same. GO analysis revealed that the 

74 shared genes were part of the following functional categories: response to hypoxia, 

glycolysis and nucleosome assembly. GO analysis of the transcriptional changes in the 

tumour cells under hypoxia + PP242 revealed upregulated genes in the functional 

categories of angiogenesis and Notch and p53 signalling pathways. In contrast, MCF10A 

cells showed a greater variety in their response. We found that they promoted changes 

related to a global attempt to escape the stressful situation. These changes were mainly 

related to cell adhesion, cell-cell signalling, apoptosis, cell growth, proliferation and the cell 

cycle. 

Although many of the genes transcriptionally upregulated upon hypoxia + PP242 

treatment were important for cell survival, we focused on those genes activated at the 

protein synthesis level, a less well-understood and more unknown field. Significantly 

regulated mRNAs with significantly altered levels in the polysomal fraction upon hypoxia 

and/or PP242 (FDR < 5% for MCF10A cells and FDR < 10% for MDA.MB.231 cells) were 

selected for TE calculation (log2FC polysomal RNA/log2FC total RNA). Genes with a z-score 

> 1.5 were considered more efficient in terms of translation, whereas genes with a z-score 

< –1.5 were considered to have decreased TE. 

Bioinformatics analysis revealed that 65 (43 upregulated and 22 downregulated) 

and 94 (82 upregulated and 12 downregulated) mRNAs were differentially expressed in 

MCF10A and MDA.MB.231 cell lines, respectively, under hypoxic conditions. The GO 

categories were related to cell death and negative regulation of cell proliferation in MCF10A 

cells and to migration and proliferation in MDA.MB.231 cells. In contrast, with hypoxia + 

PP242 treatment, the number of affected genes considerably increased to 549 (99 
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upregulated and 450 downregulated) for MCF10A cells and 311 (81 upregulated and 224 

downregulated) for MDA.MB.231 cells. The GO categories obtained from activated 

transcripts upon double treatment were related to cell adhesion, angiogenesis and 

extracellular matrix organisation in MCF10A cells (Figure 4B, Paper I), whereas the only 

significant GO category in the cancer cell line was circadian regulation of the gene. This 

differential response between the two cell lines indicates that non-tumour cells respond to 

stress through the control of proliferation and the activation of death mechanisms, whereas 

tumour cells have a more aggressive response, evading death through the activation of 

migration, invasion and proliferation. This behaviour highlights the cell type-dependent 

response to stress adaptation and the importance of translational regulation and efficiency 

in handling these kinds of situations. 

In summary, translational control is essential for the regulation of mRNAs related to 

invasion and metastasis during tumorigenesis, especially when cells are subjected to stress 

situations. Cancer cells, in order to metastasise to secondary organs, must preserve a high 

capacity for migration and invasion to bypass tissue fences, intravasate into the blood flow 

and extravasate at distant secondary sites. This multistep process requires fast and 

particular modulation of gene expression. In this context, efficient control of protein 

translation is key. 

Adaptive protein synthesis in hypoxia and translational activation of ITGB3 

The translational activation of certain mRNAs during hypoxia can have crucial 

effects on gene expression because the proteins encoded by these mRNAs will continue to 

be synthesised when mTOR-dependent protein synthesis is compromised. 

Several articles have suggested that hypoxia can disturb the formation of the eIF4F 

complex through a reduction in mTOR activity and a consequent decrease in the 

phosphorylation of 4E-BP1. Non-phosphorylated 4EBP1 binds to and sequesters eIF4E 

away from the eIF4F complex, which results in inhibition of the canonical mRNA translation 

pathway. Even under these conditions, where protein synthesis is globally inhibited, 

translation of certain transcripts is maintained or even increased. Clarification is required 

of the exact mechanisms through which these mRNAs are translated during hypoxia. 

Elucidation of the underlying molecular mechanisms will be a challenging task but is 

essential for the design and improvement of anti-tumour treatments. IRES-mediated 

translation may be one of the mechanisms to ensure the synthesis of certain proteins during 

hypoxia, but our data did not support this hypothesis. Therefore, alternative routes must 

exist to ensure mRNA translation in response to stressful conditions. Several mechanisms 
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have been proposed to contribute to this process in hypoxia, including CITE, TISU elements, 

uORF-mediated mRNA regulation, the presence of an rHRE in the mRNA recognised by the 

hypoxic translation machinery and other trans-elements such as miRNA and lncRNAs 

(Figure 3). However, it remains incompletely understood how these elements can prevent 

the translational inhibition of the mRNA by the non-canonical protein synthesis pathway 

and/or promote alternative translation mechanisms. Many authors have proposed that the 

answer lies mostly within the 5’ and 3’ UTRs of the protein transcripts. In response to 

stressful inputs, TE would be influenced, both positively and negatively, by the binding of 

regulatory elements to the UTRs. 

