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ABSTRACT 
 

Snail1 is a transcriptional factor with a great relevance in tumor development as it is 

required for epithelial to mesenchymal transition and activation of cancer-associated 

fibroblasts (CAF). In this thesis, we reported that tumor endothelial cells did also express 

Snail1, being key for angiogenesis, by promoting endothelial cell migration, invasion and 

tubulogenesis in vitro. Those roles are associated to Snail1 induction by FGF2 and VEGF-

A, leading to gene expression profile change in endothelial cells and modulation of their 

activation status. Specific Snail1 depletion in the endothelium of adult mice does not 

promote an overt phenotype; however, it controls angiogenesis and vessel morphology 

in Matrigel plug assay. Moreover, endothelium-specific Snail1 depletion in the MMTV-

PyMT breast cancer murine model delays the initiation of neoplasms, being less 

advanced and with a papillary morphology, which was corroborated by orthotopic 

breast tumor inoculation model. These in vivo effects are associated to the inability of 

Snail1-deficient endothelial cells to promote a full in vitro and in vivo activation of 

fibroblasts through a reduced FGF2 and CXCL12 signaling; as well as to sustain a 

complete in vivo angiogenesis, with wider and less invasive neo-vessels. Similar changes 

on tumor onset and morphology are observed by the pretreatment of MMTV-PyMT 

mice with the angiogenic inhibitor bevacizumab. Checking those results in human breast 

tumor samples, papillary carcinomas are less advanced and exhibit lower levels of Snail1 

expression, both in vessels and in associated stromal cells, compared to no special type 

breast carcinomas. Furthermore, TCGA consortium breast tumors datasets show a 

strong correlation between vasculature and stromal activation, as well as better survival 

and prognosis in tumors mimicking the molecular profile of breast tumor endothelium-

Snail1 depletion mice. Altogether, these findings establish a new role for Snail1 in 

endothelial cells, not only in angiogenesis but also in tumor onset, development and 

phenotype. 
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RESUMEN 
 

Snail1 es un factor de transcripción con una gran relevancia en el desarrollo tumoral, 

siendo necesario para la transición epitelio-mesénquima y la activación de fibroblastos 

asociados al cáncer (CAF). En esta tesis, hemos descrito la expresión de Snail1 en células 

endoteliales de tumor, teniendo un papel fundamental durante la angiogénesis y 

promoviendo su migración, invasión y creación de túbulos in vitro. Estas funciones están 

asociadas a la inducción de Snail1 por FGF2 y VEGF-A, que generan un cambio en el 

patrón de expresión génica en las células endoteliales y modulan su nivel de activación. 

La depleción específica de Snail1 en el endotelio de ratones adultos no provoca un 

cambio fenotípico evidente; sin embargo, sí controla la angiogénesis y la morfología de 

los vasos en ensayos de plugs de Matrigel. Además, la eliminación específica de Snail1 

en el endotelio del modelo murino de los tumores de mama espontáneos MMTV-PyMT 

provoca el retraso en la iniciación de tumores, siendo éstos menos avanzados y con una 

morfología papilar. Estos efectos in vivo están asociados a la incapacidad de las células 

endoteliales sin Snail1 de promover una activación completa de fibroblastos in vitro e in 

vivo, debido a una reducida señalización de las vías de FGF2 y CXCL12; ni de generar una 

angiogénesis completa in vivo, con neovasos más anchos y menos invasivos. Cambios 

similares en la iniciación de los tumores y en su morfología se observaron en ratones 

MMTV-PyMT pretratados con el antiangiógenico bevacizumab. En muestras de 

pacientes de cáncer de mama, los carcinomas papilares son menos avanzados y 

muestran menores niveles de expresión de Snail1, tanto en vasos como en el estroma, 

comparados con los carcinomas sin tipo especial. Asimismo, la base de datos de tumores 

de mama del consorcio TCGA muestra una fuerte correlación entre la vasculatura y la 

activación estromal, al igual que una mayor supervivencia y mejor prognosis en tumores 

con un perfil molecular semejante a los tumores de mama murinos sin Snail1 en su 

endotelio. En resumen, estos hallazgos establecen un nuevo papel para Snail1 en las 

células endoteliales, no solo durante la angiogénesis, sino también en la iniciación, 

desarrollo y fenotipo tumoral. 
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1. Breast Cancer 

Cancer is a tissue-specific disease. It is characterized by an abnormal uncontrolled 

growth of cells, causing the halt of the normal function of the organ, with what it entails 

in the whole physiology.1 In the particular case of breast cancer, it is a highly 

predominant and diverse disease. 

 

1.1  Demographics, incidence and mortality 

Worldwide, in 2018, 18 million people have been diagnosed with cancer, and 10 

million cases were recorded, being one of the leading causes of mortality.2 In Spain, it is 

estimated that during 2018, 32.000 patients were diagnosed with cancer and 6.600 died 

because of it.3  

In fact, if we take a deeper look in the statistics of the most diagnosed cancers, we 

find that lung and breast share the first position of the charts. Breast cancer can be found 

in women and men, but the incidence in men does not reach 1% of all breast cancer 

patients.4 Among women, breast cancer is the most common one, representing 25% of 

all tumors diagnosed in women around the world. Even though breast cancer mortality 

has decreased significantly in western societies during the past 20 years, nowadays, it is 

still one of the most important causes of death among them.4,5 In Spain, breast cancer 

is the most frequent type of cancer diagnosed in women,  being the leading type of 

cancer mortality.3 

Therefore, breast cancer can be considered a challenge in terms of incidence and 

mortality, thus, it needs to be addressed by extensive research on it. 

 

1.2  Morphology of the breasts 

First, we need to explore the morphology of the normal breasts, specifically women 

breasts, to put this thesis into context. Anatomically, women have more developed 

breasts than men since they undergo very important physiological changes, related to 
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pregnancy. This is the main reason why the incidence of breast cancer is higher in 

women than in men. Women breasts are composed of two main tissues: 

• Adipose tissue. This tissue consists of white adipocytes that wrap and 

intermingle the glandular tissue in variable amounts. Its proportion varies under 

several conditions, such as obesity, age, pregnancy or lactation.6 Normally, this 

tissue is not the cradle of tumors. 

• Glandular tissue. It is composed of lobules (acinar cells grouped in clusters) 

connected by ducts, formed by a process called branching morphogenesis, 

converging on the nipple.7 During lactation, the acini of the lobules produce milk 

that is secreted to the empty lumens found in the ducts, to be finally expelled by 

the nipple. The glandular tissue does not distribute uniformly among the breast, 

being more abundant in the axillar region, where there is a greater frequency of 

neoplasias.6  The glandular tissue suffers more changes than the adipose one, 

mainly due to puberty and pregnancy, associated to tissue remodeling. That 

bombardment of hormones is thought to trigger most breast tumors, mainly in 

the glandular section.8 

 

1.3  Classification of breast tumors  

Physicians have known for decades that breast cancer cannot be grouped as a single 

disease, but it is rather a complex, heterogenous illness. Therefore, there was a need for 

classifying the different breast tumor types to treat them adequately. Over time, the 

classification of breast neoplasias has evolved. Firstly, a simple staging of the tumors 

was sufficient; however, nowadays, it is compulsory a deep histological and molecular 

analysis in order to treat them properly. 

 

1.3.1 Classical staging 

Between 1943 and 1952, Pierre Denoix mastered and stated a method to classify solid 

tumors using their size and extension, lymph nodes invasion and metastatic status.9 Up 
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to today, this method is the most used worldwide and it is known as TNM system, which 

refers to: 10 

• T: Size and extent of the primary tumor. In this case, we find the following 

categories: 

o TX: primary tumor cannot be measured. 

o T0: primary tumor cannot be found. 

o Tis: primary tumor has not started growing into healthy breast tissue. 

o T1, T2, T3, T4: the higher the number, the bigger the tumor is or the more 

it has infiltrated surrounding tissues. In this category, a, b or c can be 

added in order to subdivide each degree in subtle changes of the primary 

tumor size. 

• N: degree of spread to regional lymph nodes.  

o NX: tumors in surrounding lymph nodes cannot be measured. 

o N0: tumors in surrounding lymph nodes cannot be found. 

o N1, N2, N3: the higher the number, the more lymph nodes that contain 

tumors.  

• M: presence of distant metastases. 

o MX: metastasis cannot be measured. 

o M0: tumor has not spread to other parts of the body. 

o M1: tumor has spread to distant parts of the body. 

In some cases, TNM classification can be grouped into five stages which comprise 

similar information: 11 

• Stage 0: abnormal cells are present but have not spread to surrounding tissues. 

It is not considered cancer, although it has the potential.  

• Stage 1, 2, 3: the higher the number, the bigger and the more spread to remote 

tissues is the primary tumor. 

• Stage 4: the primary tumor has spread to distant parts of the body. 

The TNM method provides a standardized system to classify solid tumors providing 

some hints of its severity. Nevertheless, it does not deepen sufficiently in the tumor, 
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lacking some other analysis to manage the disease properly, such as its histology. 

Currently, the histological and molecular classifications are mainly used to determine 

the treatment of breast cancer patients.8 

 

1.3.2 Histological subtypes 

As mentioned before, one of the classifications with highly clinical relevance is the 

histotype of the tumors. This method started in the early 90’s and it is used up to these 

days. In this case, breast tumors can be broadly classified in preinvasive or invasive 

tumors:8,12–14 

• Preinvasive tumors. They represent a minority of breast tumors. They are 

characterized by the confinement of tumoral cells in the basement membrane 

of the glandular tissue. According to the location of the tumor, we are able to 

distinguish two subtypes: 

o Ductal Carcinoma In Situ (DCIS). Tumoral cells spread along the ducts 

misshaping its architecture.  

o Lobular Carcinoma. Tumoral cells grow within the lobules instead of the 

duct, without altering its architecture.  

• Invasive tumors. This category represents the majority of breast tumors. In this 

case, tumoral cells extend beyond the basement membrane of the breast duct 

epithelia. These invasive tumors evolve from their preinvasive precursors, hence, 

we can also distinguish two subtypes: 15 

o Invasive Ductal Carcinoma (IDC). The majority of breast tumors are IDCs. 

They can cause a fibrotic response, leading to a detectable mass during 

palpable examination. IDC can be further subclassified reflecting from 

low to high aggressiveness of the tumor:  

▪ Grade 1 – Well differentiated tumors. 

▪ Grade 2 – Moderately differentiated tumors. 

▪ Grade 3 – Poorly differentiated tumors. 
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o Invasive Lobular Carcinoma (ILC). They represent a very residual set of 

breast tumor cases. They cause such a minimal fibrotic response that 

they are hardly detected at palpable examination. 

Regardless of the basement membrane status, DCIS and IDC can be further 

subclassified based on the morphological features of the tumors, since they are more 

heterogenous compared to the lobular tumors. The main morphological subtypes, from 

more to less frequent, shown in Figure I-1, are: 16,17 

• No specific type (NST). They do not have any specific differentiating feature. 

Most of tumors are included on it and share most of its features with the solid 

type. 

• Solid. Tumor cells grow filling completely the duct in which they are, forming a 

compact, dense mass. Solid tumors tend to be highly aggressive. 

• Comedo. Similarly to the solid, tumor cells grow forming a compact mass, but 

they present considerable areas of necrosis. They tend to be highly aggressive. 

• Cribiform. Neoplastic cells have angulated epithelial nests in a sieve-like pattern, 

leaving spaces between the cancer cells within the duct. They tend to be mildly 

aggressive. 

• Papillary. Tumor cells form finger like projections, called papules, around the 

fibrovascular axis, leaving clear spaces between those epithelial columns. Many 

papillary tumors are non-aggressive. 

• Micropapillary. These tumors look like papillary, but they lack the fibrovascular 

cores. They are composed by tumor cells arranged in solid nests or tubules, 

surrounded by clear spaces. They tend to be very aggressive. 

• Mixed. They encompass different morphological types in a single tumor. 

 Histology offers very valuable information in terms of aggressiveness.13 

Unfortunately, tumors arising from a common mutation can evolve into diverse 

morphologies, with different clinical outcomes.18 Therefore, there was a need to unravel 

a method by which aggressiveness could be firmly stated and systematized. In light of 

this necessity, a molecular profile of breast tumors arose as a plausible solution.13 
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Figure I-1. Breast morphology in not-pathological and tumoral stages. A-F, Representative 

images of hematoxylin and eosin staining of not-pathological breast (A), solid carcinoma (B), 

comedo carcinoma (C), cribiform carcinoma (D), papillary carcinoma (E) and micropapillary 

carcinoma (F). Scale bar: 200 m. Adapted from 19. 

 

1.3.3 Molecular subtypes 

The biology of breast tumors remained poorly understood until the 90’s, when some 

light was brought to it. Expression of estrogen receptor (ER),20,21 progesterone receptor 

(PR)20 and protooncogenes like ERBB2, which synthetizes HER2/neu,21,22 were 

discovered to have a link in the prognosis of breast tumors.  

However, physicians found several drawbacks at classifying tumors since some of 

them did not completely fit with the known prognostic markers ER, PR and HER2. In the 

early 2000’s, Perou, Sørlie and others began a revolution in terms of breast tumor 

classification, since they started to classify breast tumors analyzing their mRNA profile 

on microarrays.23,24 Based on their studies, Cheang and colleagues developed the 

PAM50 classification.25 This is a microarray-based gene expression analysis of the 50 

more distinctive genes that Perou and Sørlie stated. Once performed, and following an 

unbiased hierarchical clustering, five intrinsic molecular subtypes of breast cancer were 

identified, recapitulated in Table I-1.25 
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Table I-1. Molecular classification of breast tumors.  

Name Frequency 
Classical 
markers 

Tumor cell 
proliferation 

Main 
altered 
genes 

Prognosis 

Luminal A 40% 
ERhigh 
PRhigh 

HER2low 
Low 

ERS1, 
GATA3, 
FOXA1, 

XBP1 

Good 

Luminal B 20% 
ERlow 
PRlow 

HER2low 
High 

PI3KCA, 
ESR1, 
ERBB2 
ERBB3 

Intermediate 

TNBC  
(triple negative) 

15% 
ER- 
PR- 

HER2- 
High 

TP53, 
BRCA 

Poor 

HER2 enriched 15% 
ER- 
PR- 

HER2high 
High 

HER2, 
GRB7, 
PI3KCA 

Intermediate 

Claudin low 10% 
ER- 

PR- 

HER2- 
High 

CLDN3/4/7 
SNAI1 
ZEB1 
CDH1 
VIM 

Poor 

Adapted from 8,13. 

 

Apart from having a proper classification of the breast tumors that help physicians 

in their decisions, there is still a huge need of basic and clinical research in the field of 

breast cancer, motivated by its high incidence, mortality and complexity. 

 

1.4  Murine models of breast cancer 

In order to research cancer development and test antitumoral therapies, in vivo 

murine models became an essential tool.26 The fact that mice physiology resembles to 

the humans, that they can be easily genetically modified and that they are affordable to 

use prospective therapies, makes mice ideal for this objective. In the case of breast 

cancer, the first attempt to use mice as breast tumor models dates from 1903, when the 

first human breast tumor cell line was transplanted into a mouse.27 Over time, several 

murine models have been generated: genetically engineered mice, syngeneic 

transplants, patient derived xenografts (PDX) and others.26 Among others, we focused 
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our work on a genetically engineered spontaneous breast tumor mouse model, because 

of several advantages: 28 

• It can model all the stages of tumorigenesis, recapitulating physiologically the 

histopathology of human neoplasms.  

• The tumor develops in a breast microenvironment, which resembles to the 

structure and physiology of the human breasts. Moreover, the same set of cells 

surrounding the tumor in mice are also found in human tumors, such as immune 

cells, fibroblasts and endothelial cells. 

• They are able to generate genetically heterogeneous tumors, simulating human 

breast neoplasms. 

Among several breast tumor mouse models, we chose the genetically modified 

MMTV-PyMT mouse model to be the main murine model of our research. 

 

1.4.1 MMTV-PyMT model 

The MMTV-PyMT mice were firstly generated in 1992 by Chantale Guy and 

colleagues.29 In this model, the Polyomavirus Middle T antigen (PyMT) is expressed 

under the promoter of the Mouse Mammary Tumor Virus (MMTV) long terminal repeat. 

In particular, this mouse model mimics the tumorigenic events of the human breast 

tumors, reflected in Figure I-2, such as: 

• Molecular induction of tumorigenesis. PyMT is a transmembrane protein that 

activates several signaling pathways, such as PI3K/AKT or ERK, which are altered 

in many human breast cancer cases.30,31 Moreover, this activation leads to an 

increase of expression of several protooncogenes such as c-Myc, Bcl-2 or cyclin 

D1, resulting in an upregulation of proliferation and survival of cancer cells.29,32  

• Tissue specificity. The expression of PyMT is controlled by the MMTV promoter, 

which is induced by glucocorticoid hormones secreted after puberty (around 6 

weeks old in mice), namely in luminal cells of the mammary duct.33,34 This feature 

gains resemblance to human breast tumors, since no breast tumors appear 
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before puberty.35 However, apart from mammary ducts, there is a residual 

expression of PyMT in the ovaries and the salivary glands.29 

• Histology. Tumor initiation and progression is divided in four phases: 

premalignant ducts, and tumors at hyperplasia, adenoma or carcinoma stage; 

which are comparable to human breast tumor histological grades.34,36 

• Molecular progression of the tumor. There is a gradual loss of hormone 

receptors (ER and PR) and an overexpression of HER2 in late stage tumors, similar 

to luminal B type breast tumors.37  

For those reasons, the MMTV-PyMT model fits properly in our research on breast 

tumorigenesis. 

 

1.5  Breast cancer initiation and development 

The specific mechanism by which breast cancer is initiated is currently unknown. It 

has been suggested that there might be several mutations in multiple cells (clonal 

evolution model) or in a single cell (cancer stem cell model), in which, in fact, cancer 

stem cells can grow in a clonal fashion.38 However, independently of the cause of this 

epithelial outgrowth, non-epithelial cells that surround those cancer stem cells are 

extremely important for initial tumor progression. In fact, it was found that the most 

differential gene expression in tumor progression was in stromal cells rather than 

epithelial cells.39,40 Myoepithelial cells, fibroblasts, extracellular matrix, adipocytes and 

endothelial cells are the most representative elements of the healthy breast tissue; 

therefore, they are key at the breast tumor stroma once tumor is initiated.41 
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Figure I-2. Summary of tumor progression and biomarker expression in the MMTV-PyMT 

breast tumor mouse model. 

 

1.5.1 Cellular composition of the breast 

Among the principal structures in the breasts are lobules and ducts. Since most of 

cancers happen in the ducts, as well as in the MMTV-PyMT model, we are going to focus 

on the mammary ducts composition, reflected in Figure I-3:42  

• Luminal cells. These epithelial cells are located in the apical surface of the breast 

ducts, closest to the lumen. During lactation, they are able to secrete milk due 

to the sensing of several hormones, mainly by estrogen and progesterone 

receptors.43 Luminal cells can be distinguished by several markers, such as 

CK8/18, CK19 and EpCAM.44 

• Myoepithelial (or basal) cells. They are localized surrounding the luminal cells. 

These myoepithelial cells are covered by a basement membrane, which is a 
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Laminin-rich structure that compartmentalizes luminal and myoepithelial cells 

from the stroma. Although they are epithelial cells, they express mesenchymal 

markers, such as SMA. This special feature is essential for their function as 

helpers of the secretion of milk from luminal cells by contracting themselves.45 

Additionally, they do not express estrogen nor progesterone receptor. 

Myoepithelial cells can be detected by the distinguish expression of p63, CK5, 

CK14 and CD10.44 

• Fibroblasts. These mesenchymal cells function as a scaffold around the 

myoepithelial cells by depositing extracellular matrix (ECM). Fibroblasts secrete 

many signaling molecules that act on epithelial cells promoting branching and 

ductal sprouts.46 For instance, secreting FGF2, S100A4 or MMP3, that promote 

mammary epithelial cell branching and elongation.47,48 

• Extracellular matrix. This structure is produced principally by fibroblasts. It is 

comprised mostly of fibrillar collagen and fibronectin; moreover, it contains 

several glycoproteins.46 The main function of the ECM is to maintain tissue 

architecture by controlling the mechanical forces and regulate the cellular 

adhesion of the different cell types, being critical in retaining cell polarity and 

identity.49 

• Immune system. Immune cells are also present in normal breasts, mostly 

myeloid progenitors. Their main function is to collaborate in the mammary duct 

branching.50 

• Adipocytes. Apart from providing a scaffold for the whole mammary gland, 

adipocytes are the main reservoir of metabolites and signaling molecules which 

are key in the gland development and milk production.51 

• Endothelial cells. Endothelial cells are the main cell type that form vasculature, 

encompassing blood and lymphatic vessels.52 The mammary ducts, and the 

whole tissue, must be properly irrigated with vessels to provide cells with 

nutrients and exchange their residues. This cell type will be addressed in depth 

in future sections. 
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Figure I-3. Mammary duct composition. Scheme of the mammary gland and mammary duct.   

 

1.5.2 Tumor associated stroma 

Apart from the tasks of these different cell types in normal breast ducts, under 

tumorigenesis they are forced to acquire new roles. As mentioned before, luminal cells 

are the ones that usually turn malignant. The other cell types and the extracellular 

matrix that encompass the breast tissue are commonly known as stroma.1 This stroma 

undergoes profound and intriguing changes caused by the crosstalk with the tumor cells, 

acquiring tumor suppressor or protumorigenic roles.41,53 When the balance between 

both roles fall to protumorigenic ones, tumor progresses. Taking a deeper look into each 

stromal element with new acquired roles, we find: 

• Myoepithelial cells. Myoepithelial cells are known by their tumor suppressor 

role.54,55 As the tumor becomes invasive, luminal tumor cells grow massively, and 

can eventually cross through myoepithelial layer and the basement membrane. 

Moreover, as the tumor progress, myoepithelial cells disappear from invasive 

tumor areas, becoming an insignificant proportion in the whole tumor. However, 

in non-invasive tumors, as well as in certain advanced carcinomas, such as the 

papillary, the maintenance of myoepithelial cells is a unique trait.56 Among their 

main functions as tumor suppressors, we find that myoepithelial cells interact 

with tumoral cells inducing morphogenic changes, avoiding their 

dedifferentiation; 57 myoepithelial cells secrete low amounts of MMP and high 
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levels of proteinase inhibitors, avoiding tumor invasiveness and progression; 58 

and myoepithelial cells express angiogenic inhibitors such as soluble FGF2 

receptors, blocking angiogenesis.59  

• Cancer-Associated Fibroblasts (CAF). CAF are well known to have protumoral 

roles. CAF come mainly from those fibroblasts that remain inactive in the 

quiescent healthy mammary ducts. When they receive cytokines from the tumor 

cells, such as TGF-, they become activated as CAF, acquiring new roles inside 

the tumor.60 These CAF express high levels of their mesenchymal markers, such 

as SMA, N-Cadherin or Vimentin, becoming more plastic.61 Moreover, CAF 

begin to secrete signaling molecules like VEGF-A, CXCL12, FGF2, TGF-β, PGE2 and 

other growth factors, keeping themselves active and, promoting many other 

effects, such as ECM remodeling, angiogenesis, tumor cell proliferation and cell 

motility and invasion in both, tumoral and non-tumoral cells.62–65 

• Tumor-associated ECM. Tumorigenesis provokes a complete remodeling of the 

ECM, mainly supported by CAF activation. They can degrade normal ECM by the 

expression of several types of proteases, such as MMP, and deposit a new 

different ECM.41 It is important to highlight that, among the components of this 

new ECM, proteoglycans play an important role, since they are sticky proteins 

that can sequester many growth factors, chemokines and cytokines. This hijack 

increases the concentration of those tumorigenic factors, which are released by 

MMP activity.66 Furthermore, apart from modifying the composition of the ECM, 

CAF also align and stiffen the matrix due to the action of cross-linking enzymes. 

This property confers tumor protection against the immune system,67 as well as 

protein tracks that activate tumor cells inducing them to grow and migrate, 

promoting eventual metastasis.68,69 Therefore, tumoral ECM has a key role in 

tissue architecture and biochemistry, influencing deeply tumor initiation, 

growth, immune evasion and metastasis. 