We found enhanced integrin beta-3 protein synthesis in cell lines under both 

hypoxic conditions and hypoxia + PP242 treatment, confirming that this activation is not 

dependent on the mTOR pathway. Furthermore, translation of the ITGB3 mRNA under 

stress conditions was dependent on eIF4E because ITGB3 levels were not increased upon 

eIF4E depletion under hypoxic conditions (Figure 8, Paper I), demonstrating that ITGB3 

may be an example of an mRNA that harbours regulatory elements that allow protein 

synthesis in a non-canonical fashion. Bioinformatics analysis revealed that the 5’ UTR of 

ITGB3 is particularly short (21 nucleotides). Because IRES elements are longer and more 

complex, it is highly unlikely that the short UTR harbours an IRES element and that ITGB3 

is translated through an IRES-mediated mechanism. We also excluded translation through 

HIF-2α-RBM4-eIF4FH, a complex preferentially chosen by HIF target genes, because eIF4E2 

(uniquely found in the eIF4FH complex) or HIF-1β silencing did not prevent the increased 

expression of ITGB3 in hypoxia (Figure 8, Paper I). 

Although the mechanism involved in the translational control of ITGB3 under 

hypoxic conditions has not been studied in detail during this thesis, its further analysis 

would be interesting. We hypothesise that the most likely non-canonical mechanism 

governing ITGB3 translation would be the presence of TISU elements. On the one hand, 

short 5’ UTR mRNAs are enriched in TISU, a 12-nucleotide element directing efficient 

translation. On the other hand, TISU activity requires the presence of an mRNA cap but does 

not rely on scanning. Moreover, efficient AUG recognition of TISU is intrinsic to the basal 

translation machinery, including eIF4E, but does not require specific additional factors. 

Interestingly, Hadar Sinvani et al.44,45 showed that TISU confers translational resistance to 

global inhibition of translation in response to energy stress. 

In summary, several studies exploring dysregulated translation in cancer have 

highlighted the critical significance of translational control in the fast response of cancer 

cells to numerous stresses existing at different stages of tumour development and 
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progression. Crucial translationally regulated targets have been recognised, and 

technologies that enable genome-wide translational analysis are opening up new roads for 

research and for the establishment of innovative therapeutic strategies. 

Metastasis and ITGB3: enhancement of migratory phenotypes through the TGF-β 

pathway under hypoxic conditions 

Focusing on genes actively translated under stress conditions (TE > 1.5), a 

secondary siRNAs screen was performed to identify functionally relevant genes required 

for the response to cellular stress. Both proliferation and migration assays were conducted 

(Supplementary Figure 8, Paper I). Interestingly, ITGB3 was the most promising of the 

tested candidates because ITGB3 silencing in MDA.MB.231 cells reduced cell viability, 

specifically under hypoxic conditions (Supplementary Figure 8A and 8B, Paper I). Moreover, 

increased apoptosis was observed upon ITGB3 silencing in hypoxia but not in normoxia 

(Supplementary Figure 8D, Paper I). On the other hand, cell migration appeared to be 

diminished upon ITGB3 depletion (Supplementary Figure 8C, Paper I). Interestingly, 

besides ITGB3, activation of the mRNA translation of other integrins such as ITGB4, ITGAX 

and ITGA5 was also observed under hypoxic conditions, which may suggest a key role for 

integrins in the response to hypoxic stress. Finally, we validated the importance of 

translational control mechanisms for the expression of ITGB3 through the use of the 

transcriptional inhibitor actinomycin D. Based on all of these findings and the established 

role of ITGB3 in tumourigenesis164,179,184,211, we focused our further studies on the role of 

ITGB3 in BrCa cells, as well as its regulation and specific role in hypoxia. 