• Immune system. The immune cells undergo a dual process, mainly regulated by 

an intimate crosstalk with the tumor cells and tuned by other cell types. Firstly, 

they exert mostly as tumor suppressors, via active CD4+ and CD8+ T cells, NK cells 
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and tumor associated M1 macrophages. Nevertheless, the expression of PD-L1 

by tumoral cells, as well as some other cytokines, turns the immune system to 

protumorigenic, in which mostly T regulatory cells and myeloid-derived stromal 

cells suppress all activity against tumor cells.70 

• Adipocytes. This type of cell acquires protumoral roles in tumors. Adipocytes 

have more than just their basal function as scaffold. During tumorigenesis, 

adipose stromal cells are known as a source of multipotent mesenchymal stem 

cells (MSC).71 In fact, MSC derived from adipose tissue may contribute to the 

progression of tumorigenesis, boosting tumor growth and invasion.72 

• Tumor endothelial cells. Overgrowth of tumor cells lead to an increase in the 

demand of nutrients in order to fuel their progression.73 This growth is supported 

by incrementing the number of blood vessels around the tumor, in a process 

called angiogenesis.1 This phenomenon will be explained in detail in following 

sections. 

All of this above explain how breast tumors promote their growth by causing the 

reprogramming and remodeling of the stroma surrounding them. In fact, it could be 

stated that tumor cells exploit the weaknesses of a normal microenvironment for their 

individual benefit.  

 

2. Endothelial cells in basal and tumoral environments 

One of the features that characterize the tumor microenvironment is the endothelial 

cells and, namely, the angiogenic process that undergo due to tumorigenesis, essential 

to provide nutrients to tumor cells. Nevertheless, we have to start addressing the outset 

of vasculature.  

 

2.1  Vasculogenesis and vascular system 

Vasculogenesis can be defined as the differentiation of endothelial precursor cells, or 

angioblasts, into endothelial cells and de novo formation of a primitive vascular 

network.74 Vasculogenesis starts at embryogenesis, in particular after gastrulation, 

when there are three germ layer: ectoderm, endoderm and mesoderm. This last one will 
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give rise to hemangioblasts, a transient cell that has the ability to rapidly differentiate 

into a hematopoietic stem cell or an angioblast. Although FGF signaling is crucial for 

mesoderm induction, for the subsequent morphogenesis of the vascular system, VEGF 

signaling rules.75 Specifically, the hemangioblast to angioblast transition is supported by 

the VEGF secretion of the endoderm, which induces VEGFR2 expression in the 

mesoderm by Snail1.76 Following the vasculogenesis process, an accumulation of 

angioblasts generates the blood islands, considered the earliest perceptible vascular 

structures in the embryo.77 Growth and fusion of multiple blood islands in the yolk sac 

of the embryo finally give rise to a primitive capillary network. Finally, once the vascular 

tone is settled, this primitive capillary network differentiates into an arteriovenous 

vascular system, resulting in a mature vasculature.78  

Vasculature is essential for homeostasis. Animals depend on the blood supply to 

provide with nutrients and oxygen to the whole organism. In vertebrates, this blood 

supply occurs through blood vessels, which are formed by endothelial cells lined. The 

larger blood vessels are arteries, followed by veins. Arterioles and venules can be 

distinguished from both previous categories, as thinner versions of arteries or veins, 

respectively. Arteries and veins are formed by a layer of endothelial cells and a basal 

lamina, covered with smooth muscle cells, elastic fibers and connective tissue, thicker 

in arteries than in veins. Moreover, in the case of the arteries, pericytes do also cover 

them. Finally, capillaries are the smaller blood vessels structures formed uniquely by 

endothelial cells and pericytes.79 I would like to remark that pericytes are mural cells 

embedded in the basement membrane throughout certain blood vessels, supporting 

vascular tone and vessel contraction.80 

Blood vessels are quite unique, in fact, the endothelium can be physiologically 

different, behaving distinctively, depending on their location. For instance, liver, spleen, 

and bone marrow vasculature is formed by discontinuous endothelial cells that facilitate 

intercellular trafficking; whereas endocrine glands and kidney vasculature is composed 

by fenestrated endothelial cells that allow selective permeability.81 However, they all 

share some common characteristics. For instance, the main role of the endothelium is 

to act as a semipermeable barrier that regulates the mobility of several molecules and 
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cells, out- and inwards the vessel lumen. For that, there are two different types of 

transport, the paracellular pathway (in which the intercellular tight junctions between 

endothelial cells are key) and transcellular pathway (based mainly in invaginations of the 

cell membrane called caveolae and pinocytic vesicles).82 Apart from it, the endothelium 

has other roles, such as a mediator in inflammation by the secretion of interleukins, 

antithrombotic and procoagulant modulator and matrix production.82 In fact, 

endothelial cells have polarity, which implicates the formation of a basal lamina 

surrounding them, which is mainly formed by Laminin and Col4a1.82 It would be 

important to highlight that endothelial cells have some unique markers, being CD31 and 

VE-Cadherin the most known ones, which are intercellular junction proteins.82 

In order to generate new vessels, essential for tissue growth and repair, endothelial 

cells have a remarkable capacity to adjust their number and rearrange themselves, 

following a process called angiogenesis.83 

 

2.2  Tumor angiogenesis 

Back in 1787, Dr John Hunter described blood vessels growing in the reindeer antler, 

coining the term angiogenesis for the first time.84 Angiogenesis refers to the growth of 

new vessels from preexisting ones, which in the adult occurs restrictively during the 

ovarian cycle and in physiological repair processes, such as wound healing.85 However, 

tumors are the most relevant scene of angiogenesis at adult age.  

Tumors need to get vascularized due to its huge demand on oxygen and nutrients. 

This vascularization can occur through vessel co-option or angiogenesis. In the vessel co-

option process, the preexisting vessels are hijacked by the tumor cells, growing along 

them.83 On the other hand, angiogenesis is a process by which new blood vessels are 

formed from preexisting ones. 85  

In 1865, the formation of new capillaries in tumors was already reported.86 In 1970, 

Dr Judah Folkman hypothesized that tumor growth might be dependent of new vessels 

formation.87 Lately, in the mid-20th century, Greenblatt and colleagues observed that 

the vascular ramification depended on several secreted factors, among them, the 
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tumoral cells and a determined tumor environment.88 Hitherto, tumor angiogenesis is 

seen as one of the key process of tumor sustenance, even named as one of the hallmarks 

of cancer stated by Hanahan and Weinberg.1 

To analyze and understand properly angiogenesis, it can be divided in five different 

stages, commented below with a special scope on tumors, resumed in Figure I-4.  

 

Figure I-4. Angiogenic process. Scheme of the different steps of angiogenesis. 

 

2.2.1 Angiogenic stimuli 

In 1968, Greenblatt and colleagues and Ehrmann  and colleagues were the first ones 

to investigate the process of angiogenesis.88,89 They observed that injecting 

subcutaneously tumor cells promoted the formation of new blood vessels, even when 

they put a filter between the tumor cells and the host. This was the first experimental 

outcome that led to think that there might be soluble factors that promoted this tumor 

angiogenic process.  

From then, a vast set of experiments have been performed to bring some light into 

it. There has been reported that there are some specific proangiogenic molecules that 

initiate this process, as well as some specific inhibitory molecules that block it.90 In fact, 

based on the actual knowledge, tumor angiogenesis is a balance between them. The 

main proangiogenic factors are the vascular endothelial growth factor (VEGF) family, 

angiopoietins, the members of the fibroblast growth factor (FGF) superfamily, platelet-
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derived growth factor family (PDGF), transforming growth factors beta family members 

(TGF-), tumor necrosis factor-alpha (TNF-) and interleukins (IL). Regarding 

antiangiogenic factors, the main ones are thrombospondins (TSP), angiostatin and 

endostatin.91 Apart from those, to a lesser extent some other factors, such as cell-matrix 

or cell-cell interaction, can also play a role regulating angiogenesis.73 

Specifically, tumors start to awake endothelial cells, inducing the denominated 

‘angiogenic switch’, in which the levels of some proangiogenic factors increase 

dramatically, being the main ones: 92 

o VEGF. There are five members of this cytokine: A, B, C, D and E, as well as 

several isoforms: VEGF121 VEGF145, VEGF165, VEGF183, VEGF189 and 

VEGF206. Nonetheless, VEGF-A165 (referred from now on as VEGF-A) is 

the most predominant one in solid tumors.93 

o FGF. There are two members of this cytokine family directly related with 

angiogenesis, FGF1 and FGF2. Even though both are highly relevant in 

angiogenesis, FGF2 seem to be the major contributor in tumor 

angiogenesis, being accumulated in the ECM and being released by the 

action of MMP.94,95 

These angiogenic factors are mainly produced by tumor cells when they sense low 

levels of oxygen, condition called hypoxia. In that particular case, tumoral cells 

overexpress and stabilize Hypoxia-inducible factor 1-alpha (HIF-1), which is a very 

potent transcription factor that induces the expression of several angiogenic factors.96,97 

Apart from tumor cells, CAF and macrophages are also considered as providers of those 

cytokines, as well as other angiogenic factors.73 

 

2.2.2 Activation of endothelium 

During the ‘angiogenic switch’, cells forming vessels get activated: endothelial cells 

and pericytes. In the case of pericytes, they lose the contact with endothelial cells, to 

allow them to undergo a full activation process.80 Endothelial cells are normally 

quiescent, which stands for a challengeless situation characterized by a static state. 
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Nevertheless, endothelial cells can initiate angiogenesis by proangiogenic factors at any 

moment.92 Endothelial cells sense their presence by some specific receptors in their 

plasma membrane; the main ones are: 

• VEGF Receptors (VEGFR). These transmembrane tyrosine kinase receptors are 

VEGFR1 (Flt-1), VEGFR2 (KDR) and VEGFR3 (Flt-4). VEGFR1 and VEGFR2 are 

closely related to angiogenesis, whereas VEGFR2 and VEGFR3, to 

lymphangiogenesis.98 When VEGF-A is present in the tumor microenvironment, 

mainly VEGFR1 and VEGFR2 are able to sense it, which subsequently, activate 

VEGFR3 expression. These three receptors activate a cascade of 

phosphorylation, mainly through AKT and ERK pathways.93 

• FGF Receptors (FGFR). There are four different FGFR, from 1 to 4. FGF2 binds to 

extracellular domain of these transmembrane tyrosine kinase receptors, which 

causes receptor dimerization and autophosphorylation of their tyrosine residues 

on their cytoplasmic domain, triggering the activation of ERK, AKT and STAT3 

pathways.99,100  

Regarding the hierarchy of FGF and VEGF pathways, some data suggest that FGF 

signaling lies upstream of VEGF; for instance, FGF2 is able to induce the expression of 

VEGF-A in endothelial and stromal cells.101 Other data suggests the opposite; VEGF-A 

induces FGF2 production in endothelial cells.102 Therefore, endothelial activation hinges 

upon a complex crosstalk between different angiogenic factors, numerous receptors 

and several signaling cascades. 

 

2.2.3 Sprouting 

The activation of VEGFR and FGFR provokes a change in the endothelial expression 

profile. In this context, the endothelial cells that sense more rapidly these angiogenic 

factor gradients gain some specific features, such as an increase of VEGFR2 and VEGFR3. 

That turns them in a highly specific type of endothelial cell, known as tip cells.85,103  
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Tip cells generate filopodia, with functional VE-Cadherin, acquiring a motile and 

invasive phenotype. They partially lose their EC-to-EC contacts degrade basal lamina, 

and generate new extracellular matrix proteins, guiding new blood vessel formation 

towards an angiogenic gradient, predominantly to tumor cells.102 These tip cells 

overexpress Notch receptor Delta-like-4 (DLL4) ligand, provoking an increase of Notch 

signaling in their neighbor endothelial cells, blocking them to turn into tip cells and 

becoming stalk cells.102,104  

Stalk cells follow tip cells and branch out from the preexisting vessel, establishing the 

vascular lumen and junctional connections to ensure the stability of the forming sprout. 

Stalk cells tend to be more proliferative and with fewer filopodia, compared to the tip 

cells. In this case, instead of high expression of VEGFR2 or VEGFR3, stalk cells express 

high levels of VEGFR1.105 

This new structure, leaded by a unique tip cell and followed by some other stalk cells, 

forms a solid cord of endothelial cells, is designated as sprout. It will give rise to the new 

vessels, being responsible of the neo-angiogenesis.102 

 

2.2.4 Vessel morphogenesis 

Once sprouts are formed, a vessel lumen starts to be generated. Stalk cells are in 

charge of this lumen formation, which is key for the proper gaining of vascular tone. The 

first step for this process is the wrap of the planar endothelial cell sheet. Afterwards, 

cells in the middle of the ‘cord’ get eliminated in a process called cavitation. Finally, the 

cord gets hollowed by the flattening of the endothelial cells among the sprout.106 

Moreover, during the vascular lumen generation, endothelial vacuoles formation and 

fusion are crucial.107 

At the end of this process, vessels may connect to each other in a process called 

anastomosis, which is based on the contact and fusion of endothelial cells with 

neighboring vessels.108 Finally, there is an increase of the vascular network, although its 

functionality is compromised. The vascular tone is established but neo-vessels are highly 

permeable.109 In terms of permeability, it can be inter or intracellular. In the case of the 
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intercellular trafficking, molecules or even whole cells, such as immune cells, can surpass 

the loose intercellular contacts of endothelial cells. On the other hand, regarding the 

intracellular trafficking, it is enhanced by an increase of vesiculo-vacuolar organelles 

(VVO), which are Caveolin 1 positive.110,111 

 

2.2.5 Maturation 

Finally, the new vessels might undergo a process of maturation. Even though the 

vessels are functional, they are still leaky and unstable.109 That feature is partially solved 

by pericyte coverage, which provides a coverage to the vessels, making them more 

stable. That process is mainly orchestrated by Platelet Derived Growth Factor subunit B 

(PDGFb). Nevertheless, tumor vessels end with very few pericytes covering them, 

compared to normal capillaries, as a characteristic of aberrant tumor angiogenesis.112 

 

Regarding tumor lymphangiogenesis, which is the formation of new lymphatic vessels 

from preexisting ones, the process is remarkably similar to tumor angiogenesis. In this 

case, the process is fueled due to the increase of the secretion of several growth factors 

and cytokines, which stimulate tumor cell growth and metastasis.113 Moreover, VEGF-C 

and VEGF-D are the most relevant activator cytokines and VEGFR3 gain prominence as 

the main receptor in lymphatic endothelial cells.114 

 

2.3  Crosstalk between endothelium and tumoral cells 

Once formed, vessels interact mutually with the tumor cells in several ways. Needless 

to say, vessels interact with tumor cells by providing them with nutrients and oxygen. 

However, endothelial cells divide at a slower rate than tumor cells and angiogenesis 

cannot respond to tumor growth at the same rate,112 emerging tumor areas 

characterized by low levels of nutrients and oxygen deficiency (hypoxia).115,116 

Altogether, that causes a profound modification on tumoral cells, mainly in their 

metabolism by an increase of glycolysis.117 
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On the other way around, tumor cells can further interact with the vessels, for 

instance, in the regulation of vessel morphology. Vessels adapt their morphology to the 

tissue. It is generally known that tumor vessels are highly irregular and aberrant, 

molecularly and morphologically. In fact, vessels present a highly variable lumen size 

and morphology in tumors.118 Generally, intratumor vessels are comprised by the 

mechanical force executed by the proliferating tumor cells, causing the typical tortuosity 

and aberrancy of the tumor associated vessel.119 

Moreover, blood and lymphatic vessels are the gate for tumor cells to evade from 

tumor primary sites to colonize other tissues (metastasis) and for immune cells to invade 

neoplasms and modulate their immune surveillance status. For example, at the first 

steps of metastasis, tumor cells weaken the adherent junctions of endothelial cells by 

the secretion of MMP, promoting their intravasation to the lumen of the vessels and, 

hence, their dissemination.120,121 Moreover, tumor endothelial cells, by the effect of 

tumor cells, reduce their expression of adhesion molecules, such as Intercellular 

Adhesion Molecule 1 (ICAM1), limiting T-cell infiltration and modifying the immune 

response in the tumors.122 

Apart from those interactions in tumors, it would be important to highlight that 

endothelial cells have been reported to have a paracrine role in fibrotic processes. Cao 

and colleagues demonstrated that lung chronic injury causes a recruitment of 

perivascular macrophages that secrete high levels of Wnt ligands, increasing Jagged1 in 

endothelial cells and, subsequently, activating Notch pathway in perivascular 

fibroblasts, and therefore inducing pulmonary fibrosis.123 The same group published 

that hepatocyte growth factor (HPG) produced by endothelial cells diminishes the 

expression of profibrotic NOX4 protein in perivascular fibroblasts.124 A few years later, 

Sanchez and colleagues discovered that upon proinflammatory stress, human dermal 

endothelial cells increased their expression of chemokine ligand 2 (CCL2), IL-6 and IL-8, 

which activate dermal fibroblasts.124  
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All of those roles dispel the traditional thought that endothelial cells are only relevant 

for delivery of nutrients and oxygen to the tumor cells, gaining a more intriguing and 

complex character. 

 

2.4  Murine models to study endothelial cells 

For the purpose of analyzing in depth the effects of vasculature, several mice models 

have been established. To analyze the effects of specific gene modifications in 

endothelial cells, two models have been stablished: transitory or permanent alterations 

in gene expression.125 By using tetracycline (Tet) dependent strategies with a specific 

endothelial promoter, a repetitive switching of induction and suppression of gene 

expression can be obtained.126 On the other hand, by using Cre recombinase dependent 

strategies, a permanent effect can be obtained. Among many options described in the 

literature, we chose a mouse strain that had the construct Cre-ERT2 under the promoter 

of VE-Cadherin (CDH5), specific for endothelial cells. Upon administration of tamoxifen, 

Cre-ERT2 is translocated to the nucleus where it can mediate Cre-loxP site-specific 

recombination of a certain floxed gene.127 Therefore, this mouse model allows 

endothelia specific permanent gene expression abrogation in a temporally controlled 

manner. 

 

2.5  Vasculature as a target in tumor suppressor therapies 

Vasculature, indeed, has been targeted in the therapies against tumor progression. 

The first antiangiogenic drug approved for cancer treatment was bevacizumab, which 

was firstly used in advanced-stage colorectal cancer.128 Bevacizumab is an antibody that 

recognizes VEGF-A and captures it, blocking angiogenesis. Nevertheless, bevacizumab 

did not show a clear effect in reverting tumorigenesis in several advanced tumor 

types.129 Other more general antineoplasms drugs can be also considered 

antiangiogenic due to indirect effects on vascular development, such as sorafenib, 

pazopanib or sunitinib, among others. These molecules affect broadly tyrosine kinases 

receptors, such as VEGFR, FGFR or PDGFR, known as key proangiogenic activators in 
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endothelial cells. Nevertheless, due to their questionable effect in tumors, these 

treatments have not been extensively used alone against tumor progression.130 

However, it was observed that certain antiangiogenic drugs turn the abnormal structure 

and dysfunction of tumor vasculature into a functionally normal one, in a process called 

tumor vasculature normalization. That process results in an improvement of the tumor 

vessels in the delivery of, not only oxygen, but drugs.131 In fact, antiangiogenics, such as 

bevacizumab, are currently used as neo-adjuvants or adjuvants with antimitotic drugs, 

such as paclitaxel or docetaxel, to improve the outcome of patients with breast 

cancer.132 

Whereas as a single treatment or in combination with other drugs, antiangiogenic 

treatments need to increase their efficiency and specificity; therefore, more studies 

need to be performed in this field, in order to have further treatments approved by the 

drug regulatory agencies. 

 

3. Snail1 

3.1  Snail family transcription factors: structure and cellular function 

The first time a member of the Snail superfamily was described, snail, was in 1984, in 

Drosophila melanogaster, where it was shown to be essential for the formation of the 

mesoderm.133,134  It would not be until 1999, when Snail1 was described in Homo 

sapiens.135 The Snail superfamily is divided into the Snail and Scratch families. Among 

the members of Snail family we find: Snail1, Snail2 (Slug) and Snail3; however, the most 

common ones are Snail1 and Snail2, since Snail3 has only been predicted in silico.136 All 

Snail proteins are zinc-finger transcription factors. They all share a common structure, 

being composed of a highly conserved carboxy-terminal region, which contains from 

four to six zinc fingers.137,138 Their zinc fingers correspond to the C2H2 type, which bind 

specifically to the E-box DNA sequence (CAGGTG). Moreover, these zinc fingers have 

nuclear translocation signals.139–141 In the N-terminal region, there is a conserved SNAG 

domain that functions as a molecular hook for recruiting lysine-specific histone 

demethylase 1A (LSD1) to repress gene expression.142 In conjunction, SNAG domain and 
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zinc fingers are key for the transcriptional repressor activity of Snail. To find the 

divergences between Snail1 and Snail2, we have to look in the central region of the 

protein. Snail1 has a regulatory domain containing a nuclear export signal (NES)143 and 

a destruction box domain,144 whereas Snail2 presents the SLUG domain, required for the 

efficiency of Snail2-mediated repression.145 

Snail transcription factors are key in the epithelial to mesenchymal transition (EMT) 

process, by which static epithelial cells transform into motile and invasive mesenchymal 

cells.146 This transformation occurs mainly by the repression of epithelial genes, mostly 

E-Cadherin, principally orchestrated by Snail family members.139,146 Despite inducing a 

common expression profile of EMT genes, Snail1  and Snail2 have some differential gene 

expression patterns, implicating also a differential role in several physiological 

processes, such as embryonic development or tumorigenesis.147–149  

Focusing our attention on Snail1, apart from the repression activity, it can act as a 

transcription activator depending on its acetylation or binding to different 

cofactors.150,151 Furthermore, Snail1 activates AKT and ERK kinases.152 Thanks to this 

activity, Snail1 in epithelial cells induces gain of expression of mesenchymal markers, 

such as Fibronectin, Vimentin, -Smooth Muscle Actin or Matrix 

Metalloproteinases.151,153,154  

Apart from EMT, Snail1 also boosts other features associated to this conversion. 