Our data confirmed that stable inhibition of ITGB3 using three different shRNAs 

reduced migration and increased apoptosis, especially under hypoxic conditions (Figure 5, 

Paper I). These results, together with the fact that shITGB3 inhibits TGF-β induction and, 

consequently, TGF-β–induced migration, indicate that ITGB3 is necessary for the regulation 

of TGF-β and its downstream effectors (Figure 7, Paper I). This finding was supported by 

additional studies demonstrating that ITGB3 regulates the invasion of glioblastoma cells in 

hypoxic and vitronectin-enriched environments through interaction with EGFRvIII184. This 

regulation was dependent on SRC; however, we observed that SRC protein was not activated 

under low-oxygen conditions (Figure 7, Paper I). 

Remarkably, ITGB3, which is expressed at low levels in normal epithelial tissues, has 

been demonstrated to be an EMT biomarker in several carcinomas, including BrCa225,226. 

Our study provides additional evidence regarding the role of ITGB3 in this process. ITGB3 

is upregulated at the transcriptional level upon TGF-β stimulation. We confirmed that its 
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silencing blocked the effects of TGF-β, particularly under low-oxygen conditions. This was 

observed through a decrease in the expression of EMT markers downstream of TGF-β, such 

as SNAIL and VIM (Figure 7, Paper I), as well as inhibition of Smad2 phosphorylation in 

hypoxia when ITGB3 was silenced (Figure 7, Paper I). In addition, ITGB3 downregulation 

significantly reduced lung metastasis and improved overall survival in mice, consistent with 

previous results. 

Collectively, these data suggest that ITGB3, which is translationally activated in 

hypoxia, regulates malignant features, including EMT and cell migration, in a TGF-β–

dependent manner. This association is in line with the findings of several studies197–227 and 

reveals that ITGB3 targeting might ultimately serve as a novel therapeutic approach to 

therapy-resistant hypoxic tumours. Moreover, it further supports the idea of ITGB3 

involvement in EMT regulation through a positive feedback loop: TGF-β upregulates ITGB3 

expression at a transcriptional level and induces ITGB3-TGF-βRII binding, which triggers 

the auto-phosphorylation of TGF-βRII and thereby mediates EMT progression164 (Figure 

Dis. 1). Therefore, ITGB3 overexpression might facilitate EMT through hyperactivation of 

the TGF-β signalling pathway. Consequently, inhibition of ITGB3 would result in a decrease 

in metastasis, as reported for inhibition of the TGF-β pathway and as observed after 

knockdown of ITGB3 in vivo. 

From a more phenotypic point of view regarding cell spreading, several studies have 

shown that eIF4E is associated with the Golgi apparatus and membrane microdomains such 

as the perinuclear region and lamellipodia, which are essential for cell motility30. Most 

significantly, a fraction of these initiation factors is localised to sites of active translation 

near the leading edge of migrating cells, which would be relevant in the process of cancer 

cell migration from the primary tumour to secondary locations30,228. Mechanistically, eIF4E 

regulates the translation of mRNAs encoding key players in cancer metastasis, such as 

ITGB330. Accordingly, it is not unexpected that the extracellular matrix, which is vital for the 

growth and survival of cells, is also involved in translational control. Integrins are essential 

for the communication between cells and the extracellular matrix. Moreover, the complexity 

of integrin signalling regulation, including heterodimer formation and localisation, can also 

be exploited by the translational machinery229. Therefore, eIF4E-dependent modulation of 

translation is important for the regulation of the expression of certain factors (e.g., ITGB3) 

that allow cancer cells to communicate with the extracellular environment, permitting an 

adequate response to the various stresses encountered along the path of tumorigenesis and 

allowing the cancer cells to spread throughout the body. 
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Metastasis and ITGB3: role in exosome internalisation and intercellular 

communication 

The fundamental role of integrins in tumour progression, particularly in metastasis, 

has long been recognised, but the exact underlying molecular mechanisms remain 

incompletely understood. As we and others have demonstrated, ITGB3 is required for the 

formation of macro-metastatic foci in BrCa, particularly in the TNBC subtype230,231. 