Upon its expression, tumor cells become more resistant to apoptotic insults such as 

several chemotherapeutic agents, reprogram their metabolism regulating glucose flux 

between glycolysis and pentose phosphate pathway (PPP), gain some characteristics 

typical of stem cells (such as telomere transcription and stability) and secrete cytokines 

(such as Granulocyte Macrophage Colony-Stimulating Factor, GM-CSF) that protect 

them from an immune attack.155–160  
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3.2  Snail1 regulation 

Snail1 expression and function is regulated at multiple levels, from gene transcription 

to protein modifications, modulating its interaction with specific cofactors and, thus, its 

activity.161 In terms of cytokines, Snail1 is rapidly induced by some of them, such as 

epidermal growth factor (EGF), hepatocyte growth factor (HGF), and several members 

of the following protein families: bone morphogenetic proteins (BMPs), TGF-, Wnt and 

Notch.162,163 Focusing on FGF and VEGF, as main angiogenic factors, both were shown to 

increase Snail1 levels in epithelial cells.164,165 Moreover, tumoral conditions like hypoxia 

increases Snail1 levels.166 

 

3.3  Physiological and pathological roles of Snail1 

As previously stated, Snail1 is key at the induction of EMT. This process is fundamental 

during embryogenesis. In fact, Snail1 is highly expressed during gastrulation, as well as 

in the epithelial cells of the neural crest and in most mesenchymal cells.167 Indeed, Snail1 

expression is necessary for a proper gastrulation in murine embryos,168 for left–right 

asymmetry determination169 and for mesenchymal activation.170  

Apart from its role at the very early stages of development, Snail1 is not expressed in 

adult tissues at quiescent state. Nonetheless, Snail1 is expressed during inflammatory 

processes. For instance, Snail1 accelerates wound healing and, its overexpression 

induces fibrosis in liver, lung and kidney.151,171–173 Regarding inflammatory processes, 

tumors are described as a chronic inflammatory site; thus, Snail1 was prone to have a 

distinct role in cancer.174  

In fact, Snail1 have several roles in different tumor cell populations. For instance, in 

epithelial cells, Snail1 is essential for tumor cell clonogenicity and metastasis, through 

the gain of motility and invasion abilities.159 However, Snail1 is mostly expressed by CAF, 

whereas its expression in epithelial cells is confined to areas of invasion.175 In CAF, Snail1 

is induced by cytokines that promote fibroblast activation, such as TGF- or PDGFb, 

reinforcing their role on CAF activation.170,175 In accordance with this dual role  in EMT 

and fibroblast activation, Snail1 depletion in adult transgenic mice retards tumor 
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development and prevents metastasis.65,176 Due to all of this, expression of Snail1 has 

been analyzed in multiple tumors and it has been consistently related with poor 

prognosis.177 

3.4  Snail1 in endothelial cells  

Apart from being expressed in epithelial cells and CAF, Snail1 can also be expressed 

in endothelial cells.178 Previous research stated that Snail1 is expressed in vascular cells 

during development, where is essential for the formation of a correct interconnected 

vascular network, necessary for the embryo viability.179 Later research stated that the 

hemangioblast to angioblast conversion during vasculogenesis is governed through miR-

200 repression by Snail1.180 In fact, the effect of Snail1 in Tie2+ endothelial cells over 

embryo viability occurs through the Snail1-Dll4/Notch1 axis.181 However, recent 

research did not show that embryonic alterations in viability due to lack of Snail1 in Tie1+ 

or VE-Cadherin+ endothelial cells.182 Apart from that, Snail1 is essential for a proper 

development of the heart valve.183,184 Similarly, Snail1 was proved to be essential for 

ocular neovascularization, in terms of depth and branching formation, potentially 

through the gain of motility and invasion abilities of endothelial cells and the 

upregulation of VEGFR3.185,186 

In adult tissues, Snail1 also plays a role in the Blood-Brain Barrier (BBB). The BBB is an 

extremely special layer of endothelial cells that control tightly the circulation of solutes 

into the extracellular fluid of the central nervous system.187 During bacterial infections, 

the BBB loses their contacts increasing their permeability, so E. coli or S. agalactiae can 

pass through it easily. This loss of connection between endothelial cells is mediated by 

Snail1, whose presence is key for the permanence of tight junction proteins, such as 

occludin, claudins and ZO-1.188,189 

At this point, it would be interesting to point out that Snail2 has also been reported 

to have a role in angiogenesis. Concretely, in endothelial cells, miR-151a controls Snail2 

enhancing sprouting, associated with an alteration in the expression of membrane type 

1 matrix metalloproteinase (MT1-MMP).190,191 

IN
T

R
O

D
U

C
T

IO
N

 



30 

Finally, both Snail1 and Snail2 have been reported to regulate the mesenchymal 

transition from endothelial cells, called Endothelial to Mesenchymal Transition (EndoMT 

or EndMT).192 This process has been investigated by some laboratories, differentiating a 

complete EndoMT from a partial one, in which the identity of endothelial cells is not 

completely lost and presents a coexistence of endothelial and mesenchymal markers. 

This partial EndoMT is predicted to be essential for angiogenesis, since a gain of motility 

and invasion, due to the transition, are essential for the formations of sprouts. In case 

this partial EndoMT persists, endothelial cells might undergo a complete EndoMT.192 

This complete EndoMT has been proposed to contribute to the CAF population in 

tumors, up to 40% of total activated fibroblasts.192–194 Regarding Snail1 and EndoMT, 

several laboratories reported a relation between them. For instance, it was stated that 

Snail1 is induced under low shear stress conditions, as well as by IL-1, being an essential 

driver of EndoMT.195,196 Moreover, recently, it has been published a relevant function 

on endothelial Snail1 inducing EndoMT, which contributes to renal fibrosis, reinforcing 

the role of Snail1 in this process.182  

 

Regardless of the previous research performed, further investigation on Snail1 in 

endothelial cells and its role in angiogenesis and tumorigenesis needs to be performed, 

in order to develop better treatments for patients. 
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Based on the previously exposed background research, we stated the main 

hypothesis that interlace this doctoral thesis:  

 

Snail1 plays a key role in endothelial cells during the angiogenesis, required for 

tumor development. 

 

In order to confirm this hypothesis, we asked ourselves several questions that guided 

this PhD:  

• Could Snail1 modify endothelial cell identity? 

• Could Snail1 regulate the expression profile and the sensing and response to 

angiogenic stimuli in endothelial cells? 

• Could Snail1 expression be essential in endothelial cells for the process of 

angiogenesis?  

• Could endothelial Snail1 expression have an effect in quiescent vasculature or in 

the physiology of the adult organism? 

• Could Snail1 expression in endothelial cells be necessary for tumorigenesis? 

• Could we translate our in vitro and in vivo results into a clinically relevant breast 

cancer treatment? 

• Could we reproduce our results in human breast tumor physiology? 
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1. Reagents 

The following reagents were used in this thesis: Alexa conjugated secondary 

antibodies (Life Technologies), Alexa Fluor 647 Phalloidin (Lifetechnology, A22287), 

Bevacizumab (Avastin, Roche), Biotin microbeads (MACS Miltenyi Biotec, 130-090-485), 

Blasticidin S (Merck-Sigma, 203350), Carboxymethylcellulose (Merck-Sigma, C4888), Cell 

Recovery Solution (Corning, 354253), DAPI (Merck-Sigma, D9542), DC Protein Assay 

(Bio-Rad, 5000116), DharmaFECT transfection agent (Dharmacon, 77T-2001-03), DMEM 

(Dulbecco’s modified Eagle medium, Invitrogen), EpiCult-B culture media (Stemcell 

Technology, 05610), Epon LX112 (Ladd Research Industries), Evans blue (Merck-Sigma, 

E2129), FBS (Fetal Bovine Serum, GIBCO), goat mouse F(ab’)2 fragments (Jackson-

Immunoresearch, 115-007-003), Fluoromount-G (Southern Biotech, 0100-01), GenElute 

Mammalian Total RNA Miniprep Kit (Merck-Sigma, RTN70), Hoescht 33342 

(ThermoFisher, H3570), Hoeschst-33358 (ThermoFisher, H3569), human recombinant 

FGF2 (Merck-Sigma, GF003), human recombinant Insulin (ThermoFisher, 12585014), 

human recombinant TGF- (Prepotech, 100-21), human recombinant VEGF-A 

(Peprotech, 100-20), Lenti-X Concentrator (Clontech, 631231), LightCycler 480 SYBR 

Green I Master (Roche, 04887352001), Lipofectamin 2000 (ThermoFisher, 11668019), 

Matrigel Growth Factor Reduced (Corning, 354230), mouse recombinant CXCL12/SDF1 

(RND System, 460-SD-010),  mouse recombinant FGF2 (PeproTech, 450-33), MTT (3-(4,5-

Dimethylthiazol-2-yl)-2,5-Diphenitetrazolium Bromide, Merck-Sigma, M5655), Non-

Essential Aminoacids 100x (ThermoFisher, 11140050), Opti-MEM Reduced Serum 

Medium (Thermo, 11058021), Plerixafor (Selleckchem, S3013), Puromycin 

dihydrochloride (Merck-Sigma, P8833), rat tail Collagen type 1 (ThermoFisher, 354236), 

RBC Lysis Buffer (Affymetrix, 00-4333), Retro-X Concentrator (Clontech, 631455), RPMI 

media 1640 (Invitrogen), siRNA control (Dharmacon, ON-TARGETplus control siRNA, D-

001810-02-50), siRNA Snail1 (Dharmacon, SNAI1-targeting ON-TARGETplus siRNA pool, 

L-010847-01-0005), shRNA control (Merck-Sigma, SHC002V), shSnail1 (Merck-Sigma, 

TRCN0000063818 and TRCN0000063822, hereafter designated as shRNA 680 and 

shRNA 684, respectively), Tamoxifen (Merck-Sigma, T5648), Toluidine blue (Merck-

Sigma, 115930), Transcription Factor Buffer Set (Pharmigen, 562574), Transcriptor First 
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Strand cDNA Synthesis kit (Roche, 0489703001), Trichrome Stain (Masson) Kit (Merck-

Sigma, HT15), Tumor Dissociation Kit mouse (MACS Miltenyi Biotec, 130-096-730) and 

SU5402 (Merck-Sigma, 572630).  

 

2. Ethical statements 

Human tumor samples were obtained from Parc de Salut MAR Biobank 

(MARBiobanc) Barcelona. This study was approved by the Ethical Committee for Clinical 

Research from PRBB (reference code 2019/8663/I). 

Animal experimental procedures were approved by the Animal Research Ethical 

Committee from the Parc de Recerca Biomèdica de Barcelona (Barcelona, Spain) and by 

the Generalitat de Catalunya (CEEA: AGH-19-0028-P1). 

 

3. Immunohistochemistry 

Human tumor samples were fixed 16 hours with formol at room temperature (RT). 

Mice tissues or tumors were fixed 16 hours with para-Formaldehyde (PFA, 4%) in PBS at 

4°C. Collagen I embedded HUVEC spheroid and in vivo Matrigel plugs were fixed two 

hours with formol at RT. Fixed samples were dehydrated and paraffin embedded at the 

Anatomy Dpt. of the Hospital del Mar. When required, 2.5m sections were done with 

a microtome (Leica, RM-2255) for immunohistochemical analysis. Routinely, a 

hematoxylin and eosin staining was performed for histological evaluation of tumor 

samples. 

After standard deparaffination and rehydration of the samples, heat mediated 

retrieval was done for antigen unmasking in Tris-EDTA buffer (pH 9) or Citrate buffer (pH 

6) for 15 minutes. Additionally, Collagen I or Matrigel containing samples were 

permeabilized with Triton X-100 (1%) and Tween-20 (1%) in PBS for 45 minutes at RT. 

Later, tissues were blocked during two hours in FBS (1%) and BSA (1%) in TBS and 

incubated with primary antibodies (listed in Table MM-1) for 16 hours. PowerVision+ 

Poly-HRP IHC Detection system was used for signal amplification and DAB+ kit for signal 

detection. Finally, hematoxylin counterstain was done.  
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For the indicated samples, Trichrome Stain (Masson) Kit was done following the 

manufacturer’s instructions. 

 

4. Cell culture 

Cell lines, their culture medium and where they were obtained from, are 

recapitulated in Table MM-2. Standard medium was made of Dulbecco’s Modified 

Eagle’s medium (DMEM) supplemented with FBS (10%), L-Glutamine (2mM), sodium 

pyruvate (1mM), penicillin (100U/mL) and streptomycin (100µg/mL). All cell lines were 

cultured at 37°C with CO2 (5%) in a humidified incubator (HeracellTM 150). Culture was 

performed in a BioSafety Level 1 Room (BSL-1, P1), except for lentivirus and retrovirus 

generation and cell infection, which was performed in a BioSafety Level 2 Room (BSL-2, 

P2). 

 

5. Cell lysis, protein quantification and western blot 

Cell extracts were obtained in SDS lysis buffer [SDS (2%), Tris-HCl (50mM) and glycerol 

(10%)]. Protein concentration was measured using the DC Protein Assay. For protein 

detection, SDS–PAGE was run and proteins were transferred to PVDF membranes. After 

specific primary antibodies incubation (listed in Table MM-1), HRP conjugated 

secondary antibodies and ECL, for signal development, were used. ECL signal was 

imaged in Alliance Q9 (UVITEC) chemiluminescence imager and, when indicated, 

intensity was quantified by ImageJ software.197,198 Routinely, phosphorylated and non-

phosphorylated versions of the same protein were detected in the same membrane, 

after membrane stripping during 15 minutes at 55°C with stripping buffer [SDS (4%), Tris 

500mM pH=6,8, -Mercaptoethanol (0.7%)]. 

 

6. Reverse transcription and real-time quantitative PCR  

Total RNA was extracted using a GenElute Mammalian Total RNA Miniprep Kit. Up to 

1µg of RNA per sample was translated to cDNA with the Transcriptor First Strand cDNA 

Synthesis kit. Finally, mRNA expression levels were determined using the LightCycler 480 
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SYBR Green I Master and specific primers, listed in Table MM-3, in a LightCycler 480 II 

(Roche) analyzer. 

The relative quantification value for each target gene as compared with the calibrator 

for that target was expressed as 2−(Ct-Cc) (where Ct and Cc are the mean threshold cycle 

differences after normalizing to HPRT expression). All results were normalized to HPRT 

expression. 

 

7. Immunofluorescence 

Cells in culture were fixed by PFA (4%) in PBS during 10 minutes at 4°C and 

permeabilized during 10 minutes with Triton X-100 (1%) and Tween-20 (1%) in PBS at 

RT. Afterwards, cells were blocked with BSA (2%) in PBS during one hour at RT. Primary 

antibodies and corresponding Alexa conjugated secondary antibodies were diluted in 

blocking solution and incubated sequentially during one hour at RT. DAPI was used for 

counterstain nuclei and Fluoromount-G as mounting media.  

Matrigel induced tubulogenesis samples were treated for one hour with Cell 

Recovery Solution at 4°C. Afterwards, cells were fixed with PFA (4%) in PBS during 20 

minutes at RT and permeabilized with Triton X-100 (0.5%) in PBS during 10 minutes at 

4°C. Later, samples were blocked with normal goat serum (10%) and goat anti-mouse 

F(ab’)2 fragments (20µg/mL) in IF buffer [NaCl (130nM), Na2HPO4 (7mM), NaH2PO4 

(3.5mM), BSA (0.1%), Triton X-100 (0.2%) and Tween-20 (0.05%)] during one hour. 

Primary antibodies were diluted in IF buffer and incubated overnight at 4°C with gentle 

agitation. Corresponding Alexa conjugated secondary antibodies were diluted in IF 

buffer and incubated during two hours at RT with gentle rocking. DAPI was used for 

counterstain nuclei and Fluoromount-G as mounting media. 

When indicated, Alexa 647 conjugated Phalloidin was incubated in a dilution 1/200 

in IF buffer with secondary antibodies for Actin cytoskeleton staining. 

Leica SP5 confocal microscope was used for imaging at Advanced Light Microscopy 

Unit of Centre Regulaciò Genòmica (Barcelona). 
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8. Snail1 induction in HUVEC 

1.5x105 HUVEC were seeded per plate in 60mm plates in standard medium. The next 

day, the medium was changed to standard medium FBS (0%) for 3 days. Cells were 

trypsinized and 1.5x105 HUVEC were seeded per well in 24well plates with standard 

medium FBS (0%). 24 hours later, VEGF-A (50ng/mL) or FGF2 (100ng/mL) was added and 

protein or RNA was collected at indicated time points. 

 

9. Snail1 knock down by siRNA transfection  

3.3 x 105 HUVEC were seeded per plate in a 60mm plates. One day later, culture 

medium was exchanged to 3.5mL and cells were transfected using DharmaFECT 

transfection agent with 0.2nmoles of siRNA Control (siCtl) or siRNA against SNAI1 mRNA 

(siSnail1), according to manufacturer’s instructions. Typically, cells were detached by 

trypsinization 24 or 48 hours later to be used in the referred experiments. Snail1 knock 

down by siRNA, at mRNA and protein levels, was confirmed in HUVEC at 24 hours (Figure 

MM-1A, B). Similar results were obtained at 48 hours (data not shown). 

 
Figure MM-1. Silencing Snai1 gene by siRNA transfection in HUVEC on monolayer. A, 

Quantification of SNAI1 mRNA in HUVEC 24h after siCtl and siSnail1 transfection. B, Western 

blot analysis of Snail1 in HUVEC 24h after siCtl and siSnail1 transfection. Data in A represent 

mean values (± SEM) of at least three independent experiments. ***p<0.001. 
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10.   Snail1 knock down by shRNA transfection  

3.3 x 105 HUVEC were seeded per plate in a 60mm plates. One day later, culture 

medium was exchanged to Opti-MEM Reduced Serum Medium and cells were 

transfected using Lipofectamin 2000 with 5µg of Snail1 shRNA 680, Snail1 shRNA 684 or 

shRNA Scramble as a control, using manufacturer’s instructions. Six hours after 

transfection, medium was exchanged to standard medium. Typically, cells were 

detached by trypsinization 48 hours later to be used in the determined experiments. 

Snail1 knock down by shRNA, at mRNA and protein levels, was confirmed in HUVEC 

(Figure MM-2A, B).  

 

Figure MM-2. Silencing Snai1 gene by shRNA transfection in HUVEC on monolayer. A, 

Quantification of SNAI1 mRNA in HUVEC 24h after shScramble, shSnail1 680 or shSnail1 684 

transfection. B, Western blot analysis of Snail1 in HUVEC 24h after shScramble, shSnail1 680 and 

shSnail1 684 transfection. Data in A represent mean values (± SEM) of at least three independent 

experiments. *p<0.05. 

 

11.   Virus production and cell infection 

For lentivirus production, HEK-293T were plated in a 100mm plate and cultured to 

90% of confluence. A mix of 3 vectors (3µg of pMDLg/pRRE, 1µg pRSV, 1µg pVSV-G) plus 

5µg of pBABE vector carrying or not GFP was incubated with Lipofectamin 2000 in Opti-

MEM Reduced Serum Medium, according to manufacturer’s instructions. Then, these 

mixtures were added to HEK-293T in Opti-MEM medium, which was changed to 

standard medium five hours later. After 24 hours, medium was changed again to 

standard medium. At 48 and 72 hours after transfection, cultured medium was collected 

and filtered with 0.45µm low protein binding filters and mixed with Lenti-X Concentrator 
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in 1:3 proportions for one hour at 4°C. Afterwards, the mixture was centrifuged at 1500 

g for 45 minutes at 4°C. Supernatant was discarded, the pellet was resuspended in 1mL 

of standard medium and stored at 4°C for no longer than 5 days.  

For retrovirus production, Plat-E were plated in a 150mm plate, cultured to 90% of 

confluence. 5µg of pBABE vector carrying or not Snail1-HA, pRV vector carrying Snail2-

HA-GFP or GFP (obtained from Alberto Muñoz’s lab)199, was incubated with 

Lipofectamin 2000 in Opti-MEM medium, according to manufacturer’s instructions. 

Then, these mixtures were added to Plat-E in Opti-MEM medium, which was changed to 

standard medium five hours later. After 24 hours, medium was changed again to 

standard medium. At 48 and 72 hours after transfection, cultured medium was collected 

and filtered with 0.45µm low protein binding filters and mixed with Retro-X 

Concentrator in 1:3 proportions for 16 hours at 4°C. Afterwards, the mixture was 

centrifuged at 1500 g for 45 minutes at 4°C. Supernatant was discarded, the pellet was 

resuspended in 1mL of standard medium and stored at 4°C for no longer than 5 days.  

HUVEC Snail1+ and Ctl cell line were generated by retroviral infection of pBABE vector 

carrying or not Snail1-HA in HUVEC WT, respectively (Figure MM-3A). One day after 

infection, puromycin (0.5µg/ml) was added to culture medium for three days for cell 

selection (Figure MM-3A). Clones were obtained by limiting dilution and their Snail1 and 

HA expression was checked at protein levels (Figure MM-3B-D).  

HUVEC Snail2+ and Ctl cell line were generated by retroviral infection of pRV vector 

carrying Snail2-HA-GFP or GFP in HUVEC WT, respectively. Five days after infection, cells 

were single cell sorted through FACSAria II SORP (BD) to obtain clones.  
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Figure MM-3. Generation of Snail1+ transfectants in HUVEC. A, Scheme of pBABE ctl or Snail1-

HA lentiviral infection in HUVEC. B, Western blot analysis of HA in HUVEC Snail1+ clones and 

MDA-MB-231-Snail1+, as a positive control. C, Western blot analysis of Snail1 in HUVEC Ctl, 

Snail1+ (C5) and Snail1+ (C3). D, Snail1 immunofluorescence (red) in HUVEC Ctl, Snail1+ (C5) and 

Snail1+ (C3). Nuclei were counterstained with DAPI (blue). Scale bar: 30 m. 

 

 

12.   Matrigel induced tubulogenesis assay 

Fifty µL of Matrigel per well were polymerized at 37°C in 24-well plate. After 30 

minutes, 1.1 × 105 HUVEC were seeded per well in 24well plates in standard medium. 

500µL of standard medium, supplemented or not with VEGF-A (50ng/mL), FGF2 
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(100ng/mL), bevacizumab (0.5mg/mL) or conditioned medium from different cell lines 

in a proportion 1:1, was added when indicated. Wells were photographed at indicated 

time points using a Leica DMIL Led microscope. Angiogenesis Analyzer plug-in for ImageJ 

was used for automatic quantification of master segments (linear aggregates of 

endothelial cells between nodes) and master junctions (nodes connecting three 

segments) (Figure MM-4).200 

 

Figure MM-4. Quantification patterns of tubulogenesis. A, Images of tubulogenesis and details 

of master segments (yellow) and junctions (pink). Scale bar: 200 µm. 

 

13.   Spheroid based sprouting assay 

Spheroids were generated by the hanging drop technique.201 Briefly, 500 HUVEC 

were dispensed in 30 l of carboxymethylcellulose (0.25% wt/vol) in standard medium 

on the lid of non-adherent plates and incubated upside down overnight. Afterwards, 

spheroids were embedded into Collagen type I (2mg/mL) and cultured in standard 

medium. VEGF-A (20µg/mL) or FGF2 (100ng/mL) were added to standard medium when 

indicated. Spheroids were fixed 24 hours later with glutaraldehyde (3%) during 5 

minutes at RT and stained with Toluidine Blue (0.01%) in ethanol (30%) during 15 

minutes at RT. Sprouting was quantified by measuring the number of sprouts per 

spheroid. A minimum of 10 spheroids per condition were analyzed in three independent 

experiments for statistical analysis. 

 

14.  In vitro wound healing assay 

1.5 x 105 HUVEC, CAF or MEF per well were seeded in 24-well plates with standard 

medium. After arriving to high confluence, usually in 24 hours, medium was changed to 

FBS (0%) standard medium. Next day, TGF- (0.1 or 1ng/mL, or 5ng/mL when not 
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specified), Plerixafor (25nM), SU5402 (5µM) or FBS (0%) conditioned medium from 

different cell lines, was added, when indicated, supplementing it with FBS (2%).   

Afterwards, manual wound was performed with a tip and culture medium 

formulation was maintained during the healing process. The wounds were 

photographed when done and at indicated time points. After aligning both images, the 

space within the gap, in the same area, was measured and the migrated distance from 

the initial time was calculated with ImageJ software. A minimum of three areas per 

wound were quantified for statistical analysis. 

 

15.   Proliferation assay based on MTT  

1000 HUVEC or NMuMG per well were seeded in triplicates in 96-well plates, with 

MCF10A conditioned or culture medium when indicated. Proliferation was determined 

up to the fourth, fifth or seventh day, when indicated. To measure it, culture medium 

was removed and 100µL of standard medium with MTT (1µg/mL) was added per well. 

After 3.5 hours of incubation, medium was removed, and the precipitates were 

solubilized by mixing with 100µL of isopropanol and DMSO in 1:4 proportion. Finally, 

absorbance was measured at 570nm using TECAN infinite M200 spectrophotometer. 

 

16.   Conditioned medium collection 

1.3 x 105 HUVEC per well were seeded in a 24-well plate with 1 mL of standard 

medium or FBS (0%) standard medium. In the case of tumoral and myoepithelial cells, 

1.3 x 105 cells per well were seeded in a 6-well plate with 1 mL of standard medium. 

After an overnight, conditioned medium was filtered with 0.22µm low protein binding 

filters and stored at -20°C. 

 

17.   Fibroblast activation by HUVEC conditioned medium 

1.3 x 105 CAF or MEF per well were seeded in 24-well plates in standard medium. 24 

hours later, medium was changed to FBS (0%) standard medium. The day after, FBS (0%) 

conditioned medium from HUVEC siCtl, siSnail1, Ctl or Snail1+ (C5) was added, 

supplemented with FBS (0.5%) and with FGF2 (100ng/mL), TGF- (0.1 or 1ng/mL, or 
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5ng/mL when not specified), Plerixafor (25nM) or SU5402 (5µM) when indicated. Two 

days or two hours, when indicated, cell lysates were collected to check their activation 

status at mRNA or protein levels.  