Knockdown of ITGB3 by shRNA strongly reduces the metastasis-forming capacity of the 

TNBC cell line MDA.MB.231 after its tail vein injection into nude mice. Importantly, this 

phenotype appears to be independent of the initial homing of the cells to the lung 

(Supplementary Figure 1, Paper II). Thus, we ruled out the potential role of ITGB3 in the 

initial cell homing step (Supplementary Figure 1, Paper II). In Chapter 2, we centred our 

analysis on the next metastasis step, the formation of colonies within the distant organ, 

which involves clonal growth from a single cell. This process is dependent on factors 

Figure Dis. 1. Schematic of ITGB3-TGF-β signaling pathway. a) Hypoxia activation of 
ITGB3 translation in an eIF4E-dependent manner. b) Increased ITGB3 expression. c) 
Increased number of TGF-β-ITGB3 complexes. d) Activation of the SMAD2-dependent 
TGF-β pathway. e) Transcriptional activation of TGF-β targets genes, such as SNAIL and 
ITGB3. 
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secreted by neighbouring cells or, in others words, on cell-to-cell communication87,88,232,233. 

Our data revealed that clonogenic growth largely depends on secreted factors in the cellular 

environment, with the reduced capacity of ITGB3 knockdown cells to take up EVs from the 

environment rendering them insensitive to these factors (Figure 1, Paper II). 

Follow-up studies based on mass spectrometry analysis of EV composition revealed 

a significant reduction in vesicle-located proteins derived from shITGB3 cells. This 

population, containing 92 proteins, was subjected to bioinformatic analysis. Firstly, we 

confirmed the reduction in exosomes among the EV fraction (34 of the 92 proteins were 

common to the exosome database http://exocarta.org/) and, secondly, we found an 

association with metastatic disease progression in the literature for 24 of the 92 proteins 

(HCMDB [Human Cancer Metastasis Database]). 

We mechanistically demonstrated how ITGB3 cooperates with other adhesion 

molecules such as HSPGs in EV-dependent cell-to-cell communication, supporting its role in 

exosome uptake through dynamin-dependent endocytosis together with FAK recruitment. 

Previous studies revealed the role of EVs in intercellular communication and 

describe how this cellular communication, a hallmark feature of several cancers65, triggers 

biological changes in the target cell. Among the described tumorigenic processes, exosomes 

influence neoplasia, tumour growth, metastasis, paraneoplastic syndromes and therapeutic 

resistance. The regulation of these processes is dynamic and depends on cancer type, 

genotype and disease stage121. Although many advances have been made in the field, little 

is known about one of the key steps of their biology: the uptake of EVs into the target cell. 

Many mechanistic pathways are involved and can be active at the same time, with 

endocytosis the most important one. In parallel to our proposal, where ITGB3 acts as a 

central player between vesicle-recognising surface receptors, such as HSPG proteins, and 

the local activation of dynamin-driven endocytosis by FAK, additional mechanisms must 

exist. This is supported by the fact that a significant proportion of EVs is still taken up under 

ITGB3 knockdown conditions. 

Biological parallelisms: uptake of exosomes, integrin trafficking and uptake of 

viruses 

Our proposed model for ITGB3-dependent EV uptake (Figure Dis. 2) is based on the 

integrin trafficking mechanism, which closely resembles the well-described virus uptake 

process. Both processes share many mechanistic similarities, including interplay among 

integrin-coupled receptors, ITGB3, FAK and dynamin, which is essential to connect 

extracellular and intracellular components. Dynamin and FAK are interdependent on each 
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other for the mediation of integrin endocytosis and adhesion control during cell 

migration204. In the case of viruses, after the attachment of the virus to HSPGs (integrin-

coupled receptors), specific tyrosine kinases (FAK, SRC) are recruited that trigger certain 

signalling pathways needed for the activation of membrane fission and fusion factors that 

enable endocytosis. In the specific case of KSHV virus, binding to HSPGs leads to interaction 

of the complex with αvβ3234. This interaction, in turn, results in an intermediate activation 

of the integrin that enables the binding and activation of FAK and the subsequent assembly 

of the endocytic machinery, as described above. 

As occurs with virus internalisation, EV recognition by cells is dependent on HSPGs, 

which mediate the interaction of cancer cell-derived exosomes with the plasma membrane 

of the target cell235. 

The integrin trafficking model provides another well-established process for the 

ITGB3-mediated uptake of EVs. Notably, not only EVs, but also ITGB3-associated proteins 

such as TGF-β (see Chapter 1) are internalised together with ITGB3. The direct interaction 

between ITGB3 and TGF-β receptor has already been demonstrated. In addition, the joint 

uptake of ITGB3 and an associated receptor, TGF-β in this case, might be used by the cell to 

regulate the presence of different receptors at the cell surface. 

Exosome subpopulations have a distinct protein composition 

Exosome biology is a recently emerging field and several basic mechanisms remain 

largely unknown. Initial work on EVs led to the proposal that exosomes were required for 

the maintenance of cellular homeostasis due to their function in removing unnecessary or 

damaged material from cells. In contrast, many recent studies indicate the accumulation of 

specific cellular components within exosomes and propose the functional involvement of 

these factors in intercellular communication. 

Exosome composition may not be homogeneous. The idea of exosome heterogeneity 

has in part been demonstrated by others and was further validated within this thesis. EVs 

largely differ in size and in their protein, lipid and RNA molecule composition. This 

heterogeneity of EVs must be due to the different paths to EV production, which permits 

different biological functions and allows us to discriminate among different EV populations 

for uptake into the target cell according to the origin. To confirm this hypothesis, in Chapter 

2, we demonstrated how cells with ITGB3 knockdown have an altered exosomal profile 

compared with wild-type cells, both qualitatively and quantitatively. Similar results were 

suggested by Quaglia et al.236, who demonstrated that upregulation of αvβ3 in donor cells 

alters the cargo composition of the secreted exosomes. 
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Analysis of the EV composition of the cell culture supernatant revealed an 

enrichment in vesicles ranging from 50 to 100 nm in size in shITGB3 cells, indicating that 

regulation of the uptake of these vesicles seems to be particularly dependent on ITGB3. 

Moreover, we observed that ITGB3-depleted exosomes exhibit a dramatic decrease in some 

classical exosome markers, such as CD81 and TSG101, whereas others, such as flotillin-1, 

remain unaffected. Similar results were obtained by Imjeti et al.237, where a significant 

decrease in syntenin, ALIX, syndecan-1 and CD63, but not CD9, was found after inhibition 

of SRC. Along this line, Bart Roucourt et al.140 revealed that heparanase stimulates the 

exosomal secretion of syntenin-1, syndecan and other exosomal proteins, such as CD63. In 

contrast, exosomal CD9, CD81 and flotillin-1 were not affected. Interestingly, vesicles within 

this range of size, from 50 to 100 nm, also called P200 exomers or exosomes120, have been 

reported to contain less CD81 than other EVs, which could explain why the relative increase 

in these vesicles in the total EV population results in a reduction in CD81 in shITGB3 cell 

culture supernatant. 

Finally, it is important to point out that the proposed mechanism of EV uptake might 

be subject to cell type-specific modifications and, in particular, that the cell type-specific 

expression of integrins might result in the use of alternative integrins within receptor cells 

for EVs. The most likely candidates would be integrins that can interact with HSPG proteins 

at the cell membrane and at the same time contain a β subunit for the binding and activation 

of FAK. 

Is the HSPG-ITGB3-FAK-DYN complex a potential base complex for exosome 

biogenesis? 

Although these data seem to indicate that a specific defect in EV uptake alters the 

secretome of shITGB3 cells, we cannot exclude the possibility that these differences might 

not be due to alterations in exosome biogenesis, or even between both mechanisms. After 

LC-MS/MS measurements, GO analysis was performed to further analyse the differences in 

EV composition. Strikingly, the GO terms that were markedly reduced upon analysis of the 

proteome of shITGB3 cell-derived vesicles were linked to two major cellular processes: 

endocytosis and exosome biogenesis. In particular, the ESCRT complex, including TSG101, 

appeared to be affected. Moreover, proteins of the syndecan-syntenin-ALIX pathway, such 

as SDC4 (log2FC −1.32), SDC1 (log2FC −1.68), syntenin-1 (log2FC −2.14) and ALIX (log2FC 

> −2.46), as well as SDC2 and syntenin-2 (present only in shCON-derived EVs), were 

strongly reduced in EVs derived from shITGB3 cells. Both complexes are required for the 

formation of endosomal intraluminal vesicles that are later released as exosomes139,140,238–

240. While the putative role of ITGB3 in exosome biogenesis requires future study, it is 
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interesting to speculate that ITGB3 might play a central role in connecting EV uptake and 

exosome biogenesis, with ITGB3-dependent uptake of EVs the first step in exosome 

biogenesis. 