 

18.   In vitro cell cycle analysis 

HUVEC on monolayer were trypsinized, and later, fixed and permeabilized using 

Transcription Factor Buffer Set, according to manufacturer’s instructions. Hoeschst-

33358 (0.5mg/mL) was added for 15 minutes at 4°C.  

In the case of epithelial cells, 1.2 x 105 NMuMG-GFP+ were seeded per well in 6-well 

plates. After 24 hours, medium was changed to 1mL of standard medium FBS (0%) to 

synchronize cells. 24 hours later, 1.88 x 105 MCF10A were added in half NMuMG culture 

medium, respectively, and half MCF10A culture medium. After other 24 hours, Hoescht 

33342 (0.5mg/mL) was added to the well for 1 hour. Afterwards, cells were trypsinized 

and Hoescht 33342 (0.5mg/mL) was added to 1mL PBS for 90 minutes incubated at 37°C 

in a water bath. 

Hoescht staining was analyzed in an LSR II cytometer (BD) and data was processed 

using BD FACSDIVA software at CRG/UPF FACS Unit at PRBB (Barcelona). Cells with ‘n’ 

amount of DNA, determined as phase G, were included in the non-proliferating 

category; whereas, cells with more than ‘n’ amount of DNA, determined as S, G2 and M 

phases, were included in the proliferating category.  

 

19.   Animals 

Animals were housed in a specific pathogen-free (SPF) area and fed ad libitum at Parc 

de Recerca Biomèdica de Barcelona animal facility. 

The generation of the murine line with Snail1 floxed (Snail1 flox) and Snail1 wild-type 

(Snail1) or Snail1 deleted (Snail1 del) alleles was described previously (Figure MM-5A).170 

This mouse line was crossed with C57/Bl6 background Cdh5(PAC)-CreERT2 mouse line127 

to generate endothelium specific Snail1 control and knock-out mice, referred as VE-

CadhSnail1CT and VE-CadhSnail1KO, respectively (Figure MM-5B).  
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Depletion of Snail1 allele was performed by five daily doses of tamoxifen by 

intraperitoneal administration (0.2mg/g) in 6 weeks old mice. For characterization, 

three VE-CadhSnail1CT and VE-CadhSnail1KO mice weight was monitored during three weeks 

and, finally, euthanized. Their organs and tissues were processed for histological and 

other analysis when indicated.  

Mice were genotyped as described previously.202 After tamoxifen administration, 

endothelial cells knocked out SNAI1 but not non-endothelial cells (Figure MM-5C). To 

confirm the specificity of SNAI1 deletion, VE-CadhSnail1CT and VE-CadhSnail1KO livers were 

disaggregated and stained for endothelial cell isolation by FACS sorting in FACSAria II 

SORP (BD) as explained in Population analysis section (Figure MM-5D). A SNAI1 

genotyping PCR in endothelial and non-endothelial sorted populations was performed, 

observing in endothelial cells a partial floxed from VE-CadhSnail1CT mice and a total floxed 

from VE-CadhSnail1KO mice. (Figure MM-5E). In the case of non-endothelial cells, only in 

VE-CadhSnail1KO mice was observed the predicted floxed of one SNAI1 allele (Figure MM-

5E).  

In order to generate reporter mice of the CDH5(PAC)-CreERT2 expression, they were 

crossed with an Enhanced Green Fluorescent Protein (eGFP) gene inserted into the 

constitutive Gt(ROSA)26Sor locus with a STOP codon flanked by LoxP sequences (Rosa26 

LoxP STOP LoxP eGFP) mice, generating the VE-CadhGFP mouse line;203 therefore, eGFP 

was expressed in endothelial cells following Cre-mediated recombination, corroborating 

the specificity of the CDH5 promoter (Figure MM-5F). 

VE-CadhSnail1 mouse line were mated with C57/Bl6 MMTV-PyMT mice29 to obtain 

PyMT VE-CadhSnail1CT and PyMT VE-CadhSnail1KO mice, which develop spontaneously 

luminal B breast cancer tumors, and, after tamoxifen induction, an endothelium specific 

deletion of Snail1 allele (Figure MM-6A). Moreover, PyMT VE-Cadh mice were crossed 

with (Rosa26 LoxP STOP LoxP eGFP) mice, generating PyMT VE-CadhGFP (Figure MM-6B). 

After tamoxifen administration, expression of eGFP, as a subrogated marker of CreERT2 

expression, was checked in the tumor vessels of PyMT VE-CadhGFP (Figure MM-6B).  

In PyMT VE-CadhSnail1CT and PyMT VE-CadhSnail1KO mice, apart from an initial tamoxifen 

administration of five daily doses (0.2mg/g) injected intraperitoneally in 6 weeks old 

M
A

T
E

R
IA

L
S

 &
 

M
E

T
H

O
D

S
 



  49 

mice, an additional dose every three weeks was administrated until animals reached the 

indicated time points. Mice were palpated twice per week to set the tumor onset and 

the bigger dimension of the tumors was measured using a caliper to monitor the tumor 

growth. Middle size tumors were designated as 0.5cm of diameter and big size tumors, 

1cm of diameter. When tumors reached 1cm of diameter, animals were euthanized to 

establish the survival rate.  

As MMTV-PyMT mice could develop breast tumors in any of the ten breast of the 

mice, tumors next to the neck and over the inferior limbs, as well as the bigger one in 

each animal, when these were not located in the previous positions, were processed for 

histological and immunohistochemical analysis.  

For survival and tumor onset study, twelve MMTV-PyMT mice per condition were 

used. For tumor burden analysis and distinct quantifications by immunohistochemistry 

or FACS, three mice per condition were used. In all experiments, only female mice were 

used, except for characterization, where male mice were also used as indicated. 
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Figure MM-5. VE-CadhSnail1 mice generation and confirmation. A, Scheme of SNAI1 allele 

depletion after tamoxifen. B, Scheme of mice crossing for VE-CadhSnail1CT/KO mice generation. C, 

Scheme of SNAI1 recombination in endothelial and non-endothelial cells in VE-CadhSnail1CT/KO 

mice after tamoxifen administration. D, Scheme of workflow and gating strategy of non-

endothelial and endothelial cells for sorting from VE-CadhSnail1CT/KO livers. E, PCR results of 

genotyping of non-endothelial (Non-EC) and endothelial cells (EC) in liver of VE-CadhSnail1CT/KO 

mice after tamoxifen induction. (1), PCR to detect flox and Snail1 allele. (2), PCR to detect del 

allele. F, Scheme of mice crossing for VE-CadhGFP mice generation and tamoxifen induction 

(upper). Images of anti CD31 and anti GFP immunohistochemistry in VE-CadhGFP mice (lower). 

Scale bar: 50 m.  
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Figure MM-6. PyMT VE-CadhSnail1 spontaneous luminal breast tumor mouse model. A, Scheme 

of mice crossing for PyMT VE-CadhSnail1CT/KO generation. B, Scheme of mice crossing for PyMT VE-

CadhGFP mice generation and tamoxifen induction (left). Images of anti CD31 and anti GFP 

immunohistochemistry of PyMT VE-CadhGFP tumors (right). Scale bar: 50 m.  

 

20.   In vivo vasculature permeability assay 

9 weeks old VE-CadhSnail1CT and VE-CadhSnail1KO mice, which were administrated with 

tamoxifen 3 weeks before, were intraperitoneally injected with 3µL/g of Evans blue 

(0.2%) in saline buffer. After two hours, mice were perfused using a perfusion pump with 

PBS for 10 minutes to remove the dye contained within the vessels and, afterwards, with 

PFA (4%) for 5 minutes to fix the tissues. Pieces of breast, lung and liver were removed 

and dried at 60°C for 16 hours. Evans blue of the dehydrated tissues was extracted with 

1mL of formamide at 55°C for 16 hours. Dye content was quantified by measuring the 

solution at 610nm in a spectrophotometer and concentration was obtained by 

comparing to Evans blue diluted in formamide standards. Mean values of each group 

was represented as grams of Evans blue per mL of formamide per gram of dehydrated 

tissue. Three mice of each condition were used for statistical analysis. 
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21.   In vivo Matrigel plug angiogenesis assay 

9 weeks old VE-CadhSnail1CT and VE-CadhSnail1KO mice, which were administrated with 

tamoxifen 3 weeks before, were subcutaneously injected in their flanks (two injection 

sites per mouse) with 200 l of Matrigel alone or containing VEGF-A (250ng/mL) or FGF2 

(1g/mL). Three mice of each condition were used for statistical analysis. One week 

later, mice were euthanized and Matrigel plugs were recovered and paraffin embedded 

for analysis, as described previously. Two medial sections of each plug were stained with 

anti CD31 antibody by immunohistochemistry and slides were scanned with Aperio CS2 

Scan (ScanScope) at the Anatomy Dpt. of the Hospital del Mar. CD31+ stained area was 

quantified using ImageJ software and mean values for each group were represented as 

the percentage of CD31+ area per Matrigel plug area.  

 

22.   Population analysis  

VE-CadhSnail1CT and VE-CadhSnail1KO lungs and livers and PyMT VE-CadhSnail1CT and PyMT 

VE-CadhSnail1KO tumors from three mice per condition, previously administrated with 

tamoxifen, were collected in PBS and dissected into 1 mm3 pieces. Afterwards, 

enzymatic disaggregation was performed with the Tumor Dissociation Kit mouse at 37°C 

for 30 minutes. Further tissue disruption was made by gentleMACS Dissociator (MACS 

Miltenyi Biotec, 130-093-235) and RBC Lysis Buffer incubation was used to remove red 

blood cells. Next, solution was passed through a 70m filter. Cells were blocked with 

horse serum (20%) and FBS (10%) in PBS during one hour at 4°C. Primary antibodies 

listed in Table MM-1 specified as FACS were diluted in blocking solution and incubated 

during 40 minutes at 4°C. DAPI staining was used as a viability marker. Cell staining was 

analyzed by LSR II cytometer (BD) and data was processed using BD FACSDIVA software.  

Lung and liver endothelial cells were considered as VE-Cadherin+, and CD31+ when 

indicated. 

Tumor cells were classified in these population categories depending on their 

staining: epithelial cells (EpCAM+ CD45-), immune cells (EpCAM- CD45+), endothelial cells 

(EpCAM- CD45- CD31+) and other cells (EpCAM- CD45-CD31-). 
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23.   Purification of tumor endothelial cells 

Big size tumors from three PyMT VE-CadhSnail1CT and PyMT VE-CadhSnail1KO mice, 

previously administrated with tamoxifen, were disaggregated as described in Population 

analysis section (Figure MM-7A). Once the red blood cells were disrupted, cells were 

blocked in Buffer A [HBSS supplemented with BSA (0.5%), EDTA 2mM, horse serum 

(10%) and FBS (10%)] during 30 minutes at 4°C. Afterwards, cells were stained with 

biotin anti VE-Cadherin in Buffer A during 30 minutes at 4°C. Sample was filtered through 

25µm nylon mesh and incubated with anti biotin microbeads for 25 minutes at 4°C. 

Finally, LS columns (MACS Miltenyi Biotec, 130-042-401) were located on a MidiMACS™ 

Separator (MACS Miltenyi Biotec, 130-042-301), samples passed through them and 

bound fractions were collected for RNA extraction, as well as a small fraction of input 

(Figure MM-7A). Purification of bound fraction of each animal was corroborated since 

there was an increase of CDH5 mRNA expression compared to each corresponding input 

fraction (Figure MM-7B). Furthermore, upregulation of SNAI1 mRNA expression was 

detected in VE-Cadherin enriched samples from PyMT VE-CadhSnail1CT, compared to 

PyMT VE-CadhSnail1KO (Figure MM-7C).  

In fact, tumor vessels from PyMT VE-CadhSnail1CT mice were analyzed by 

immunohistochemistry, corroborating their expression of Snail1, but not in PyMT VE-

CadhSnail1KO mice (Figure MM-7D). 
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Figure MM-7. Endothelial Snail1 expression in PyMT VE-CadhSnail1CT/KO tumors. A, Scheme of 

workflow for endothelial cell purification from PyMT VE-CadhSnail1CT/KO tumors. B, Quantification 

of CDH5 mRNA in input and bound fraction of tumor cell disaggregation from PyMT VE-

CadhSnail1CT/KO mice. C, Quantification of SNAI1 mRNA expression in VE-Cadherin enriched 

fraction of PyMT VE-CadhSnail1CT/KO tumors. D, Images of anti Snail1 immunohistochemistry of 

PyMT VE-CadhSnail1CT/KO tumor vessels. Black arrowheads point Snail1+ cells in tumor vessels. Scale 

bar: 50 m. Data in B represent a mean value of each animal and data in C represent mean 

values (± SEM) of at least three mice purified fractions. *p<0.05. 

 

 

24.   In vivo cell cycle analysis 

Lungs and livers of three VE-CadhSnail1CT and VE-CadhSnail1KO mice, previously 

administrated with tamoxifen, were digested and stained for endothelial cell analysis as 

described in Population analysis section. Staining and analysis of endothelial cell cycle 

was performed using the protocol for Hoescht 33342 stain described in in vitro cell cycle 

analysis section.  
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25.   Vasculature analysis 

Two nonconsecutive sections of medial plane of three different tumors of at least 

three mice in the indicated groups, were stained by immunohistochemistry with an anti 

CD31 antibody, as described previously.  

Minimum of five randomized areas of each CD31 stained slide were captured using 

an Olympus BX61 microscope. CD31 stained area was quantified using ImageJ software 

and angiogenesis was showed as the percentage of CD31+ stained area per tumor area.  

Vessel were manually delimited, and their lumen size and perimeter were measured 

using ImageJ software. Mean values of individual vessel lumen size and perimeter were 

represented in each condition.  

 

26.   Transmission electron microscopy 

Four tumors of different sizes from PyMT VE-CadhSnail1CT and PyMT VE-CadhSnail1KO 

mice, previously administrated with tamoxifen, were dissected and fixed with a PFA 

(2%)/glutaraldehyde (2%) solution in cacodylate (0.2M) buffer. Samples were stored in 

cacodylate buffer until processing. After postfixation with osmium tetroxide (2%), 

samples were dehydrated and embedded in Epon LX112. Semi-thin sections 

(approximately 1μm thick) were cut and stained with toluidine blue. Ultrathin sections 

(60-80nm) were obtained with an ultramicrotome, placed on parlodion/carbon-coated 

nickel grids and stained with lead citrate and uranyl acetate. The grids were examined 

using a Phillips CM100 electron microscope at the anatomy Dpt. of the Hospital del Mar.  

 

27.   Necrosis quantification 

Tumors at carcinoma stage from PyMT VE-CadhSnail1CT and VE-CadhSnail1KO mice, 

previously administrated with tamoxifen, were selected. Two nonconsecutive sections 

of each tumor medial plane were stained with hematoxylin and eosin. Slides were 

scanned using an Aperio CS2 Scan (Leica) at the Anatomy Dpt. of the Hospital del Mar. 

Necrotic areas were identified visually and measured by ImageJ software. At least three 

tumors from six mice of each condition were used for statistical analysis. 
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28.   PyMT tumor cell isolation and orthotopic transplantation 

C57/Bl6 MMTV-PyMT mice were euthanized and tumors of middle size, when 

indicated, were dissected into 1mm3 pieces and enzymatically disaggregated by the 

Tumor Dissociation Kit mouse for 30 minutes at 37°C (Figure MM-8A). Afterwards, RBC 

Lysis Buffer was used to remove red blood cells. Tumor cell mixture was filtered by a 

70m pore filter and individualized cells were plated in EpiCult-B medium supplemented 

with mEGF (10ng/mL), mFGF2 (10ng/mL) and FBS (2%). 24 hours later, culture medium 

was exchanged to a serum-free medium with the rest of supplemented factors (Figure 

MM-8A). Cell population of the culture was analyzed as previously stated, observing a 

clear enrichment in epithelial cells, thus, they were called epithelial PyMT cells (ePyMT) 

(Figure MM-8B). ePyMT were not used after the seventh day of their isolation. 

 

 

Figure MM-8. ePyMT isolation. A, Scheme of workflow for ePyMT isolation from MMTV-PyMT 

tumors. B, Percentage of epithelial, immune, endothelial and other stromal cells cultured for 3 

days, determined by FACS. Data in B represent mean values (± SEM) of at least three 

independent experiments. ***p<0.001. 

 

6 weeks old syngeneic C57/Bl6 VE-CadhSnail1CT and VE-CadhSnail1KO mice were 

inoculated intraperitoneally with tamoxifen (0.2mg/g) to delete SNAI1 gene in their 

vasculature. Four mice of each condition were used for statistical analysis. Three weeks 

later, mice were anesthetized with isoflurane and both inguinal mammary fat pads were 

injected with 0.5x106 ePyMT embedded in Matrigel from middle or big size tumors, 

when indicated. When recipient VE-CadhSnail1CT mice tumors arrived to 1cm of diameter, 
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primary tumors from VE-CadhSnail1CT and VE-CadhSnail1KO mice, were resected and 

processed for histological analysis as described.  

 

29.   Bevacizumab treatment in PyMT mice 

C57/Bl6 MMTV-PyMT mice were intraperitoneal treated with PBS or bevacizumab 

(50mg/kg) diluted in PBS twice per week from 6 weeks old until their biggest tumor 

reached 1cm of diameter. Four mice of each condition were used for statistical analysis. 

For the morphology analysis, tumors next to the neck and over the inferior limbs, as well 

as the bigger ones when they were not located in the previous positions, were paraffin 

embedded and processed for histological analysis, as described.  

 

30.   Human tumor dataset analysis  

TCGA Breast Invasive Carcinoma (Firehose Legacy) data in the cBioPortal public 

database (http://www.cbioportal.org/)204,205 was used on May 2020, to analyze the 

correlation of mRNA-mRNA, mRNA-protein or protein-protein expression levels of 

indicated genes. 

For the humanized version of PyMT VE-CadhSnail1CT and VE-CadhSnail1KO mice, the 

survival and disease free period and differential gene expression were analyzed. 

Differentially Expressed Genes, their corresponding fold change (Fc) and q-value from 

both groups were downloaded from the cBioPortal webpage and analyzed with GSEA 

software 4.0 (BROAD Institute, University of California)206,207 against MSigDB Gene 

Ontology: Biological Process collection (v7.1).208,209 

 

31.  Statistical analysis 

Data was analyzed by GraphPad Prism (v6) software (GraphPad Software, San Diego, 

CA, USA). For each experiment, the mean of at least three independent experiments was 

represented, with their Standard Error of the Mean (SEM), in each graph. Statistical 

significance was obtained using Student’s t-test. Survival of each group were 

represented by a Kaplan Meier curve and p-value was obtained using log-rank test. 

Statistical comparisons of tumor histological subtypes, Collagen coverage of the vessels, 
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vessel location in premalignant ducts, transmission electron microscopy quantifications 

and human breast tumor stages, ER intensity, correlation of Snail1 expression in 

stroma vs vessels were performed by 2 (and Fisher’s exact) test. p-value was 

represented in all the figures by * when p-value <0.05; **, when p-value <0.01; or ***, 

when p-value <0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

M
A

T
E

R
IA

L
S

 &
 

M
E

T
H

O
D

S
 



  59 

Table MM-1. Antibodies list 

Antibody Company (reference) Method (dilution) 

SMA Merck-Sigma (A2547) WB (1/1000) 

Tubulin Merck-Sigma (T9026) WB (1/10000) 

Actin ABCAM (ab8227) WB (1/2000) 

total AKT Cell Signaling (9272) WB (1/1000) 

CD31 ABCAM (ab231436) IHC (1/200) 

CD31 (PE-Cy7) Biolegend (102515) FACS (1/200) 

CD326 (EpCAM, APC/Cy7)   Biolegend (118217) FACS (1/100) 

CD45 (CD45.1 and CD45.2, 

PerCP) 
Pharmigen (557235) FACS (1/200) 

CK14 Abcam (ab181595) 
IHC (1/500) 

WB (1/1000) 

Cleaved Caspase-3 Cell Signaling (9661) IHC (1/100) 

E-Cadherin 
Transduction Labs 

(610182) 
WB (1/1000) 

ERK1/ERK2 ThermoFisher (13‐6200) WB (1/100) 

Estrogen receptor  Santa Cruz (sc‐8005) IHC (1/50) 

Fibronectin1 ABCAM (ab2413) WB (1/1000) 

GFP ABCAM (ab6556) IHC (1/300) 

Her2/Neu BioGenex (MU134‐USE) IHC (1/60) 

Ki67 BD (550609) IHC (1/100) 

LaminB1 ABCAM (ab16048) WB (1/20000) 
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Laminin Merck-Sigma (L9393) IHC (1/100) 

Lyve-1 R&D (AF2125) IHC (1/300) 

N-Cadherin 
Transduction Labs 

(610920) 
WB (1/1000) 

p63 Santa Cruz (sc‐25268) IHC (1/40) 

PDGF Receptor  Cell Signaling (3169) IHC (1/100) 

phospho AKT (Ser473) Cell Signaling (9271) WB (1/1000) 

phospho Erk1/2 

(Thr202/Tyr204) 
Cell Signalling (9101) WB (1/1000) 

phospho SMAD2 

(Ser465/467) 
Cell Signalling (3108) 

WB (1/1000) 

IHC (1/100) 

SMAD2/3 Cell Signaling (8685) WB (1/1000) 

Snail1 Francí et al 2006210 IHC (1/100) 

Snail1 Cell Signaling (3879) 

WB (1/2000) 

IF (1/150) 

IHC (1/100) 

Snail2 Santa Cruz (sc-10436) WB (1/500) 

VE-Cadherin (Alexa 647) Pharmigen (562242) FACS (1/50) 

VE-Cadherin (Biotin) Biolegend (138008) Bead separation (1/10) 

VE-Cadherin Santa Cruz (sc‐52751) WB (1/200) 

Vimentin BD (550513) 
IHC (1/200) 

WB (1/500) 

Vinculin Santa Cruz (sc‐73614) WB (1/1000) 

 

M
A

T
E

R
IA

L
S

 &
 

M
E

T
H

O
D

S
 



  61 

Table MM-2. Cell lines list 

Name Cell type Culture Medium Obtained from 

CAF  

Cancer associated 

fibroblast from 

MMTV-PyMT mice 

Standard medium 
Stablished in our 

lab65  

HEK-293T/17 

Human Embrionic 

Kidney 293 with 

SV40 T-ag 

Standard medium 

Cancer Cell Line 

Repository (IMIM, 

Barcelona)211 

HUVEC 

Spontaneously 

immortalized 

Human Umbilical 

Vein Endothelial Cell 

Standard medium 

Kindly given by Dr 

Francisco J. 

Muñoz212  

MCF10A Myoepithelial cell 

MEGMTM Mammary 

Epithelial Cell Growth 

Medium BulletKit 

supplemented with 

Horse Serum (5%) and 

cholera toxin 

(100ng/mL) 

Cancer Cell Line 

Repository (IMIM, 

Barcelona)213  

MEF WT / 

Snail1KO 

Mouse Embryonic 

Fibroblast from 

C57/Bl6 mice 

Standard medium 
Stablished in our 

lab  

NMuMG 
Normal Murine 

Mammary Gland 

Standard medium 

supplemented with 

insulin (10µg/mL) 

Cancer Cell Line 

Repository (IMIM, 

Barcelona)214 

Plat-E 

Retrovirus 

packaging cell line 

based on the 293T 

cell 

Standard medium 

supplemented with 

blasticidin (10µg/mL) 

and puromycin (1µg/mL) 

Kindly gifted by 

Dr Nakayama215  
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Table MM-3. Primers list  

Gene Forward Reverse 

Human 

ACTA2 5’-GCACTGCCTTGGTGTGTG-3’ 5’-TCCCATTCCCACCATCAC-3’ 

CAV1 5’-CGCGACCCCAAGCATCTC-3’ 5’-TCCCTTCTGGTTCTGCAATCAC-3’ 

CDH2 5’-CCATCACTCGGCTTAATGGTGA-3’ 5’-TCACGCGCAGGATGGAAATA-3’ 

CDH5 5’-GAGACCTCATCAGCCTTGGGATAG-3’ 5’- CTGGATTTGCCAGCATTTGAGA-3’ 

COL4A1 5’-CTCCACGAGGAGCACAGC-3’ 5’-CCTTTTGTCCCTTCACTCCA-3’ 

CXCL12 5’-CAGTCAGCCTGAGCTACCGA-3’ 5’-GCCGTGCAACAATCTGAAGG-3’ 

EDN1 5’-CATCATTTGGGTCAACACTCC-3’ 5’-CTTCCTCTCACTAACTGCTG-3’ 

EDN2 5’-GCCAGCGTCCTCATCTCAT-3’ 5’-GCCGTAAGGAGCTGTCTGTTC-3’ 

FN1 5’-AGCAAGCCTGAGCCTGAAGAG-3’ 5’-GCGATTTGCAATGGTACAGCT-3’ 

FGF2 5’-CCAAGCAGAAGAGAGAGGAGT-3’ 5’-CAGCCGTCCATCTTCCTT-3’ 

FGFR1 5’-TAATGGACTCTGTGGTGCCCTC-3’ 5’-ATGTGTGGTTGATGCTGCCG-3’ 

FGFR2 5’-CGCTGGTGAGGATAACAACACG-3’ 5’-TGGAAGTTCATACTCGGAGACCC-3’ 

FGFR3 5’-CCTCGGGAGATGACGAAGAC-3’ 5’-CGGGCCGTGTCCAGTAAGG-3’ 

FGFR4 5’-TGCAGAATCTCACCTTGATTACA-3’ 5’-GGGGTAACTGTGCCTATTCG-3’ 

FLT1 5’-ATAGAAGGTGCCCAGGAAAAG-3’ 5’-GTCTTCAGTTCCCCTCCATTG-3’ 

FLT4 5’-GACAAGCACTGCCACAAGAA-3’ 5’-CGGTCAAGTTCTGCGTGAG-3’ 

HPRT 5’-GGCCAGACTTTGTTGGATTTG-3’ 5’-TGCGCTCATCTTAGGCTTTGT-3’ 

KDR 5’-CTCTACTCCTGAAATCTATCAGA-3’ 5’-TACCATCCTGTTGTACATTTGCT-3’ 

MMP1 5’-TCGGCCATTCTCTTGGACTCTCC-3’ 5’-TGCCATCAATGTCATCCTGAGC-3’ 

MMP7 5’-CATTTGATGGGCCAGGAAACACG-3’ 5’-CCATCCGTCCAGCGTTCATCC-3’ 

MMP9 5’-TTCAGGGAGACGCCCATTTC-3’ 5’-TGGGTGTAGAGTCTCTCGCT-3’ 

MMP13 5’-AAGGACCCTGGAGCACTCAT-3’ 5’-CCTGGACCATAGAGAGACTGGA-3’ 

PDGFA 5’- GCAAGACCAGGACGGTCATTT-3’ 5’-GGCACTTGACACTGCTCGT-3’ 

PDGFB 5’-CTCGATCCGCTCCTTTGATGA-3’ 5’-CGTTGGTGCGGTCTATGAG-3’ 

PDGFC 5’-TTCTTGGCAAGGCTTTTGTT-3’ 5’-TGCTTGGGACACATTGACAT-3’ 

PDGFD 5’-GTGGAGGAAATTGTGGCTGT-3’ 5’-CGTTCATGGTGATCCAACTG-3’ 
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SNAI1 5’-GTGCCTCGACCACTATGCC-3’ 5’-GCTGCTGGAAGGTAAACTCTGG-3’ 

TGFB1 5’-CGTCTGCTGAGGCTCAAGTTAAA-3’ 5’-CCGGTAGTGAACCCGTTGAT-3’ 

TGFB2 5’-TCCCAGGTTCCTGTCTTTATG-3’ 5’-GATGCCATCCCGCCCACTTTC-3’ 

TGFB3 5’-CACCCAGGAAAACACCGAGTC-3’ 5’-CTCATTGTCCCACGCCTTTGAA-3’ 

TWIST1 5’-GGAGTCCGCAGTCTTACGAG-3’ 5’-TCTGGAGGACCTGGTAGAGG-3’ 

VEGFA 5’-CCAACTGAGGAGTCCAACAT-3’ 5’-TTTCTTGCGCTTTCGTTTTT-3’ 

VIM 5’-CTCCGGGAGAAATTGCAGGA-3’ 5’-GCCAGAGACGCATTGTCAAC-3’ 

Murine 

Cdh2 5’-GCAGGTACCATGCTGACCAC-3’ 5’-CCAGTTGGCAGGATCAGAC-3’ 

Cdh5 5’- GGATGTGGTGCCAGTAAACC-3’ 5’- ACCCCGTTGTCTGAGATGAG-3’ 

Cxcl12 5’-CAGTCAGCCTGAGCTACCGA-3’ 5’-GCCGTGCAACAATCTGAAGG-3’ 

Fn1 5’-AGCAAGCCTGAGCCTGAAGAG-3’ 5’-GCGATTTGCAATGGTACAGCT-3’ 

Hprt 5’-GGCCAGACTTTGTTGGATTTG-3’ 5’-TGCGCTCATCTTAGGCTTTGT-3’ 

Snai1 5’- GCGCCCGTCGTCCTTCTCGTC-3’ 5’-CTTCCGCGACTGGGGGTCCT-3’ 

Tgfb1 5’-CTGCAAGACCATCGACATGG-3’ 5’-GTTCCACATGTTGCTCCACA-3’ 

Tgfb2 5’-CTACAGACTGGAGTCACAAC-3’ 5’-CATATTGGAAAGCTGTTCGATC-3’ 

Tgfb3 5’- CAGAGCAGAGAATTGAGCTC-3’ 5’- CCTAGATCCTGCCGGAAGTC-3’ 
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1. Tumor endothelial cells express Snail1 

First, we checked the presence of Snail1 in tumor endothelial cells in human and 

murine tumor samples. In all of them, concretely human colorectal carcinoma, 

pancreatic carcinoma and fibromatosis, and murine liver metastasis obtained after 

intrasplenic injection of MTO cells, HT29 M6 plus MEF xenograft and PDX of triple 

negative breast cancer, we detected Snail1 expression in cells surrounding blood vessels 

and closely resembling endothelial cells (Figure R-1A-F).160 Snail1+ cells showed co-

staining with a classical endothelial marker, CD31, but not with PDGFRb, a marker for 

pericytes and fibroblasts (Figure R-1A). Thus, we confirmed that those Snail1+ cells were 

endothelial cells.  

 

2.  Endothelial cells induce Snail1 expression upon angiogenic stimuli 

without altering their cell identity 

After this observation, we wondered if Snail1 could have a role during angiogenesis 

in endothelial cells. To address it, we grew HUVEC on monolayer and checked if they 

express Snail1 (Figure R-2A). Moreover, we observed that Snail1 was localized at the 

nuclei of HUVEC cells (Figure R-2B).  

Afterwards, we wanted to analyze if Snail1 expression in HUVEC is enhanced by 

angiogenic factors. Therefore, we incubated HUVEC cells on monolayer with FGF2 or 

VEGF-A and observed a significant increase of SNAI1 mRNA expression at 2 hours of 

treatment (Figure R-3A). At longer times, only FGF2 produced a higher Snail1 

upregulation (Figure R-3A). Similarly, we analyzed the Snail1 protein expression in 

HUVEC upon FGF2 and VEGF-A, observing an increase of Snail1 protein in HUVEC (Figure 

R-3B, C). Interestingly, FGF2 induces a higher expression of Snail1, at mRNA and protein 

levels, than VEGF-A (Figure R-3A, D). 
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Figure R-1. Human and mouse tumors express Snail1 in their vasculature. Vasculature images 

of hematoxylin and eosin (H&E) staining and anti Snail1, anti CD31 or anti PDGFRb 

immunohistochemistry (when indicated) of human tumors A-C; colorectal carcinoma (A), 

pancreatic carcinoma (B), fibromatosis (C); murine tumors D-F; liver metastasis obtained after 

intrasplenic injection of MTO cells (D), HT29 M6 plus MEF xenograft in nude mice (E), PDX of 

triple negative breast cancer in nude mice (F). Black boxes represent areas magnificated. Black 

arrowheads point Snail1+ cells. Scale bars: 200 µm (H&E) and 20 µm (others). 
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Figure R-2. Snail1 is expressed in HUVEC. A, Western blot analysis of Snail1 in MEF WT, MEF 

Snail1 KO and HUVEC. B, Snail1 (green) immunofluorescence analysis in HUVEC cells cultured on 

monolayer. Actin cytoskeleton was stained with Alexa 555 conjugated Phalloidin (red) and nuclei 

were counterstained with DAPI (blue). Scale bar: 25 m. 

 

 

Figure R-3. Snail1 is induced upon angiogenic stimulation in HUVEC on monolayer. A, 

Quantification of SNAI1 mRNA in HUVEC on monolayer treated with FGF2 or VEGF-A for 2 or 

16h, compared to non-treated HUVEC represented as a discontinuous line. B-C, Western blot 

analysis of Snail1 in HUVEC on monolayer treated with FGF2 (B) or VEGF-A (C) along the time. D, 

Densitometry of Snail1 expression in HUVEC on monolayer treated with FGF2 or VEGF-A along 

the time. Data in A represent mean values (± SEM) and data in D represent mean values, of at 

least three independent experiments. *p<0.05. 

 

In order to test Snail1 expression during in vitro angiogenic process in HUVEC, we 

seeded them on wells coated with Matrigel. Over time, HUVEC elongated and 

interconnected among themselves, forming a honeycomb panel like structure (Figure R-

4A). We observed that Snail1 mRNA and protein expression in HUVEC were increased 

when cultured over Matrigel for 16 hours, when compared with monolayer (Figure R-
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4B, C). Over Matrigel, we observed that Snail1+ cells were mainly localized in the 

tubulogenic segments (Figure R-4D). Therefore, we could state that angiogenic in vitro 

models increase Snail1 expression in HUVEC.  

 

Figure R-4. Matrigel induced tubulogenesis increases Snail1 expression in HUVEC. A, Images of 

HUVEC on monolayer and over Matrigel at different time points. Scale bars: 200 μm. B, 

Quantification of SNAI1 mRNA in HUVEC on monolayer and over Matrigel for 16h. C, Western 

blot analysis of Snail1 in HUVEC on monolayer and over Matrigel for 16h. D, Snail1 (green) 

immunofluorescence analysis in HUVEC cells cultured on monolayer. Nuclei were 

counterstained with DAPI (blue). White lines delimit cells. Scale bars: 25 μm. Data in B represent 

mean values (± SEM) of at least three independent experiments. *p<0.05. 

 

As Snail1 is described to promote important cell transformations such as EMT or 

EndoMT, we wanted to determine the effects on cell identity of HUVEC depending on 

their Snail1 levels. As a first glimpse, neither protein downregulation nor overexpression 

provoke any dramatic change in cell morphology, since they all grew as tessellate 

colonies, which is typical for endothelial cells (Fig R-5A). Later, we checked classical 

endothelial (CDH5) and mesenchymal (ACTA2, CDH2, VIM) genes mRNA expression. We 
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did not observe any differences in CDH5 expression but we did notice a decrease of 

ACTA2 and VIM in HUVEC siSnail1, and the other way around in HUVEC Snail1+ (C5), 

compared to their respective controls (Figure R-5B). These results were corroborated at 

protein levels. VE-Cadherin was not altered upon Snail1 level modifications, as well as 

N-Cadherin and only SMA was reduced at HUVEC siSnail1, but not altered at HUVEC 

Snail1+ (C5) (Figure R-5C). Altogether, these data confirmed that Snail1 does not modify 

endothelial cell identity, but it does slightly regulate the expression of some 

mesenchymal markers.  

 

Figure R-5. Snail1 modulates mesenchymal gene expression in HUVEC without affecting their 

endothelial identity. A, Representative brightfield images of HUVEC siCtl, siSnail1, Ctl and Snail1 

(C5) colonies growing on monolayer. Scale bars: 100 μm. B, Quantification of CDH5, ACTA2, 

CDH2 and VIM mRNA in HUVEC siSnail1 and Snail1+ (C5) on monolayer, compared to their 

respective controls represented as a discontinuous line. C, Western blot analysis of Snail1, VE-

Cadherin, SMA and N-Cadherin in HUVEC siCtl, siSnail1, Ctl and Snail1 (C5) on monolayer. Data 

in B represent mean values (± SEM) of at least three independent experiments. **p<0.01; 

***p<0.001. 

 

To complete the characterization of HUVEC with upregulated or downregulated 

Snail1 levels, we assessed their proliferation on monolayer. We noticed that only Snail1 
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downregulation affected cell proliferation by its downregulation (Figure R-6A). To 

corroborate this effect, we analyzed the DNA cell cycle distribution of HUVEC siCtl and 

siSnail1 by FACS, where we observed a slight reduction of proliferating cells (those in S, 

G2 and M phases) in HUVEC siSnail1 (Figure R-6B).  

 

Figure R-6. Snail1 controls cell cycle progression in endothelial cells. A, Proliferation assay 

of HUVEC siSnail and Snail1+ (C5) at day 1 and 2 on monolayer, compared to their respective 

controls represented as a discontinuous line. B, Cell cycle analysis of HUVEC siCtl and siSnail at 

day 1 on monolayer. Data in A and B represent mean values (± SEM) of at least three 

independent experiments. *p<0.05 **p<0.01; ***p<0.001.  

 

3. Snail1 in endothelial cells is essential for in vitro angiogenesis 

Afterwards, we studied the role of Snail1 in endothelial cells during angiogenesis 

performing a tubulogenesis assay. In this case, apart from HUVEC siSnail1 and Snail1+ 

(C5), we used other approaches to manipulate Snail1 levels on HUVEC, such as short 

hairpin RNA or another clone of HUVEC Snail1+. Snail1 knock down by siRNA or shRNA 

transfection leaded to a decrease of tubulogenesis, determined by a reduction of master 

segments and master junctions after 16 hours over Matrigel, compared to their 

respective controls (Figure R-7A, B). CDH5 and CDH2 mRNA levels remained unaltered 

after tubulogenic assay, but ACTA2 mRNA levels were diminished in HUVEC siSnail1 and 

increased in HUVEC Snail1+ (C5), compared to their respective controls (Figure R-7C). 

Hence, Snail1 is highly relevant for endothelial tubulogenic ability without further cell 

identity alterations. 
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Figure R-7. HUVEC have differential tubulogenic abilities depending on Snail1 expression. A, 

Images of HUVEC siCtl, siSnail1, Ctl, Snail1+ (C5), Snail1+ (C3), shScramble, shSnail1 680 and 

shSnail1 684 over Matrigel for 16h. Scale bars: 200 µm. B, Quantification of HUVEC siSnail1, 

shSnail1 680, shSnail1 684, Snail1+ (C5) and Snail1+ (C3) master segments (left) and junctions 

(right), compared to their respective controls represented as a discontinuous line. C, 

Quantification of CDH5, ACTA2 and CDH2 mRNA in HUVEC siSnail1 and Snail1+ (C5) over Matrigel 

for 16h, compared to their respective controls represented as a discontinuous line. Data in B 

and C represent mean values (± SEM) of at least three independent experiments. *p<0.05 

**p<0.01; ***p<0.001.  
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Apart from tubulogenesis, we addressed the angiogenic ability of endothelial cells in 

a sprouting assay, in which we analyzed invasion in a Collagen type I matrix of HUVEC 

with different Snail1 protein levels. The first step was the generation of HUVEC 

spheroids by hanging drop technique. After one day, those spheroids were embedded 

in Collagen type I. HUVEC siSnail1 spheroids generated less sprouts and HUVEC Snail1+ 

(C5) more, compared to their respective controls after 24 hours (Figure R-8A, B). Finally, 

we performed an immunohistochemistry against Snail1 in HUVEC spheroids after the 

sprouting assay, localizing Snail1+ cells in the base of the sprouts (Figure R-8C).  

 

Figure R-8. HUVEC have differential sprouting abilities depending on Snail1 expression. A, 

Images of HUVEC siCtl, siSnail1, Ctl, Snail1+ (C5) spheroids on Collagen type I matrix for one day. 

Scale bars: 50 µm. B, Quantification of HUVEC siSnail1 and Snail1+ sprouts (C5), compared to 

their respective controls represented as a discontinuous line. C, Image of anti Snail1 

immunohistochemistry in HUVEC spheroids on Collagen type I matrix for one day. Black arrows 

point to Snail1+ HUVEC. Scale bars: 40 µm. Data in B represent mean values (± SEM) of at least 

three independent experiments. ***p<0.001. 
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We also assessed the migration ability of HUVEC depending on their Snail1 levels. To 

address it, we performed an in vitro wound healing assay. HUVEC siSnail1 closed the 

wound slower than HUVEC siCtl, and the other way around with HUVEC Snail1+ (C5) 

compared to Ctl (Figure R-9A, B). Regarding the localization of Snail1+ cells in this assay, 

Snail1 was spotted in HUVEC siCtl at the migration front cells, but not in HUVEC siSnail1, 

where its signal was almost undetected (Figure R-9C).  

 

Figure R-9. HUVEC have differential migration abilities depending on Snail1 expression. A, 

Images of wound healing assay of HUVEC siCtl, siSnail1, Ctl and Snail1+ (C5) at 0 and 9h after the 

wound was done. Black lines delimit the wounds. Scale bars: 200 µm. B, Quantification of 

migrated pixels of HUVEC siCtl, siSnail1, Ctl and Snail1+ (C5) 9h after the wound was done. C, 

Snail1 (green) immunofluorescence analysis in HUVEC siCtl or siSnail1 after 4h of wound healing 

assay. Actin cytoskeleton was stained with Alexa 555 conjugated Phalloidin (red) and nuclei were 

counterstained with DAPI (blue). Scale bars: 25 µm. Data in B represent mean values (± SEM) of 

at least three independent experiments. *p<0.05; ***p<0.001. 
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4.  Snail2 induces profound changes in endothelial cells compromising 

their angiogenic ability 

As previously explained, Snail1 belongs to Snail protein family, as well as Snail2. Since 

Snail2 is also key in EMT, we wondered what it is role in endothelial cells. In order to 

properly compare, we used HUVEC Snail2+ (C3), which had similar levels of exogenous 

expression as HUVEC Snail1+ (C5) (Figure R-10A). Similarly to how we proceeded with 

the Snail1 study, we first checked how HUVEC looked like upon Snail2 protein levels 

upregulation. In this case, cell phenotype was strikingly different. HUVEC Snail2+ (C3) did 

not grow as tessellate colonies, but as individual cells (Figure R-10B). This gave us a clue 

that Snail2 might be provoking a drastic gaining of mesenchymal markers in endothelial 

cells. In fact, we confirmed a gain of N-Cadherin, SMA and Vimentin at protein levels 

upon Snail2 overexpression (Figure R-10C). Nevertheless, VE-Cadherin remained 

unaltered (Figure R-10C).  

 

Figure R-10. Snail2 overexpression provokes a gain of mesenchymal markers expression in 

HUVEC without affecting their cell identity. A, Western blot analysis of HA in HUVEC Ctl, Snail1+ 

(C5) and Snail2+ (C3) and Snail2+ (C1). B, Representative brightfield images of HUVEC Ctl and 

Snail2+ (C3) colonies growing on monolayer. Scale bars: 100 μm. C, Western blot analysis of 

Snail2, VE-Cadherin, N-Cadherin, SMA and Vimentin in HUVEC Ctl and Snail2+ (C3) on 

monolayer. 
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Regarding their tubulogenic ability, HUVEC Snail2+ (C3) formed a highly unstable 

honeycomb panel with significantly fewer master segments and junctions (Figure R-11A, 

B). Hence, Snail2 strongly controlled mesenchymal gene expression in endothelial cells. 

Even though Snail2 overexpressing cells remained as endothelial cells, they lose 

angiogenic properties, performing an almost full EndoMT. We did not longer keep 

working on Snail2, since the analysis of its function in endothelial cells would represent 

an entirely different project.  

 Figure R-11. Snail2 overexpression reduces HUVEC tubulogenic ability. A, Images of HUVEC Ctl 

and Snail2+ (C3) over Matrigel for 16h. B, Quantification of their master segments (left) and 

junctions (right). Scale bars: 200 µm. Data in B represent mean values (± SEM) of at least three 

independent experiments. **p<0.01. 

 

5.  Snail1 modulates the activation status and the expression profile 

of endothelial cells 

Returning to Snail1 analysis, once we determined that this transcription factor had a 

relevant role during in vitro angiogenesis, we investigated the molecular events altered 

by Snail1 in HUVEC behind this process. We decided to focus on downstream molecular 

effectors of angiogenic signaling. 

Firstly, we studied the angiogenic signaling cascades by analyzing the 

phosphorylation levels of AKT and ERK of HUVEC on monolayer. AKT and ERK showed 

reduced phosphorylated levels in HUVEC siSnail1 compared to siCtl, and higher in 

HUVEC Snail1+ (C5) compared to Ctl (Figure R-12A). Afterwards, we checked the FGF and 

VEGF receptors gene expression. On monolayer, we observed that some receptor levels 

showed a trend downward in HUVEC siSnail1 compared to siCtl, although the only 
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significant one was FGFR4 (Figure R-12B). Over Matrigel, this finding was corroborated 

and supported by an overexpression of FGFR4 mRNA levels in HUVEC Snail1+ (C5) 

compared to Ctl (Figure R-12C). Moreover, FGFR3 mRNA levels followed the same 

tendency as FGFR4 (Figure R-12C).  

Finally, we checked the expression of angiogenesis related genes, which some of 

them presented an altered pattern. For instance, VEGFA mRNA was upregulated in 

HUVEC Snail1+ (C5) compared to Ctl, as well as FGF2, which, in this case, was also 

significantly downregulated in HUVEC siSnail1 compared to siCtl (Figure R-12D). COL4A1 

and MMP mRNA levels were also downregulated in HUVEC siSnail1 and upregulated in 

HUVEC Snail1+ (C5), compared to their respective controls (Figure R-12D). Contrary to 

this trend, CAV1 mRNA levels were upregulated in HUVEC siSnail1 and downregulated 

in HUVEC Snail1+ (C5), compared to their controls (Figure R-12D). Taking everything into 

account, we could state that Snail1 modulate the gene expression of endothelial cells.  

 

Figure R-12. HUVEC have differential activation status and expression profile depending on 

Snail1 expression. A, Western blot analysis of Snail1, p-AKT, AKT, p-ERK and ERK in HUVEC siCtl, 
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siSnail1, Ctl and Snail1+ (C5) on monolayer. B, Quantification of FGFR and VEGFR mRNA in HUVEC 

siSnail1 on monolayer, compared to HUVEC siCtl values represented as a discontinuous line. C, 

Quantification of FGFR and VEGFR mRNA in HUVEC siSnail1 and Snail1+ (C5) over Matrigel for 

16h, compared to their respective controls represented as a discontinuous line. D, 

Quantification of VEGFA, FGF2, COL4A1, CAV1, MMP1, 7, 9 and 13 in HUVEC siSnail1 and Snail1+ 

(C5) over Matrigel for 16h, compared to their respective controls represented as a discontinuous 

line. Data in B, C and D represent mean values (± SEM) of at least three independent 

experiments. *p<0.05; **p<0.01; ***p<0.001.  

 

6.  Snail1 is required for a complete response to angiogenic factors in 

endothelial cells 

After that, we addressed the effect of angiogenic factors (VEGF-A and FGF2) on 

HUVEC with different levels of Snail1. Both angiogenic factors increased sprouting ability 

of HUVEC siCtl and Ctl and to a lesser extent in HUVEC siSnail1 (Figure R-13). HUVEC 

Snail1+ (C5) did not show any significant improvement with the angiogenic factors 

(Figure R-13). We also performed the tubulogenesis and wound healing assays, 

obtaining similar results (data not shown). Summing up, these results indicated that 

angiogenic factors provoked an increase of angiogenic abilities in HUVEC, as long as they 

could express Snail1, without overexpressing it. 