Along these lines, it would be exciting to explore if the endosomal structures formed 

after the HSPG-ITGB3-FAK-DYN complex-dependent endocytosis of EVs defines their 

starting point as precursors of exosome biogenesis. ITGB3 may play a central role in 

coordinating both processes, acting as a possible link between vesicle endocytosis and 

exosome biogenesis. Taken together, the ITGB3-regulated interplay between the selective 

endocytosis of EVs and exosome biogenesis will be a stimulating area of future research. 

We have demonstrated that a key regulator of endocytosis is FAK, which binds to 

and regulates the function of both dynamin and ITGB3 proteins. Moreover, knockdown of 

FAK or pharmacological inhibition of its activity mimicked the phenotypes observed after 

shITGB3 knockdown: impaired clonogenic growth, defective EV uptake and alterations in 

the protein composition of EVs in the cell culture supernatant. In this case, proteins of the 

exosome biogenesis pathway were mainly affected. Thus, we cannot conclusively exclude 

the possibility that FAK might also play a key role in exosome biogenesis. Structurally, the 

interaction between FAK and the C-terminal tail of ITGB3 has been well-established in the 

literature241–243. On the one hand, FAK-dependent phosphorylation and regulation of SRC 

and dynamin are required to orchestrate the turnover of focal adhesions. On the other hand, 

SRC and dynamin have previously been described to be required for exosome biogenesis 

and EV uptake237,244,245. However, the specific role of FAK in exosome biogenesis remains 

unknown. As in the case of ITGB3, FAK might also play a role in exosome biogenesis. Future 

investigation of a possible function of FAK in exosome biogenesis will be interesting. Based 

on our current results, it is already now tempting to speculate that the signalling platform 

regulating exosome biogenesis comprises endosomes formed by the uptake of EVs and 

containing ITGB3, SRC and FAK kinases. This hypothesis is based on the fact that a) 

internalised ITGB3 is found in early endosomal structures, b) the cytoplasmic tail of the 

integrin can act as a molecular hub for the recruitment of these kinases, and c) endosomes 

have recently been described as emerging platforms for integrin-mediated FAK 

signaling153,246. The putative targets of endosomal FAK with a direct role in exosome 

biogenesis have not yet been described; however, given the established role of FAK as a 

cytoskeleton regulator, it is reasonable to assume that the target proteins may be involved 

in the transport of MVB via microtubules or actin fibres. This step might be particularly 

critical for directing MVBs to the cell surface rather than to lysosomes and thus ensuring the 

release of exosomes into the extracellular space. Moreover, endosomal fractionation 
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experiments gave the first hints that a sequential recruitment of FAK and SRC to endosomes 

in an ITGB3-dependent manner might regulate different steps of exosome biogenesis. 

The field of EV research is still emerging and it can sometimes be challenging to find 

a consensus among studies. The main reasons for these discrepancies are methodological 

challenges, such as the use of different methods for exosome isolation and quantification, as 

well as the difficulties in detecting EVs at a reliable resolution in vivo. However, future 

research in the field will surely help to overcome these limitations and will ultimately open 

up new therapeutic avenues for the treatment of metastasised tumours. Given the role of 

exosomes in physiological and pathological conditions, strategies that interfere with the 

uptake/release of exosomes and impair exosome-mediated cell-to-cell communication 

could potentially be therapeutically exploited. 

ITGB3 targeting as a novel therapeutic opportunity in BrCa 

BrCa is the most common malignancy in women and the second most common cause 

of cancer-related deaths, with metastasis the major reason for morbidity and mortality in 

BrCa patients. Despite improvements in systemic therapies, there are still no approaches 

with proven efficacy against metastatic tumours20. Therapeutic interventions are 

complicated and survival rates worsened by the emergence of micrometastasis before 

clinically evident metastasis. Taking into account the results presented in this thesis, we 

propose an alternative and complementary approach for BrCa treatments, namely, the use 

of integrin inhibitors for the prevention of metastatic spreading, which is the ultimate cause 

of 90% of cancer-associated death. 

Figure Dis. 2. Model for the proposed role of ITGB3 in EV uptake. (a) EV-HSPG interaction; (b) αvβ3 
recruitment; (c) pFAK-dynamin recruitment to an endocytosis complex; (d) Dynamin-mediated 
internalisation of EVs and EE formation. 
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Our results demonstrate the potential use of ITGB3 as a therapeutic target in the 

context of metastatic BrCa. Importantly, tail vein injection of ITGB3 knockdown cells 

revealed an essential role for ITGB3 in metastatic disease progression. ITGB3 targeting 

could be used to modulate EMT, which is a major cause of metastasis. This might be of 

special interest due to the poor druggability of EMT-associated proteins. 