 

Figure R-13. HUVEC have different sprouting abilities depending on Snail1 expression upon 

angiogenic factors induction. Quantification of HUVEC siCtl, siSnail1, Ctl and Snail1+ (C5) 

sprouts, with or without FGF2 or VEGF-A treatments. Data represent mean values (± SEM) of at 

least three independent experiments. *p<0.05; **p<0.01; ***p<0.001.  
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Finally, in order to decipher the molecular causes by which HUVEC knocked down of 

Snail1 had an unbalanced response to angiogenic factors, we analyzed their angiogenic 

receptor expression and the cell activation status upon stimulation. We observed that 

HUVEC siCtl increased significantly FLT1 (VEGFR2) and FLT4 (VEGFR3) mRNA levels under 

VEGF-A administration, which did not happen in HUVEC siSnail1 (Figure R-14). Similar 

results were obtained in HUVEC over Matrigel (data not shown).  

 

Figure R-14. HUVEC have different angiogenic receptor expression levels depending on Snail1 

expression upon angiogenic factors stimulation. Quantification of FGFR and VEGFR mRNA in 

HUVEC siCtl and siSnail1 on monolayer with or without FGF2 or VEGF-A treatment. Data 

represent mean values (± SEM) of at least three independent experiments. *p<0.05; **p<0.01. 

 

Looking for downstream effectors, we next analyzed the ERK phosphorylation 

response of HUVEC on monolayer under angiogenic factors. We noticed that HUVEC siCtl 

could response to angiogenic factors by increasing their phosphorylation of ERK, which, 

in contrast, was completely abolished in HUVEC siSnail1 (Figure R-15A). That indicated 

that the activity of the receptors in HUVEC siCtl was higher after stimulation than in the 

case of HUVEC siSnail1. Finally, we observed that some genes related to Snail1 activation 

were overexpressed upon angiogenic factors.162,163 MMP7 and TWIST1 mRNA levels 

were increased upon FGF2 or VEGF-A, which was not the case in HUVEC siSnail1 (Figure 

R-15B). Thus, we corroborated that Snail1 is key for a proper response to angiogenic 

factors in endothelial cells.  
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Figure R-15. HUVEC have different molecular responses depending on Snail1 expression upon 

angiogenic factors stimulation. A, Western blot analysis of Snail1, p-ERK and ERK in HUVEC siCtl 

and siSnail1 on monolayer with or without FGF2 or VEGF-A treatment for 10min. B, 

Quantification of MMP7 or TWIST1 mRNA expression in HUVEC siCtl and siSnail1 on monolayer 

with or without FGF2 or VEGF-A treatment. Data in B represent mean values (± SEM) of at least 

three independent experiments. *p<0.05; **p<0.01; ***p<0.001.  

 

7.  Breast tumor cells induce angiogenesis in vitro through FGF2 and 

VEGF-A signaling by a Snail1 dependent mechanism 

Apart from the exogenous addition of VEGF-A and FGF2, we boosted endothelial cell 

activity with tumoral cells, which are known to induce angiogenesis.104 To address it, we 

used conditioned medium from epithelial cells extracted from MMTV-PyMT mice 

tumors (ePyMT) over HUVEC. First, we checked that HUVEC cultured with this 

conditioned medium on monolayer enhanced SNAI1 mRNA levels (Figure R-16A). After 

that, we wondered if FGF2 or VEGF-A in the ePyMT conditioned medium were 

responsible for that upregulation. Thus, we used the antibody bevacizumab to neutralize 

VEGF-A present in the conditioned medium or the drug SU5402 to block HUVEC FGF 

downstream signaling. We observed that both molecules abrogated the upregulation of 

Snail1 at protein levels in HUVEC on monolayer upon ePyMT conditioned medium 

(Figure R-16B). Similar results at mRNA levels were observed in HUVEC over Matrigel 

(data not shown).  

Next, we tested the tubulogenic ability of HUVEC with different Snail1 proteins 

expression levels cultured with ePyMT conditioned medium, with or without 
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bevacizumab or SU5402 (Figure R-16C). We found that ePyMT conditioned medium 

increased tubulogenesis when Snail1 could be expressed, but not when its expression 

was knocked down (Figure R-16C). Furthermore, we observed that both inhibitors 

reduced the number of master segments in HUVEC, except when Snail1 was 

overexpressed (Figure R-16C). Similar patterns were followed in master junctions (data 

not shown).  

 

Figure R-16. ePyMT secretome induces Snail1 expression and tubulogenesis through VEGF and 

FGF signaling. A, Quantification of SNAI1 mRNA in HUVEC on monolayer with or without ePyMT 

conditioned medium. B, Western blot analysis of Snail1 in HUVEC cultured on monolayer with 

or without ePyMT conditioned medium and treated with or without bevacizumab or SU5402. C, 

Quantification of master segments in HUVEC siCtl, siSnail1, Ctl and Snail1+ (C5) cultured with or 

without ePyMT conditioned medium, treated with or without bevacizumab or SU5402. Data in 

A and C represent mean values (± SEM) of at least three independent experiments. *p<0.05; 

**p<0.01; ***p<0.001. 
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8.  Endothelial Snail1 is required for adult angiogenesis in vivo, but not 

organ morphology nor vascularization 

After an in vitro analysis of the role of Snail1 in endothelial cells, we wanted to 

decipher its role in vivo. First, we addressed the function of endothelial Snail1 in adult 

mice, generating a murine line with a specific depletion of Snail1 in their endothelium, 

named as VE-CadhSnail1CT and VE-CadhSnail1KO. We depleted Snail1 in endothelial cells in 6 

weeks old mice by tamoxifen injection, and let these mice grew for 3 other weeks (Figure 

R-17A). Neither their body nor their main organs weight presented any alterations 

(Figure R-17B, C). Moreover, their main organs were anatomically and morphologically 

identical to the control (Figure R-17D).  

Apart from those general effects, we focused on endothelial cells. After analyzing the 

number of endothelial cells by FACS in lung and liver from VE-CadhSnail1CT and VE-

CadhSnail1KO mice, we did not observe any significant difference (Figure R-18A, B). Indeed, 

their proliferation status, studied by analyzing their DNA content by FACS, was also 

unaltered (Figure R-18C). Finally, we checked the basal permeability status of their 

vasculature by quantifying Evans Blue extravasation in breast, lung and liver (Figure R-

18D). We did not find significant differences upon endothelial Snail1 depletion (Figure 

R-18E). Actually, we could not detect Snail1 expression in vessels at quiescent state in 

breasts, neither in VE-CadhSnail1CT nor VE-CadhSnail1KO mice (Figure R-19). These results 

leaded us to confirm that Snail1 in endothelial cells seem not to have any active role in 

adult mice at quiescent state.  
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Figure R-17. Adult mice endothelial cells do not need to express Snail1 to maintain organ 

morphology. A, Scheme of mouse strategy used for their characterization. B, Body weight 

analysis of 6 to 9 weeks old VE-CadhSnail1CT/KO mice after tamoxifen injection. C, Weight analysis 

of lung, heart, kidney and liver in 9 weeks old VE-CadhSnail1CT/KO mice. D, Representative images 

of hematoxylin and eosin staining of breast, lung, liver, heart, and pancreas of 9 weeks old VE-

CadhSnail1CT/KO mice. Scale bar: 100 µm. Data in B and C represent mean values (± SEM) of at least 

three mice.  
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Figure R-18. Endothelial cells in adult mice do not need Snail1 for proper tissue vascularization. 

A, Scheme of workflow and gating strategy for endothelial cell analysis in lung and liver from 9 

weeks old VE-CadhSnail1CT/KO mice. B, Percentage of endothelial cells in lung (left) and liver (right) 

from adult VE-CadhSnail1CT/KO mice. C, Proliferation rate of endothelial cells in lung (left) and liver 

(right) of 9 weeks old VE-CadhSnail1CT/KO mice. D, Scheme of permeability assay in VE-CadhSnail1CT/KO 

mice. E, Quantification of Evans Blue (g/mL) per g of dehydrated breast (left), lung (middle) and 

liver (right) of 9 weeks old VE-CadhSnail1CT/KO mice. Data in B, C and E represent mean values (± 

SEM) of at least three mice.  
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Figure R-19. Endothelial cells do not express Snail1 in adult mice vasculature at quiescent 

state. Images of anti CD31 (upper row) and anti Snail1 (lower row) immunohistochemistry in 

breasts of 9 weeks old VE-CadhSnail1CT/KO female mice.  Scale bar: 20 µm.  

 

Once we certified that, at quiescent state, Snail1 was not crucial in endothelial cells, 

we tested the angiogenic response of VE-CadhSnail1CT and VE-CadhSnail1KO mice injecting 

subcutaneously Matrigel, with or without a supplemental angiogenic boost of FGF2 or 

VEGF-A, for 7 days (Figure R-20A). We checked the presence of Snail1 in endothelial cells 

migrated into the Matrigel plug, corroborating that some Snail1+ cells were also CD31+ 

(Figure R-20B). Later, we quantified the amount of CD31+ stained area, determining that 

VE-CadhSnail1CT had an increase of total angiogenesis, with or without the 

supplementation of angiogenic factors, compared to VE-CadhSnail1KO mice (Figure R-20C, 

D). The boost of angiogenesis caused by FGF2 or VEGF-A in VE-CadhSnail1KO Matrigel plugs 

was not as higher as in VE-CadhSnail1CT mice, showing an impairment of this response 

(Figure R-20C, D). Apart from the amount of angiogenesis, we analyzed the morphology 

of these neo-vessels by quantifying their area and perimeter. Without angiogenic factors 

supplementation, VE-CadhSnail1CT neo-vessels had decreased area and perimeter than 

VE-CadhSnail1KO ones (Figure R-20E, F). In the case of FGF2 addition, vessels reduced their 

size but VE-CadhSnail1CT vessels remained smaller than VE-CadhSnail1KO ones (Figure R-20E, 

F). Finally, VEGF-A supplementation induced no differences in the size of VE-CadhSnail1CT 

and VE-CadhSnail1KO neo-vessels (Figure R-20E, F). These results indicate that endothelial 

Snail1 is essential for in vivo angiogenesis and proper response to angiogenic factors. 
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Figure R-20. Snail1 expression in endothelial cells controls in vivo Matrigel plug induced 

angiogenesis and neo-vessels morphology. A, Scheme of subcutaneous Matrigel plug assay in 

vivo. B, Images of anti CD31 and anti Snail1 immunohistochemistry in Matrigel plugs with or 

without FGF2 in VE-CadhSnail1CT/KO mice. Black arrows indicate Snail1+ endothelial cells. C, Images 

of anti CD31 immunohistochemistry in Matrigel plug with or without FGF2 or VEGF-A in VE-
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CadhSnail1CT mice. D-F, Quantification of CD31+ stained area (D), vessel lumen size (E) and vessel 

perimeter (F) in Matrigel plug with or without FGF2 or VEGF-A supplementation. Data in D, E 

and F represent mean values (± SEM) of at least three mice per condition. *p<0.05; **p<0.01; 

***p<0.001.  

 

9. Endothelial Snail1 expression activates stroma fostering breast 

tumor initiation 

Following the Matrigel plug assay, we next worked with a breast tumor murine 

model. In this case, we used MMTV-PyMT mice which we crossed with our VE-CadhSnail1 

mice line, generating a spontaneous breast tumor mouse model with a specific 

conditional deletion of Snail1 in their endothelial cells. Depletion of endothelial Snail1 

upon tamoxifen administration was done at 6 weeks old mice, when murine puberty 

begins and the PyMT oncogene starts to be expressed. One of the first phenotypes we 

observed was a delay in the tumor onset, since PyMT VE-CadhSnail1CT mice had a mean of 

92 days, compared to PyMT VE-CadhSnail1KO mice, with a mean of 116 days (Figure R-

21A). 

Figure R-21. Endothelial Snail1 regulates tumor development. A-D, Comparison of tumor onset 

(A), tumor burden at 18 weeks (B), tumor volume (C) and mice survival (D) in PyMT VE-
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CadhSnail1CT/KO mice. Data in A and B represent mean values (± SEM). Data in D is represented as 

a Kaplan–Meier curve. *p<0.05; **p<0.01; ***p<0.001.  

 

Moreover, PyMT VE-CadhSnail1CT mice showed an increase in their tumor burden at 18 

weeks of age, as well as in their tumor volume growth, compared to PyMT VE-CadhSnail1KO 

mice (Figure R-21B). As a consequence of it, mice survival was decreased 36 days in 

PyMT VE-CadhSnail1CT (Figure R-21C, D). The slowdown in the tumor growth of PyMT VE-

CadhSnail1KO mice was caused by the delay in their tumor onset, since when tumors 

started to grow, PyMT VE-CadhSnail1CT and PyMT VE-CadhSnail1KO tumor growth curves 

were parallel (Figure R-21C). Due to all of these, we focused on the analysis of tumor 

initiation process.  

First of all, we checked the proliferation and apoptosis at in the first phases of 

tumorigenesis, which are premalignant ducts and tumors at hyperplasia stage, in PyMT 

VE-CadhSnail1CT and PyMT VE-CadhSnail1KO mice. For that, we stained with an anti Ki67 to 

detect proliferative cells and with an anti Cleaved Caspase-3 for apoptotic ones (Figure 

22A, C). We observed a significant increase of proliferation in tumors at hyperplasia 

stage in PyMT VE-CadhSnail1CT mice (Figure R-22A, B). Apoptosis did not present any 

difference (Figure R-22C, D).  

In the earliest phase of tumorigenesis, premalignant ducts, we analyzed angiogenesis 

by an anti CD31 immunohistochemistry (Figure R-23A). More vessels were detected 

surrounding PyMT VE-CadhSnail1CT premalignant ducts than compared to PyMT VE-

CadhSnail1KO ones (Figure R-23A, B). Moreover, these vessels were morphologically 

different, since PyMT VE-CadhSnail1KO vessels were bigger in area and perimeter than 

PyMT VE-CadhSnail1CT ones (Figure R-23C, D). Furthermore, the location of these vessels 

was altered. PyMT VE-CadhSnail1CT vessels tend to be closer to the premalignant ducts, 

compared to PyMT VE-CadhSnail1KO ones, that were prone to be outside of the 

extracellular matrix surrounding the premalignant ducts (Figure R-23E). Therefore, 

angiogenesis at early stages of tumorigenesis is already controlled by the expression of 

Snail1 in endothelial cells. 
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Figure R-22. Endothelial Snail1 expression regulates tumor growth at early tumor stages 

without affecting apoptosis. A-B, Images of anti Ki67 immunohistochemistry (A) and 

quantification of Ki67+ cells per pixels2 (B) in PyMT VE-CadhSnail1CT/KO tumors at premalignant and 

hyperplasia stage. Scale bar (upper): 20 µm; (lower): 50 µm. C-D, Images of anti Cleaved Caspase-

3 immunohistochemistry (C) and quantification of Cleaved Caspase-3+ cells per pixels2 (D) in 

PyMT VE-CadhSnail1CT/KO mice at premalignant and hyperplasia stage. Scale bar (upper): 20 µm; 

(lower): 50 µm. Data in B and D represent mean values (± SEM). **p<0.01.  
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Figure R-23. Angiogenesis is altered due to Snail1 presence in endothelial cells at early tumor 

stages. A-E, Images of anti CD31 immunohistochemistry (A) and quantification of vessel number 

per 20x field (B), vessel lumen size (C), vessel perimeter (D) and vessel location (E) in PyMT VE-

CadhSnail1CT/KO tumors in premalignant ducts. Black arrowheads point vessels. Scale bar: 20 µm. 

Data in B, C and D represent mean values (± SEM). *p<0.05; **p<0.01.  

 

Stroma activation is one of the main causes of tumor progression. For that, we 

hypothesized that stroma could be differentially activated depending on Snail1 in 

endothelial cells. In fact, p-Smad2, a subrogated marker of cell activation, strongly 

related to activated fibroblasts, was present in more cells close to PyMT VE-CadhSnail1CT 

vessels than to PyMT VE-CadhSnail1KO ones (Figure R-24A, B).  
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Figure R-24. Endothelial Snail1 enhances Smad2 phosphorylation of the stroma. A-B, Images 

of anti p-Smad2 immunohistochemistry (A) and quantification of p-Smad2+ cells around vessels 

per 20x field (B) in adjacent healthy breast tissue of PyMT VE-CadhSnail1CT/KO tumors at 

premalignant stage. Black arrowheads point p-Smad2+ cells. Green ‘V’ marks vessels. Scale bar: 

40 µm. Data in B represent mean values (± SEM). *p<0.05.  

 

To further assess fibroblasts activation, we determined Vimentin expression. 

Premalignant ducts and tumors at hyperplasia stage from PyMT VE-CadhSnail1CT mice 

exhibited an enrichment of Vimentin+ areas in their stroma compared to PyMT VE-

CadhSnail1KO ones (Figure R-25A-D). Moreover, Snail1, which is another classical marker 

of fibroblast activation, was more expressed in stroma of PyMT VE-CadhSnail1CT tumors 

at hyperplasia stage, compared to PyMT VE-CadhSnail1KO ones (Figure R-25E, F). 

Moreover, in tumors at hyperplasia stage, Snail1+ cells were closer to vessels in PyMT 

VE-CadhSnail1CT mice than in PyMT VE-CadhSnail1KO mice (Figure R-25G). Thus, we could 

state that Snail1 expression in endothelial cells potentiates fibroblast activation at very 

early stages of breast tumorigenesis.  
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Figure R-25. Endothelial Snail1 expression activates the stroma at early tumor stages. A-B, 

Images of anti Vimentin immunohistochemistry (A) and quantification of Vimentin+ area in 

stroma (B) of PyMT VE-CadhSnail1CT/KO tumors in premalignant ducts. Scale bar: 40 µm. C-D, 

Images of anti Vimentin immunohistochemistry (C) and quantification of Vimentin+ area in 

stroma (D) of PyMT VE-CadhSnail1CT/KO tumors at hyperplasia stage. Scale bar: 50 µm. E-F, Images 

of anti Snail1 immunohistochemistry (E) at hyperplasia stage and quantification of Snail1+ cells 

per pixels2 (F) in premalignant ducts and tumors at hyperplasia stage of PyMT VE-CadhSnail1CT/KO 

mice. Black arrowheads point Snail1+ cells. Scale bar: 100 µm. G, Quantification of distance from 

Snail1+ cells to its closer vessel in PyMT VE-CadhSnail1CT/KO premalignant ducts and tumors at 

hyperplasia stage. Data in B, D, F and G represent mean values (± SEM). **p<0.01; ***p<0.001.  
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10.  Endothelial Snail1 expression induces fibroblast activation through 

FGF2 and CXCL12 

To further corroborate the effect of endothelial Snail1 on fibroblast activation, we 

cultured CAF with HUVEC siCtl, siSnail1, Ctl and Snail1+ (C5) conditioned medium for two 

days. HUVEC siSnail1 conditioned medium reduced the mRNA expression of several 

mesenchymal genes (FN1 and CDH2) and profibrotic cytokines genes (TGFB1, 2 and 

CXCL12) in CAF, compared with these cells cultured with HUVEC siCtl conditioned 

medium (Figure R-26A). Aversely, HUVEC Snail1+ (C5) conditioned medium enhanced 

more the expression of those genes than HUVEC Ctl conditioned medium in CAF (Figure 

R-26A). These effects were corroborated at protein levels. Firstly, adding conditioned 

medium from HUVEC, without altering their Snail1 levels, altered the expression of some 

mesenchymal markers in CAF (Figure R-26B). Regarding conditioned medium from 

HUVEC with altered Snail1 expression, CAF treated with HUVEC siSnail1 conditioned 

medium presented less mesenchymal genes expression, such as FN1 and N-cadherin 

protein expression, compared to HUVEC siCtl conditioned medium (Figure R-26B). 

Conversely, HUVEC Snail1+ (C5) conditioned medium boosted the protein expression of 

these markers in CAF, compared to its control (Figure R-26B). We tested another 

characteristic of active fibroblast, the acquisition of a promigratory phenotype. CAF 

decreased their migration ability when cultured with HUVEC siSnail1 conditioned 

medium, and, conversely, increased their migration ability with HUVEC Snail1+ (C5) 

conditioned medium (Figure R-26C). Actually, these effects were significantly higher 

over the time (Figure R-26C). CAF located at the migration leading front reflected this 

differential activation. HUVEC siSnail1 conditioned medium did not generate many CAF 

elongations; in fact, CAF were clustered, compared to HUVEC siCtl conditioned medium 

(Figure R-26D). Conversely, HUVEC Snail1+ (C5) presented more membrane elongations 

than HUVEC Ctl conditioned medium (Figure R-26D). Finally, we tested the activation 

cascades responsible for the differential activation of CAF. To address that, we cultured 

CAF for two hours with HUVEC conditioned medium with different levels of Snail1. We 

observed that CAF phosphorylation of AKT was regulated by Snail1 expression in HUVEC 

conditioned medium and only in Snail1 knocked down was abrogated the 
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phosphorylation of Smad2 (Figure R-26E). Thus, we concluded that Snail1 status in 

HUVEC regulated fibroblast activation by HUVEC conditioned medium.  

 

Figure R-26. HUVEC secretome activates CAF in vitro depending on Snail1 expression. A, 

Quantification of FN1, CDH2, TGFB1, 2, 3 and CXCL12 genes mRNA expression in CAF, compared 

to their respective controls represented as a discontinuous line. B, Western blot analysis of FN1, 

SMA and N-Cadherin in CAF cultured for two days with no conditioned medium or HUVEC siCtl, 

siSnail1, Ctl or Snail1+ (C5) conditioned medium. C, Quantification of migration in CAF 8 or 24h 

after wound was done, cultured with siSnail1 or Snail1+ (C5) conditioned medium, compared to 

their respective controls represented as a discontinuous line. D, Actin cytoskeleton analysis by 

immunofluorescence in CAF cells in the leading front of migration. Cell were stained with Alexa 
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647 conjugated Phalloidin (purple) and nuclei were counterstained with DAPI (blue).  E, Western 

blot analysis of p-AKT, AKT, p-Smad2 and Smad2/3 in CAF cultured for 2h with HUVEC siCtl, 

siSnail1, Ctl or Snail1+ (C5) conditioned medium. Data in A and C represent mean values (± SEM) 

of at least three independent experiments. *p<0.05; **p<0.01; ***p<0.001.  

 

Apart from CAF, we also used MEF to investigate fibroblast activation by endothelial 

cells. In this case, we cultured MEF with HUVEC siCtl, siSnail1, Ctl and Snail1+ (C5) 

conditioned medium for two days and we determined whether their activation status 

varied. Similarly to CAF, HUVEC siSnail1 conditioned medium reduced the mRNA 

expression of several mesenchymal genes (FN1 and CDH2) but less profibrotic cytokines 

genes were reduced (TGFB2), compared to HUVEC siCtl conditioned medium culture 

(Figure R-27A). Aversely, HUVEC Snail1+ (C5) conditioned medium enhanced the 

expression of some genes compared to HUVEC Ctl conditioned medium (Figure R-27A). 

These effects were studied at protein levels and only with HUVEC Snail1+ (C5) 

conditioned medium we observed an upregulation of mesenchymal markers (Figure R-

27B).  
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Figure R-27. HUVEC activates MEF in vitro depending on Snail1 expression by co-culture or 

TGF- preactivation. A, Quantification of FN1, CDH2, TGFB1, 2, 3 and CXCL12 genes mRNA 

expression in MEF treated for two days with HUVEC siSnail1 or Snail1+ (C5) conditioned medium, 

compared to their respective controls represented as a discontinuous line. B, Western blot 

analysis of FN1, SMA and N-Cadherin in MEF treated for two days with no conditioned medium 

or HUVEC siCtl, siSnail1, Ctl or Snail1+ (C5) conditioned medium. C, Western blot analysis of FN1 

and N-Cadherin in MEF alone or co-cultured with HUVEC Ctl or Snail1+ (C5) for one day. D, 

Western blot analysis of FN1 and SMA in MEF treated with HUVEC siCtl, siSnail1, Ctl or Snail1+ 

(C5) conditioned medium and prestimulated with 0.1 or 1ng/mL TGF-. E, Quantification of 

migration in MEF for 24h treated with siSnail1 or Snail1+ (C5) conditioned medium with or 

without TGF- pretreatment, compared to their respective controls represented as a 

discontinuous line. Data in A and E represent mean values (± SEM) of at least three independent 

experiments. *p<0.05; **p<0.01; ***p<0.001.  
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Afterwards, we focused our attention on deciphering the secreted cytokines 

differentially expressed in HUVEC depending on their Snail1 levels. After checking the 

mRNA expression of several genes involved in fibroblast activation, we found that 

CXCL12 and FGF2 were potential candidates (Figure R-28A). The mRNA levels of CXCL12 

and FGF2 were upregulated in HUVEC Snail1+ (C5) and downregulated in HUVEC siSnail1 

(Figure R-28A). We confirmed that CXCL12 and FGF2 induced CAF activation (Figure R-

28B). We also determined if the migration ability could be potentiated with these 

factors. FGF2 increased the migration of CAF and MEF, whereas CXCL12 only 

upregulated significantly migration of MEF (Figure R-28C). All cytokines induced more 

elongated fibroblasts in the migration front after wound (Figure R-28D). In these sets of 

experiments, TGF- was used as a positive control for obtaining fibroblast activation 

(Figure R-28-D).  

To confirm that CXCL12 and FGF2 were the key cytokines in our model, we cultured 

CAF with conditioned medium from HUVEC with different Snail1 levels combined with 

inhibitors of the activity of these cytokines. We used SU5402 to block FGFR signaling and 

Plerixafor, as an antagonist of CXCL12 signaling. We noticed that treating CAF with these 

molecules completely abrogated the activation of mesenchymal markers expression in 

CAF (Figure R-29A, B). Furthermore, the migration boost by HUVEC conditioned medium 

was abrogated with the treatment of SU5402 and Plerixafor (Figure R-29C). Thus, we 

confirmed that CXCL12 and FGF2 were the cytokines responsible for the activation of 

fibroblasts by HUVEC paracrine activity. 
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Figure R-28. HUVEC have a differential profibrotic secretome depending on their Snail1 

expression. A, Quantification of TGFB1, 2, 3, PDGFA, B, C, D, EDN1, 2, VEGFA, CXCL12 and FGF2 

mRNA expression in HUVEC siSnail1 or Snail1+ (C5), compared to their respective controls 

represented as a discontinuous line. B, Western blot analysis of FN1 and N-Cadherin in CAF 

treated with or without CXCL12, FGF2 or TGF-. C, Quantification of migration in CAF (left) for 

9h or MEF (right) for 24h with CXCL12, FGF2 and TGF-, compared to their respective controls 

represented as a discontinuous line. D, Images of migration leading front of CAF (upper row) and 

MEF (lower row) with or without CXCL12, FGF2 and TGF-. Data in A and C represent mean 

values (± SEM) of at least three independent experiments. *p<0.05; **p<0.01; ***p<0.001.  
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Figure R-29. Inhibition of FGFR signaling or CXCR4 activation abrogates fibroblast activation 

by Snail1 expressing HUVEC secretome. A, Western blot analysis of FN1, N-Cadherin and 

Vimentin in CAF treated with HUVEC siCtl, siSnail1, Ctl or Snail1+ (C5) conditioned medium, 

treated with or without SU5402. B, Western blot analysis of FN1, N-Cadherin and Vimentin in 

CAF treated with HUVEC siCtl, siSnail1, Ctl or Snail1+ (C5) conditioned medium, treated with or 

without Plerixafor. C, Quantification of migration in CAF for 24h treated with HUVEC siCtl and 

siSnail1 (left) or Ctl or Snail1+ (C5) (right) conditioned medium, treated with or without SU5402 

or Plerixafor. Discontinuous line represents CAF cultured with HUVEC siCtl or Snail1+ (C5) 

conditioned medium, respectively. Data in C represent mean values (± SEM) of at least three 

independent experiments. ***p<0.001. 
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11.  Endothelial Snail1 modifies the development of luminal breast 

tumors in vivo  

Apart from analyzing tumor onset, we analyzed tumors at more advanced stages. We 

collected tumors from PyMT VE-CadhSnail1CT and PyMT VE-CadhSnail1KO mice and we 

performed a histological classification. Analyzing the survival curve of both groups (see 

Figure R-20C), we chose two time points to perform this study: 18 weeks, when PyMT 

VE-CadhSnail1CT mice had to be euthanized, and 22 weeks, when PyMT VE-CadhSnail1KO 

mice had to be euthanized. At 18 weeks, PyMT VE-CadhSnail1CT tumors were mostly at 

carcinoma stage and with a solid morphology, whereas, 18 weeks old PyMT VE-

CadhSnail1KO tumors were mostly at adenoma stage (Figure R-30A-C). Nevertheless, at 22 

weeks old PyMT VE-CadhSnail1KO mice, most of the tumors have progressed to a 

carcinoma stage (Figure R-30A, B) and exhibited a papillary morphology (Figure R-30A, 

C). Therefore, endothelial Snail1 modulated PyMT breast tumor development.  

 

Figure R-30. Endothelial Snail1 expression promotes carcinogenesis and a differential 

carcinoma morphology. A, Images of hematoxylin and eosin staining of representative tumor 
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stages of PyMT VE-CadhSnail1CT/KO tumors. Scale bar: 200 µm B, Quantification of tumorigenic 

stages of PyMT VE-CadhSnail1CT/KO tumors at indicated time points. C, Quantification of histological 

type of PyMT VE-CadhSnail1CT/KO tumors at carcinoma stage. Data from PyMT VE-CadhSnail1KO mice 

in B and C are compared statistically with PyMT VE-CadhSnail1CT mice. ***p<0.001.  

 

Molecularly, these PyMT luminal tumors also differed. Regarding proliferation, PyMT 

VE-CadhSnail1CT tumors were more proliferative than PyMT VE-CadhSnail1KO tumors at 

carcinoma stage, since they had more Ki67+ cells (Figure R-31A, B). Considering the 

expression of hormone receptors, Estrogen Receptor  (ER) disappeared faster from 

PyMT VE-CadhSnail1CT tumors over the progression of tumorigenesis, than in PyMT VE-

CadhSnail1KO tumors (Figure R-31C, D). HER2 analysis showed that PyMT VE-CadhSnail1CT 

tumors had a higher expression than PyMT VE-CadhSnail1KO tumors at carcinoma stage 

(Figure R-31E, F). Thus, luminal MMTV-PyMT breast tumors had higher expression of 

aggressive markers when Snail1 is expressed in their vasculature.  

We evaluated tumor cellular composition by FACS in PyMT VE-CadhSnail1CT and PyMT 

VE-CadhSnail1KO tumors, considering epithelial, immune, endothelial and other stromal 

cells (Figure R-32A); this last subgroup encompassed mainly fibroblasts and 

myoepithelial cells. There were more epithelial and fewer immune cells in PyMT VE-

CadhSnail1CT tumors than in PyMT VE-CadhSnail1KO ones at carcinoma stage (Figure R-32B). 

In this case, endothelial cells remained unaltered (Figure R-32B). To confirm the immune 

cell infiltration result, we quantified the amount of CD45+ cells in PyMT VE-CadhSnail1CT 

and PyMT VE-CadhSnail1KO tumors by immunohistochemistry. Thanks to that we could 

confirm that there were significantly fewer immune cells in PyMT VE-CadhSnail1CT tumors, 

and interestingly, not only in the capsule of the tumors but also intratumorally (Figure 

R-32C, D). Hence, these data reflected that endothelial Snail1 expression altered the 

cellular composition of MMTV-PyMT breast tumors.  
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Figure R-31. Snail1 expression in endothelial cells promotes more proliferation, lower nuclear 

ER signaling and higher HER2 expression in MMTV-PyMT tumors. A-B, Images of anti Ki67 

immunohistochemistry (A) and quantification of Ki67+ cells per pixels2 (B) in PyMT VE-
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CadhSnail1CT/KO mice at carcinoma stage. Scale bar: 40 µm. C-D, Images of anti ER 

immunohistochemistry (C) and quantification of ER+ cells per pixels2 (D) in PyMT VE-

CadhSnail1CT/KO mice at premalignant ducts and hyperplasia, adenoma and carcinoma stage, when 

indicated. Scale bar (premalignant duct): 25 µm. Scale bar (others): 50 µm. E-F, Images of anti 

HER2 immunohistochemistry (E) and quantification of HER2+ cells per pixels2 (F) in PyMT VE-

CadhSnail1CT/KO mice at carcinoma stage. Scale bar: 50 µm. Data in B, D and F represent mean 

values (± SEM). **p<0.01; ***p<0.001.  

 

 

Figure R-32. Endothelial Snail1 expression provokes a different cell type content in MMTV-

PyMT tumors. A, Scheme of workflow for tumor population analysis by FACS. B, Quantification 

of percentage from alive singlets of epithelial, immune, others and endothelial cells in PyMT VE-

CadhSnail1CT/KO tumors at carcinoma stage, determined by FACS. C-D, Images of anti CD45 

immunohistochemistry (C) and quantification of CD45+ cells per pixels2 (D) in PyMT VE-

CadhSnail1CT/KO tumors at carcinoma stage. Scale bar: 50 µm. Data in B and D represent mean 

values (± SEM). *p<0.05; ***p<0.001. 
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Commonly, tumor stroma gets activated during tumor progression. We checked if 

Snail1 in the endothelium affected it, observing that, PyMT VE-CadhSnail1CT tumors had 

more presence of Vimentin than PyMT VE-CadhSnail1KO tumors (Figure R-33A, B).  

 

Figure R-33. Endothelial Snail1 generates more active stroma at adenoma tumor stage. A-B, 

Images of anti Vimentin immunohistochemistry (A) and quantification of Vimentin+ area per 

pixels2 (B) in PyMT VE-CadhSnail1CT/KO tumors at adenoma stage. Scale bar: 50 µm. Data in B 

represent mean values (± SEM). ***p<0.001. 

 

12.  Endothelial Snail1 induces more invasive breast tumors with less 

myoepithelial cells 

As stated previously, PyMT VE-CadhSnail1KO tumors at carcinoma stage tend to be 

papillary instead of solid. One of the described characteristics of papillary tumors is the 

abundance of myoepithelial cells. These cells express nuclear p63, marker that was more 

abundant in PyMT VE-CadhSnail1KO tumors at hyperplasia, adenoma and carcinoma stage 

compared to PyMT VE-CadhSnail1CT ones (Figure R-34A, B). Myoepithelial cells do also 

express CK14, which was increased in PyMT VE-CadhSnail1KO tumors at carcinoma stage 

compared to PyMT VE-CadhSnail1CT tumors (Figure R-34C). Finally, basal lamina, analyzed 

by Laminin  was also increased in PyMT VE-CadhSnail1KO tumors at carcinoma stage 

compared to PyMT VE-CadhSnail1CT tumors (Figure R-34C). Thus, tumors with Snail1 

expression in their endothelium had a lower presence of myoepithelial cells and basal 

lamina, being considered as invasive. 
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Figure R-34. Endothelial Snail1 promotes less presence of myoepithelial cells and basal lamina 

in breast tumors stroma. A, Images of anti p63 immunohistochemistry in PyMT VE-CadhSnail1CT/KO 

premalignant ducts and tumors at hyperplasia, adenoma and carcinoma stage. Scale bar 

(premalignant duct): 25 µm. Scale bar (others): 100 µm. B, Quantification of p63+ cells per pixels2 

in PyMT VE-CadhSnail1CT/KO premalignant ducts and tumors at hyperplasia, adenoma and 

carcinoma stage. C, Images of anti CK14 and anti Laminin  immunohistochemistry in PyMT VE-

CadhSnail1CT/KO tumors at carcinoma stage. Scale bar: 100 µm. Data in B represent mean values 

(± SEM). *p<0.05; ***p<0.001. 

 

To test the effect of myoepithelial cells on epithelial population, we collected 

conditioned medium from MCF10A (myoepithelial cells) and we added it to NMuMG 

(normal mammary epithelial cells), observing a reduction in their proliferation (Figure 

R-35A). Afterwards, we co-cultured MCF10A cells with NMuMG-GFP+ cells for one day 
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and we checked their DNA content by FACS, showing a significant decrease of 

proliferating cells (those in S, G2 and M phases) of NMuMG (Figure R-35C).  

 

Figure R-35. Myoepithelial cells reduce breast epithelial cell proliferation. A, Proliferation 

assay of NMuMG after seven days with or without MCF10A conditioned medium. C, Cell cycle 

analysis of NMuMG being co-cultured with or without MCF10A for 24h. Data in A and B 

represent mean values (± SEM) of at least three independent experiments. *p<0.05; **p<0.01.  

 

13.  Snail1 in endothelial cells is key in tumor angiogenesis and vessel 

morphogenesis, location and structure 

Once we characterized the main histological and clinical parameters of PyMT VE-

CadhSnail1CT and PyMT VE-CadhSnail1KO mice, we focused on tumor angiogenesis. In 6 

weeks old breasts from PyMT VE-CadhSnail1CT and PyMT VE-CadhSnail1KO mice, we did not 

find differences in the amount or morphology of the vessels (Figure R-36A-D). In 18 

weeks old breast tumors from PyMT VE-CadhSnail1CT and PyMT VE-CadhSnail1KO mice, there 

was significantly more endothelial cells in PyMT VE-CadhSnail1CT tumors than in PyMT VE-

CadhSnail1KO ones (Figure R-36A, B). Regarding the morphology of the vessels, 18 weeks 

old PyMT VE-CadhSnail1CT tumor vessels had bigger areas with larger perimeters (Figure 

R-36A, C, D). Finally, in 22 weeks old PyMT VE-CadhSnail1KO mice, tumors recovered the 

same level of angiogenesis than in 18 weeks old breast tumors from PyMT VE-CadhSnail1CT 

mice (Figure R-36A, B), although their vessels became dramatically bigger in area and 

perimeter, compared to PyMT VE-CadhSnail1CT ones at 18 weeks (Figure R-36A, C, D). 

These results confirmed the role of Snail1 in tumor angiogenesis and vessel morphology 

in vivo.  
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Figure R-36. Expression of Snail1 in vasculature promotes a more potent proangiogenic 

response and distinct vessel morphology in response to MMTV-PyMT breast tumor signaling. 

A, Images of anti CD31 immunohistochemistry in breast tissues from 6 weeks old or tumors from 

18 or 22 weeks old PyMT VE-CadhSnail1CT/KO mice. Scale bar (first and third column): 200 µm; Scale 

bar (second and fourth column): 40 µm. B-D, Quantification of CD31+ stained area (B), vessel 

lumen size (C) and vessel lumen perimeter (D) in breast tissues from 6 weeks old or tumors from 

18 or 22 weeks old PyMT VE-CadhSnail1CT/KO mice. Data in B, C and D represent mean values (± 

SEM). *p<0.05; **p<0.01; ***p<0.001.  
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Apart from angiogenesis, endothelial cells in tumors also undergo 

lymphangiogenesis. We wanted to check if this process was affected by endothelial 

Snail1, thus, we quantified Lyve-1+ stained area as a marker of lymphatic vessels at 

carcinoma stage. We did not observe any significant difference between PyMT VE-

CadhSnail1CT and PyMT VE-CadhSnail1KO tumors at carcinoma stage (Figure R-37A, B).  

 

Figure R-37. Snail1 expression in endothelial cells does not alter tumor lymphangiogenesis at 

carcinoma stage. A-B, Image of anti Lyve-1 immunohistochemistry (A) and quantification of 

Lyve-1+ area per pixels2 (B) in PyMT VE-CadhSnail1CT/KO tumors at carcinoma stage. Scale bar: 200 

µm. Data in B represent mean values (± SEM).  

 

To further characterize the tumoral vessels, we performed a Masson’s Trichrome 

staining to analyze the Collagen coverage of the vessels of PyMT VE-CadhSnail1CT and 

PyMT VE-CadhSnail1KO tumors at hyperplasia, adenoma and carcinoma stage. We 

quantified the percentage of vessel perimeter covered by Collagen (Figure R-38A). We 

did not detect any significant differences neither at hyperplasia nor adenoma stage 

(Figure R-38B). However, at carcinoma stage, PyMT VE-CadhSnail1CT tumor vessels were 

more covered by Collagen than in PyMT VE-CadhSnail1KO ones (Figure R-38B).  

R
E

S
U

L
T

S
 



110   

 

Figure R-38. Snail1 expressing vessels are localized in areas with higher content of Collagen. A, 

Images of Masson’s Trichrome staining in PyMT VE-CadhSnail1CT/KO tumors at carcinoma stage. 

Blue staining stays for Collagen. Green arrowheads point vessels. Scale bar: 50 µm. B, 

Quantification of Collagen coverage of vessels in of PyMT VE-CadhSnail1CT/KO tumors at 

hyperplasia, adenoma and carcinoma stage. Data in B represent mean values (± SEM). *p<0.05.  

 

Afterwards, we took a deeper look at tumor vessels and analyzed by transmission 

electron microscopy the ultrastructure of tumor vessels of PyMT VE-CadhSnail1CT and 

PyMT VE-CadhSnail1KO tumors at carcinoma stage. We quantified the most predominant 

differences found between both mice groups (Figure R-39A). Firstly, we analyzed the 

lumen integrity differentiating tumor vessels with restricted, fenestrated or dismantled 

lumen. We observed that PyMT VE-CadhSnail1CT tumor lumen vessels were more 

dismantled than PyMT VE-CadhSnail1KO vessels, as a signal of aberrant angiogenesis 

(Figure R-39B). Secondly, we studied the amount of vesiculo-vacuolar organelles (VVO) 

as the number of clear spheroids in the cytoplasm of endothelial cells. We noticed that 

PyMT VE-CadhSnail1CT tumor vessels had much less VVO inside their cytoplasm compared 

to PyMT VE-CadhSnail1KO tumor vessels (Figure R-39B). Finally, we quantified the amount 

of intraluminal filopodia, observing less number in PyMT VE-CadhSnail1CT tumor vessels 

than in PyMT VE-CadhSnail1KO ones (Figure R-39B). As a conclusion, these results 

supported the idea that endothelial Snail1 influenced in the ultrastructure of tumor 

vessels. 
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Figure R-39. Endothelial Snail1 regulates tumor vessel ultrastructure. A, Images of transmission 

electron microscopy of vessels in PyMT VE-CadhSnail1CT/KO tumors at carcinoma stage. Box 

magnified in detail. Black arrowheads point VVO in endothelial cells. Green arrowhead points 

filopodia. Scale bar (PyMT VE-CadhSnail1CT): 2 µm; Scale bar (PyMT VE-CadhSnail1KO): 5 µm; Scale 

bar (magnification): 1 µm. B, Quantification of vessel lumen integrity, VVO and filopodia in 

vessels in PyMT VE-CadhSnail1CT/KO tumors at carcinoma stage. *p<0.05; ***p<0.001.  

 

Finally, we analyzed necrosis in big size tumors from PyMT VE-CadhSnail1CT and PyMT 

VE-CadhSnail1KO mice. We quantified these areas by a hematoxylin and eosin staining 

(Figure R-40A). We found that there were less necrotic areas in PyMT VE-CadhSnail1CT 

tumors than in PyMT VE-CadhSnail1KO tumors (Figure R-40B). As we hypothesized that 

necrosis could be associated to morphological changes of the tumors, we compared the 

necrotic areas of PyMT VE-CadhSnail1CT tumors with a solid and papillary morphology. We 

concluded that tumor morphology per se did not alter necrosis of PyMT VE-CadhSnail1CT 

tumors, since solid and papillary tumors in PyMT VE-CadhSnail1CT tumors presented the 

same proportion of necrosis (Figure R-40C). Therefore, expression of Snail1 in 

endothelial cells regulated necrosis in MMTV-PyMT breast tumors. 
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Figure R-40. Snail1 expression in endothelial cells promotes less necrotic areas at carcinoma 

stage. A, Hematoxylin and eosin staining in PyMT VE-CadhSnail1CT/KO tumors at carcinoma stage. 

’N’ states for necrosis. Scale bar (whole scan): 1 mm; Scale bar (magnification): 200 µm. B, 

Quantification of necrotic areas per tumor area in PyMT VE-CadhSnail1CT/KO tumors at carcinoma 

stage. C, Quantification of necrotic areas per tumor area in PyMT VE-CadhSnail1CT tumors at 

carcinoma stage with solid or papillary morphology. Data in B and C represent mean values 

(±SEM). *p<0.05.  

 

14.  Orthotopic breast tumor model confirms Snail1 vasculature effects 

Apart from the spontaneous breast tumor mouse model, we used an alternative 

model to corroborate the role of endothelial Snail1 in tumorigenesis. For that, we 

isolated cells from middle size tumors and injected them orthotopically in VE-CadhSnail1CT 

and VE-CadhSnail1KO mice (Figure R-41A). Tumor growth was identical for both genetic 

backgrounds (Figure R-41B). However, tumors showed a differential progression and 

morphology (Figure R-41C). Morphologically, VE-CadhSnail1CT tumors at carcinoma stage 

had a solid morphology rather than papillary one, more common in VE-CadhSnail1KO 
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tumors at carcinoma stage (Figure R-41D). Thus, endothelial Snail1 affected tumor 

development in an orthotopic breast tumor model, similar to the spontaneous one. 

  

Figure R-41. Orthotopic tumors from ePyMT cells generate papillary tumors grafted in Snail1 

lacking vasculature mice. A, Scheme of workflow for ePyMT cell isolation from middle size 

tumors and its orthotopic transplantation. B, Comparison of tumor volume of ePyMT tumors in 

VE-CadhSnail1CT/KO mice. C, Image of hematoxylin and eosin staining of ePyMT tumors at 

carcinoma stage in VE-CadhSnail1CT/KO mice. Scale bar: 200 µm. D, Comparison of morphology of 

ePyMT tumors at carcinoma stage in VE-CadhSnail1CT/KO mice. **p<0.01; ***p<0.001.  

 

In this model we also checked the angiogenesis status. The amount of angiogenesis 

showed an upward tendency in ePyMT VE-CadhSnail1CT tumors compared to ePyMT VE-

CadhSnail1KO tumors, close to be significant (Figure R-42A, B). Moreover, in terms of vessel 

morphology, ePyMT VE-CadhSnail1CT tumor vessels had smaller areas and perimeters than 

ePyMT VE-CadhSnail1KO ones (Figure R-42C, D). Thus, this orthotopic model recapitulated 

the previously reported angiogenic effects of Snail1 in endothelial cells in spontaneous 

breast tumor model. 
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Figure R-42. Orthotopic tumors from ePyMT cells lead to a different morphology in their 

vessels grafted in Snail1 lacking vasculature mice. A, Images of anti CD31 

immunohistochemistry of ePyMT tumors in VE-CadhSnail1CT/KO mice. Scale bar: 200 µm. B-D, 

Quantification of CD31+ stained area (B), vessel lumen size (C) and vessel lumen perimeter (D) 

of ePyMT tumors in VE-CadhSnail1CT/KO mice. Data in B, C and D represent mean values (± SEM). 

**p<0.01.  

 

15.  In vivo early antiangiogenic treatment of breast tumor model 

provokes tumor onset delay and papillary morphology tumors with 

differential tumor vessel morphology  

After corroborating several effects of Snail1 in endothelial cells in two different breast 

tumor mouse models, we wondered if we could mimic our results by using a drug 

treatment that could be translated to the clinic. For that, we used bevacizumab, which 

neutralizes VEGF-A cytokine. Firstly, we checked that Snail1 protein expression on 

HUVEC on monolayer was decreased (Figure R-43A). Moreover, we analyzed 

bevacizumab effects on tubulogenesis, which was also affected. Indeed, bevacizumab 

reduced the tubulogenic ability of HUVEC (Figure R-43B, C).  
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Figure R-43. Bevacizumab reduces Snail1 expression in HUVEC associated to an impairment in 

Matrigel induced tubulogenesis in vitro. A, Western blot analysis of Snail1 in HUVEC on 

monolayer treated with or without bevacizumab. B, Images of HUVEC treated with or without 

bevacizumab over Matrigel for 16h. Scale bars: 200 µm. C, Quantification of master segments 

(left) and junctions (right) of HUVEC treated with or without bevacizumab. Data in C represent 

mean values (± SEM) of at least three independent experiments. *p<0.05.  