The described roles of ITGB3 could be the basis for various interventional strategies 

that might provide an added therapeutic benefit. Moreover, ITGB3 seems to play a 

particularly important role under hypoxic conditions, which occur in the vast majority of 

TNBCs25,247. In this regard, our results suggest that highly hypoxic tumours may be more 

responsive to ITGB3 therapy. 

Regarding exosome uptake, we have determined that BrCa cells with knockdown of 

ITGB3 are insensitive to secreted factors in the environment and exhibit reduced clonal 

growth capacity. Targeting of intercellular communication might be a valuable strategy for 

future clinical approaches to the treatment of cancer. Current anticancer treatments are 

based on targeted strategies to eliminate tumour cells. However, research over the last 

decade has demonstrated that the tumour environment is crucial for disease progression. 

Intercellular communication between tumour cells and neighbouring cells might promote 

tumour progression and drug resistance103,107,248. Thus, blockage of these connections might 

be a promising strategy for improving current anti-tumour therapies. 

Several drugs targeting ITGB3 in both described integrin complexes—αvβ3 and/or 

αIIβ3—have been developed and subjected to clinical trials (Table 1). These drugs are 

either chemical compounds or synthetic monoclonal antibodies. 

In our laboratory, we have tested several chemical inhibitors, such as eptifibatide, 

tirofiban, cyclo(-RGDfk) and cilengitide, and compared the results with the known 

phenotypes after ITGB3 knockdown by shRNA. Although we detected mild impairment in 

cell migration with cilengitide and cyclo(-RGDfk), the same phenotype as after ITGB3 

knockdown could not be achieved even with the maximum applicable doses. It remains to 

be addressed if this might be due to the limited potency of those inhibitors or the phenotypic 

difference between knockdown and inhibition of activity by a small molecule. 

Cilengitide was the first anti-angiogenic small molecule targeting the integrins αvβ3, 

αvβ5 and α5β1. When tested in clinical studies in combination with radiotherapy and with 

the chemotherapeutic temozolomide, it demonstrated excellent drug safety profiles. 

Nevertheless, cilengitide failed in the CENTRIC EORTC 26071-22072 phase III study and in 

the CORE phase II trial due to low response rates and its development as a therapy was thus 
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discontinued. Several in vitro and in vivo results, including those presented in this thesis, 

support further studies with cilengitide in an attempt to improve its clinical effects. Our 

preliminary studies indicate that cilengitide is the only tested commercially available drug 

able to partially phenocopy the results obtained through genetic inhibition of ITGB3 (data 

not shown). 

Table Dis. 1. Summary of ITGB3 inhibitors currently being tested or soon to be tested in clinical 
trials. 

Inhibitor Mechanism Clinical trial Reference 
Cilengitide Selectively binds 

to the ligand of 
αvβ3 

NCT01118676: Phase I NSCLC 
NCT00121238: Phase II prostate cancer 
NCT01044225: Phase II glioblastoma 
NCT00689221: Phase III glioblastoma 
NCT00082875: Randomised phase II 
metastatic melanoma 

PMID: 
21269250 
PMID: 
21049281 
PMID: 
25163906 
PMID: 
22668797 

MK-0429 Selectively 
inhibits binding 
of the ligand to 
integrin β3 

NCT00302471: Phase I hormone-
refractory prostate cancer and metastatic 
bone disease 

PMID: 
20398037 

Vitaxin Integrin ανβ3-
specific 
monoclonal 
antibody 

NCT00066196: Phase II metastatic 
melanoma 
NCT00072930: Phase II metastatic 
androgen-independent prostate cancer 

PMID: 
9600913 

Luteolin Inhibits the 
integrin β3-FAK 
signalling 
pathway 

- PMID: 
22983392 

Methylseleninic 
acid (MSA) 

Downregulates 
the integrin β3 
signalling 
pathway 

- PMID: 
28842587 

Phoyunnanin E Downregulates 
the integrins αv 
and β3 

- PMID: 
29284478 

Pinocembrin Inactivates the 
integrin β3-FAK-
p38α signalling 
pathway 

- PMID: 
25949790 

Table adapted from Zhu et al.164 

We have tested alternative ITGB3 inhibitors in collaboration with the laboratory of 

Professor Horst Kessler (Munich), who has developed a series of cilengitide peptide 

mimetics that have greater activity towards individual integrins. We obtained a reduction 

in exosome uptake, similar to that seen under shITGB3 conditions. This opens a door to the 

promising future applicability of this drug in the targeting of ITGB3-dependent cell-to-cell 

communication. 

Despite compelling experimental results demonstrating that integrins contribute to 

cancer progression and that their inhibition has therapeutic effects, clinical trials with 
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integrin inhibitors have not shown overall therapeutic benefits, and no inhibitors have been 

registered as anticancer drugs. However, therapeutic strategies have only focused on the 

role of integrins in tumour and vascular cells. Our results suggest that integrin targeting 

might provide a novel way to interfere with intercellular communication. 

Collectively, ITGB3 regulates cell behaviour at different levels. Understanding of the 

multiple roles of ITGB3 in the tumour and in the tumour microenvironment is necessary to 

improve current strategies and to maximise the clinical effects of αvβ3 inhibitors. 
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1. Polysome profiling combined with RNA-Seq permits the detection of alterations in 

protein Translational efficency and has been successfully applied to the 

identification of gene-specific alterations in protein translation under stress 

conditions. 

2. Hypoxia and the simultaneous inhibition of mTOR with PP242 (hypoxia + PP242) 

causes the most significant changes at both transcriptional and translational levels. 

3. Non-tumour cells need greater adaptive changes compared with tumour cells under 

both hypoxic conditions and hypoxic conditions plus PP242 treatment, as stronger 

alterations at the transcriptional level has been observed. 

4. In contrast to the transcriptional changes, the response to hypoxia results in 

stronger alterations at the translational level in tumour cell lines compared with 

non-tumour cell lines. 

5. The combination of hypoxia and mTOR inhibitor treatment identifies a unique 

subset of genes activated only at translationally level (Te). 

6. ITGB3 is translationally activated in hypoxia and hypoxia + PP242 in a HIF-

independent manner and is not translated through the hypoxia-specific eIF4FH 

complex. However, eIF4E is needed for the translational activation of ITGB3 in 

hypoxia 

7. ITGB3 is essential for cell migration and survival in both cancer cells and non-

malignant cells, particularly under hypoxic conditions. 

8. ITGB3 is required for TGF-β–mediated expression of SNAIL, mostly under low-

oxygen conditions. 

9. ITGB3 downregulation significantly reduces lung metastasis and improves overall 

survival in mice. 

10. ITGB3 sustains the growth rate in BrCa cell spheroids, promotes mammosphere 

formation, but to a similar extent under normoxia and hypoxia in the MCF7 cell line. 

11. ITGB3 is dispensable for the homing step of lung metastasis. 

12. EVs increase colony formation. 

13. ITGB3 is required for EV-induced colony formation (growth). 

14. ITGB3 is required for EV uptake. 

15. ITGB3-dependent vesicle uptake is an energy-dependent process mediated via a 

dynamin-dependent endocytic mechanism. 

16. ITGB3-dependent endocytosis of EVs requires HSPG. 

17. Uptake of EVs by MDA.MB.231 cells is dependent on FAK. 

18. ITGB3 knockdown causes alterations in the heterogeneous pool of EVs: small 

vesicles are enriched while the overall amount of EVs is not altered. 
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There must be some kind of way outta here 
Said the joker to the thief 

There's too much confusion 
I can't get no relief 

Business men, they drink my wine 
Plowmen dig my earth 

None will level on the line 
Nobody offered his word 

Hey, hey 

No reason to get excited 
The thief, he kindly spoke 

There are many here among us 
Who feel that life is but a joke 

But, uh, but you and I, we've been through that 
And this is not our fate 

So let us stop talkin' falsely now 
The hour's getting late, hey 

Hey 

All along the watchtower 
Princes kept the view 

While all the women came and went 
Barefoot servants, too 

Well, uh, outside in the cold distance 
A wildcat did growl 

Two riders were approaching 
And the wind began to howl, hey 

All along the watchtower 

("All Along the Watchtower" Lyrics: Bob Dylan, John Wesley Harding, 1967 
Covered by Jimi Hendrix with the Jimi Hendrix Experience, Electric Ladyland, 1968) 
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