 

Afterwards, we treated MMTV-PyMT mice with bevacizumab or with PBS as control 

(Figure R-44A), starting at 6 weeks old, exactly the same age as in our Snail1 depleted in 

vivo model. Firstly, we observed a significant delay of 10 days on the tumor onset after 

bevacizumab treatment (Figure R-44B). Moreover, tumor growth was also delayed by 

bevacizumab treatment, caused by a longer tumor onset since the tumor growth curves 

were parallel when tumors appeared (Figure R-44C). Moreover, tumors looked 

morphologically different in both groups (Figure R-44D). Although there were the same 

proportion of tumors at carcinoma stage in both groups (Figure R-44E), bevacizumab 

treated mice presented a higher proportion of tumors at carcinoma stage with papillary 

morphology (Figure R-44F). Therefore, bevacizumab controlled breast tumorigenesis 

similarly to Snail1 depletion in endothelial cells.  
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Figure R-44. Early treatment with bevacizumab in vivo mimics the effects of the absence of 

endothelial Snail1 during tumor progression and tumor morphology. A, Scheme of mouse 

strategy for bevacizumab treatment in MMTV-PyMT mice. B-C, Comparison of tumor onset (B) 

and tumor volume (C) in MMTV-PyMT mice treated or not with bevacizumab. D, Image of 

hematoxylin and eosin staining of tumors from MMTV-PyMT mice treated or not with 

bevacizumab. E-F, Comparison of tumor stage (E) and their morphology (F) of tumors from 

MMTV-PyMT mice treated or not with bevacizumab. Data in B represents mean values (± SEM). 

*p<0.05; ***p<0.001.  

 

Finally, we quantified the angiogenesis of tumors at carcinoma stage being or not 

treated with bevacizumab. We did not observe any significant alteration in the amount 

of endothelial cells (Figure R-45A, B). Nevertheless, tumor vessels were bigger in area 
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and perimeter under bevacizumab treatment (Figure R-45C, D). Therefore, we could 

state that an early treatment of bevacizumab affected tumor angiogenesis morphology. 

Figure R-45. Early bevacizumab treatment in vivo modifies tumor vasculature morphology. A, 

Images of anti CD31 immunohistochemistry in tumors from MMTV-PyMT mice treated or not 

with bevacizumab. Scale bars: 200 µm. B-D, Quantification of CD31+ stained area (B), vessel 

lumen size (C) and vessel lumen perimeter (D) in tumors from MMTV-PyMT mice treated or not 

with bevacizumab. Data in B, C and D represent mean values (± SEM). ***p<0.001.   

 

16.   Breast human tumor samples mimic the differential tumor 

development, angiogenesis, vessel morphogenesis and profibrotic 

signaling of PyMT VE-CadhSnail1CT/KO mice 

After the in vitro and in vivo analysis of endothelial Snail1 in mice, we aimed to 

translate this study to the clinic and extrapolate our results to human samples. We 

analyzed human luminal breast tumors at carcinoma stage from diagnostic biopsies of 

non-treated patients, comparing No Specific Type (NST) and papillary morphologies, as 

a representation of PyMT VE-CadhSnail1CT and PyMT VE-CadhSnail1KO tumors, respectively. 

First of all, we clinically classified these tumors. Apart from the morphology, we 

observed that both NST and papillary tumors were positive for HER2, ER and PR, 

similarly to our PyMT VE-CadhSnail1 model (Figure R-46A). In the case of ER, human NST 
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tumors had lower intensity compared to human papillary tumors (Figure R-46B). 

Regarding proliferation, there was an upward trend of Ki67+ cells in NST tumors, 

compared to papillary tumors (Figure R-46C). Finally, human NST tumors at diagnosis 

had a bigger proportion of more advanced tumor stage than human papillary tumors 

(Figure R-46D).  

Next, we focused on their vasculature. In these comparisons, we considered the 

adjacent healthy tissue from tumor samples as a non-tumorigenic condition. We 

quantified the amount of CD31+ stained area as a signal of angiogenesis (Figure R-47A). 

We observed that NST and papillary tumors had an increase of angiogenesis compared 

to adjacent healthy tissue (Figure R-47B). We did not detect any significant difference 

between both tumor groups, but there was an upward tendency of angiogenesis in 

human NST tumors compared to papillary ones (Figure R-47B). Regarding vessel 

morphology, human NST tumor vessels were smaller in area and perimeter than 

papillary (Figure R-47C, D). Hence, human breast tumor had different tumor vessel 

morphology between NST and papillary morphology, mirroring the results from PyMT 

VE-CadhSnail1 model. 
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Figure R-46. Human papillary breast tumors present a higher presence of nuclear ER, are less 

proliferative and less aggressive. A, Images of hematoxylin and eosin staining and anti HER2, 

anti ER, anti PR, anti ki67 and anti p63 immunohistochemistry in NST (left column) and papillary 

(right column) human breast tumors at carcinoma stage. Scale bar (H&E): 200 µm. Scale bar 

(others): 100 µm. B-D, Quantification of percentage of ER intensity (B), Ki67+ cell per nuclei (C) 

and tumor stage at diagnosis (D) in NST and papillary human breast tumors at carcinoma. Data 

in C represent mean values (± SEM). **p<0.01.   
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Figure R-47. Human papillary breast tumors have different vessel morphology. A, Images of 

anti CD31 immunohistochemistry in adjacent healthy tissue and NST or papillary human breast 

tumors at carcinoma stage. Scale bar: 40 µm. B-D, Quantification of CD31+ stained area (B), 

vessel lumen size (C) and vessel perimeter (D) in adjacent healthy tissue and NST or papillary 

human breast tumors at carcinoma stage, when indicated. Data in B, C and D represent mean 

values (± SEM). *p<0.05; ***p<0.001.   

 

Afterwards, we analyzed endothelial and non-endothelial Snail1 expression in these 

tumors (Figure 48A). We quantified the amount of Snail1+ vessels in each group and we 

noticed that breast tumors exhibited a higher amount, compared to adjacent healthy 

tissue (Figure R-48B). Interestingly, there were significantly more Snail1+ vessels in 

human NST tumors than in human papillary tumors (Figure R-48B). Furthermore, we also 

quantified Snail1+ stroma, showing that in tumor areas there were more Snail1+ cells 

than in adjacent healthy tissue (Figure R-48C). Moreover, in human NST tumors the 

presence of Snail1+ stroma was higher than in papillary tumors (Figure R-48C). In all 

cases, Snail1+ vessels were surrounded by Snail1+ stroma, showing a correlation 

between Snail1+ endothelial cells and active stroma (Figure R-48D). Summing up all 
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these results, we confirmed that Snail1 in vessels showed a correlation with human 

breast tumors with papillary morphology and active stroma.  

 

Figure R-48. Human papillary breast tumors have less Snail1+ endothelial cells, associated with 

a reduced of Snail1+ cells in their surrounding stroma. A, Images of anti CD31 and anti Snail1 

immunohistochemistry in adjacent healthy tissue and NST or papillary carcinoma from human 

breast tumors. Black arrowheads point Snail1+ stroma cells. Green arrowheads point Snail1+ 

endothelial cells. Scale bar: 40 µm. B-D, Quantification of percentage of Snail1+ vessels per case 

(B), percentage of Snail1+ stroma per case (C) and evaluation of Snail1+ stroma depending on the 

presence of Snail1+ vessels (D) in adjacent healthy tissue and NST or papillary carcinoma from 

human breast tumors, when indicated. Data in B and C represent mean values (± SEM). *p<0.05; 

**p<0.01; ***p<0.001.   
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Next, we wanted to study some aspects in human tumor samples that required a 

higher number of cases. For that, we dived into the cBioPortal public database. There, 

we searched in the TCGA Breast Invasive Carcinoma (Firehose Legacy) database, that 

included a thorough dataset of clinical data, as well as mRNA and protein levels of the 

whole tumor of a high number of samples. Firstly, we analyzed protein and mRNA 

correlations in breast tumors from that database. PECAM1 (CD31) mRNA levels and 

protein levels correlate positively with SNAI1 mRNA and protein levels, respectively 

(Figure R-49A). Therefore, the more CD31, the more Snail1 in human breast tumors. 

Moreover, we found that PECAM1 mRNA levels correlate positively with VIM (Vimentin) 

mRNA levels (Figure R-49B) and SNAI1 mRNA levels with VIM mRNA levels (Figure R-

49C). All Vimentin correlations showed were at mRNA level since this database did not 

contain data for Vimentin protein levels. Summing up, the more CD31 or Snail1, the 

more Vimentin in human breast tumors.  

Figure R-49. Human breast cancer dataset from TCGA consortium correlates positively Snail1, 

CD31 and Vimentin expression among each other. A-C, Regression analysis of PECAM (CD31) 

mRNA expression versus SNAI1 mRNA expression (A, left), CD31 protein expression versus Snail1 

protein expression (A, right), PECAM1 (CD31) mRNA expression versus VIM mRNA expression 
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(B) and SNAI1 mRNA expression versus VIM mRNA expression (C) in human breast cancer 

dataset from TCGA consortium. Regression lines between the indicated parameters and Pearson 

(Pe) and Spearman (Sp) correlation coefficients with their corresponding p-value are shown for 

each graph.  

 

TCGA Breast Invasive Carcinoma (Firehose Legacy) database also contained clinical 

data of their breast samples. To get advantaged of that, we humanized our PyMT VE-

CadhSnail1 model, recapitulating the characteristics of PyMT VE-CadhSnail1CT and PyMT VE-

CadhSnail1KO tumors. PyMT VE-CadhSnail1CT tumors had higher angiogenesis (CD31), more 

active stroma (Vimentin and Snail1), lower proportion of myoepithelial cells (CK14, p63, 

CK5) and low content of immune cells (CD45), compared to PyMT VE-CadhSnail1KO tumors. 

After translating these features to mRNA gene expression and mirroring it to PyMT VE-

CadhSnail1KO tumors as the opposite, we obtained their humanized version (Figure R-50A). 

We checked the survival of both groups and, “humanized PyMT VE-CadhSnail1CT” patients 

had a worse survival compared to “humanized PyMT VE-CadhSnail1KO” patients (Figure R-

50B). Moreover, analyzing the disease-free period of both groups, “humanized PyMT 

VE-CadhSnail1CT” patients had a shorter period of time free of disease (Figure R-50C). 

Therefore, not only the correlation of human breasts followed the same pattern as we 

found previously, but also clinically our PyMT VE-CadhSnail1 model was corroborated. 
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Figure R-50. Mimic of PyMT VE-CadhSnail1CT/KO tumors in human breast cancer dataset from 

TCGA consortium reiterates survival and disease-free period trend found in mice. A, Scheme 

of PyMT VE-CadhSnail1CT humanized breast cancer. B-C, Kaplan-Meier curves of survival (B) and 

disease-free (C) from patients with breast tumors from public dataset TCGA consortium 

mimicking those obtained in PyMT VE-CadhSnail1CT/KO mice.  *** p<0.001.  

 

Furthermore, using this TCGA database, we analyzed the genes that were 

differentially expressed in “humanized PyMT VE-CadhSnail1CT” and “PyMT VE-CadhSnail1KO” 

tumors. After performing a Gene Set Enrichment Analysis (GSEA) of those groups, we 

detected that in the top ten biological processes of “humanized PyMT VE-CadhSnail1CT” 

tumors, most of them were related to stromal activation and oxidative metabolism 

(Figure R-51). On the other hand, in “humanized PyMT VE-CadhSnail1KO” tumors, most of 

their biological processes were related to gene expression and chromatin remodeling 

(Figure R-51).  
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Figure R-51. GSEA analysis of “humanized PyMT VE-CadhSnail1CT” tumors in human breast 

cancer dataset from TCGA consortium shows that top categories are related to fibrotic 

remodeling and chromatin modification in the case of “humanized PyMT VE-CadhSnail1KO” 

tumors. Top ten biological processes of “humanized PyMT VE-CadhSnail1CT” and “humanized 

PyMT VE-CadhSnail1KO” mice. Normalized Enrichment Score (NES).  
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Snail1 is a transcription factor that has been extensively studied in tumors as a 

determinant of the epithelial to mesenchymal transition and in the activation of cancer-

associated fibroblasts. Nevertheless, few attention has been drawn to Snail1 in the 

endothelium, even though previous research has stated its role in motility and plasticity 

in those cells. In this thesis, we sought to address this issue by exploring the biological 

consequences of Snail1 in the endothelial cells, in vitro and in vivo, in a quiescent state 

or in a tumor angiogenic environment.  

 

1. Expression of Snail1 in endothelial cells 

Firstly, in vitro we observed that Snail1 was expressed in the nuclei of HUVEC on 

monolayer and over Matrigel. Over Matrigel, most Snail1+ HUVEC were localized in the 

segments of tubulogenesis, suggesting a necessary role for Snail1 in this process. 

Moreover, we detected Snail1 expression in the sprouting spheres (see Figure R-8). At 

this respect, Snail1+ HUVEC were localized in the surface of the spheres, in the base of 

sprouts. That leads us to think that expression of Snail1 in HUVEC might be induced 

during its activation, changing the expression profile of the cell and fading from there 

when tip cells are specified. This assumption is supported by our data, which showed 

that Snail1 regulates AKT and ERK pathways in endothelial cells, which control 

endothelial activation status (Figure D-1). Moreover, Snail1 might induce a stalk 

phenotype, since Snail1 blocks Dll4 expression in endothelial cells, which is a molecular 

switch that determines tip/stalk fate decision.181,216 

In vivo, we did not register any expression of Snail1 in endothelial cells at quiescent 

state in adult tissues (see Figure R-19). That lack of expression was expected since Snail1 

is described to be expressed in endothelial cells under an angiogenic challenge or during 

embryogenesis (vasculogenesis).179,181 Whereas, in Matrigel plugs, in MMTV-PyMT and 

human breast tumors, we did detect Snail1 expression in endothelial cells. Due to the 

difficulty to identify an in vivo vessel sprout in a paraffin section, we could not determine 

if Snail1+ cells were tip or stalk cells. Supporting this endothelial Snail1 expression, 

another laboratory did also report expression of Snail1 in human colorectal and 

pharyngeal squamous tumor vessels.190,217 
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Figure D-1. Proposed model of Snail1 activity in endothelial cells. VEGF-A and FGF2 angiogenic 

factors are detected by endothelial cells through VEGF and FGF receptors, respectively, 

activating Snail1 expression and subsequently AKT and ERK pathways. That activation induces 

the expression of VEGF-A, FGF2 and MMP, that boosts the angiogenic pathways of the 

endothelial cell.  

 

2. Endothelial Snail1 and EndoMT 

Snail1 is key in the EMT process, and endothelial cells could eventually undergo in a 

similar process called EndoMT.161 Thus, we presumably expected to see differences in 

the identity of endothelial cells depending on Snail1. Our results suggested that Snail1 

does not induce a complete EndoMT. Far from that, only a partial EndoMT was 

observed, since there was no alteration of endothelial identity but a slight regulation of 

some mesenchymal markers by Snail1, without altering their morphology, on monolayer 

and over Matrigel. This data was supported by other laboratories.186,218 In fact, several 

reviews stated that a complete angiogenesis requires a partial EndoMT;192,219 thus, 

compromising this partial EndoMT could end in a deficient angiogenesis, which, is 

indeed, what we did observe among the entire thesis. However, other authors have 

reported that Snail1 affects profoundly endothelial cells identity, leading to a loss of 

endothelial markers and gaining remarkable levels of mesenchymal markers.220  
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On the other hand, in the case of Snail2, ours results indicated a profound alteration 

of endothelial cells, closed to an extensive EndoMT, since Snail2 overexpression 

regulated several mesenchymal genes provoking a remarkable mesenchymal phenotype 

in HUVEC. Due to that, Snail2 affected tubulogenic ability. However, other authors have 

described that Snail2 overexpression increased sprouting ability.190  We explain that 

controversial result based on the fact that, they did not show how HUVEC 

overexpressing Snail2 behave molecularly in terms of gain of mesenchymal genes and 

the very limited overexpression of Snail2 in this system.  

 

3. Induction of Snail1 in endothelial cells 

Snail1 is induced by VEGF-A and FGF2 in epithelial and mesenchymal cells.165,221 

Indeed, we corroborated it in endothelial cells (see Figure D-1).222 In fact, we noticed 

that FGF2 induced Snail1 more extensively and faster than VEGF-A in HUVEC. 

Furthermore, ePyMT conditioned medium induced Snail1 expression at mRNA and 

protein levels (see Figure R-16). Regarding the conditioned medium composition, tumor 

cells do secrete FGF2 and VEGF-A;104 thus, we expected that blocking FGF2 and VEGF-A 

signaling with SU5402 or bevacizumab, respectively, we could observe an abrogation of 

that induction. Indeed, we did observe a decrease of Snail1 induction, accompanied by 

a decrease of tubulogenic abilities. SU5402 strongly abrogated Snail1 upregulation, 

more than bevacizumab, reaching low basal levels (see Figure R-16). It is important to 

state that, even though the effects are considerably higher when they are supplemented 

with proangiogenic conditioned medium, those drugs may also affect HUVEC without 

the addition of any conditioned medium. We checked that with bevacizumab, observing 

that basal Snail1 levels in HUVEC were reduced. Supporting that data, it was reported 

that blocking VEGF-A, by administrating a VEGF-antagonistic peptide in tumor epithelial 

cells, decreased Snail1 expression.223 In the case of SU5402, we would expect similar and 

stronger results, since its effect observed in HUVEC were more intense than 

bevacizumab. Moreover, even though SU5402 has been extensively used in research 

articles as an FGF signaling inhibitor, SU5402 is a potent multi-targeted receptor tyrosine 

D
IS

C
U

S
S

IO
N

 



132   

kinase inhibitor, including other receptors apart from FGF, such as VEGFR or PDGFR.224 

Thus, the effect of SU5402 over Snail1 expression is expected to be stronger than 

bevacizumab.  

Apart from external proangiogenic signaling, HUVEC can also support their activation 

status by an autocrine loop.225 In fact, this loop is regulated by Snail1: the more Snail1, 

the more FGF2 and VEGF-A mRNA levels (see Figure D-1). The stricter control of Snail1 

by FGF2, compared to VEGF-A, supported the above commented results; SU5402 blocks 

FGF2 signaling, reducing Snail1 levels, which induces less FGF2, as a repressive auto-

loop.  

 

4. Control of Snail1 over angiogenesis in HUVEC 

Snail1 had a dose dependent effect on tubulogenic, sprouting and migration abilities; 

the more Snail1 HUVEC have, the more angiogenesis (see Figure D-1). Nevertheless, 

there is some controversy in the field, since some researchers reported that lack of 

Snail1 abrogated sprouting abilities, but its transient overexpression prevented 

tubulogenesis.190,220 We expected to see a coordinated response between both assays, 

since both assays are complemented and not divergent.226 Therefore, it is possible that 

Snail1 should get to a determined concentration and lower or higher (even higher than 

in our Snail1 overexpressed cells) levels disrupt their angiogenic characteristics. 

Behind these effects, FGFR3 and FGFR4 seemed to be strictly controlled by Snail1 (see 

Figure D-1), thus, regulating the angiogenic sensing of endothelial cells. Regarding 

FGFR3, it compensated the activity of FGFR1 and FGFR2 when they were lacking in 

endothelial cells, thus, FGFR3 is a highly relevant receptor in endothelial functionality.227 

Additionally, a relation between Snail1 and FGFR3 was previously discovered; FGFR3 

required Snail1 expression during bone development and disease.221 In the case of 

FGFR4, it was stated that it activated an 85-kDa serine kinase, activation not detected 

with other FGF receptors.228 Moreover, it was speculated that some effects of FGF2 in 

HUVEC may occur through FGFR4, boosting its importance in endothelial cells.229 In 

terms of Snail1 regulation, FGFR4 induced Snail1 expression.230 Thus, intertwining that 
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information with our data, Snail1 regulates FGFR4 expression, which might be 

amplificated since FGFR4 increases Snail1 expression, creating a positive loop, 

supporting our data. In previous researches, Snail1 was found to control VEGFR3 levels 

in endothelial cells, relation that we did not detect.186 Nevertheless, it is important to 

notice that they used Human Retinal Endothelial Cells (HREC), different from HUVEC. 

Indeed, origin of endothelial cells can have different responses to Snail1 in terms of gene 

expression, possibly through the dependence of Snail1 on other co-factors for gene 

regulation.161,218  

 

5. Endothelial Snail1 in vessel development and adult mice 

The role of Snail1 in endothelial cells during embryogenesis recently showed a strong 

controversy. Summing up, Snail1 in Tie2+ endothelial cells was essential for embryo 

viability,179 whereas in Tie1+ or VE-Cadherin+ endothelial cells, was not.182 This might be 

seen as a contradiction, as all those promoter are considered specific of endothelial 

cells; however, Tie2 starts to be expressed at E6.5, whereas Tie1 and VE-Cadherin are 

expressed at E8.0 or E9.5, respectively.231,232 Between these time points, there are two 

main vasculogenic processes within the embryo that, presumably, need Snail1 

expression. The first one covers E6.5 to E7.5 and is based on the formation of the extra-

embryonic vessels by the migration of angioblasts and the generation of blood islands. 

The second one, which covers from E7.5 to E.8.5, is based on the formation of intra-

embryonic vessels, mainly related to the formation of the endocardium (E7.5), the 

dorsal aorta (E7.5) and a rudimentary circulatory system from E8.0.233  

When mice get to adult age (6 weeks old), we did not detect any expression of Snail1 

in endothelial cells at quiescent state (Figure R-19), as any other literature report. That 

was expected since Snail1 is expressed in endothelial cells under an angiogenic challenge 

or during vasculogenesis.179,181 Therefore, there was no differential phenotype 

regardless of the status of Snail1 in the endothelial cells, in terms of weight, organ 

morphology or number, proliferation status and permeability of endothelial cells in 

mature vessels at adult stage. Studies using adult mice lacking Snail1 in their vasculature 
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did not show an overt phenotype at quiescent state.182 In the case of Twist1, another 

transcription factor inducer of EMT and directly regulated by Snail1,162 after its 

endothelial specific deletion, mice did not present any major alteration at quiescent 

state, except for an increase of their vascular permeability.182,234 

 

6.  Endothelial Snail1 and its contribution to tumor onset and its 

profibrotic paracrine effect 

Previous research has studied extensively the role of Snail1 in transgenic mice during 

embryogenesis, wound healing, fibrosis or tumoral processes.65,69,146,167–169 On the other 

hand, specific role of Snail1 in endothelial cells in transgenic mice have only been studied 

in embryogenesis, eye vascularization and kidney fibrotic processes, but not in 

tumors.179,181,183,185,186  

Spontaneous breast tumor mouse model, MMTV-PyMT, generated several 

differences in the behavior of tumor growth upon Snail1 expression in endothelial cells 

(see Figure R-21). We found that endothelial Snail1 induced faster tumor growth, and a 

lower survival of mice, as well as an increased of their tumor burden, compared to 

endothelial Snail1 knocked out tumors. In fact, MMTV-PyMT mice lacking Snail1 

ubiquitously, also showed an increase of their survival and a decrease of their tumor 

burden.65 However, it is difficult to compare ubiquitous to specific endothelial Snail1 

depletion, since ubiquitous depletion affects multiple cell types with multiple crosstalks. 

 Focusing on the tumor growth rate, we observed that the main reason of this 

delayed was due to the tumor onset, which was delayed 36 days in the endothelial Snail1 

knocked out group. Taking a look at the initial stages of tumorigenesis, we observed a 

retard of proliferation, but not apoptosis, in endothelial Snail1 knocked out tumors (see 

Figure R-22). That was expected since tumor initiation is devoid of apoptosis. 

Angiogenesis was already altered in the number of vessels and their lumen size at that 

moment, leading us to think that Snail1 in endothelial cells was already having an effect 

(see Figure D-2). In fact, previous research indicated that angiogenesis starts at the very 

early stages of breast tumorigenesis, supporting our data.214 
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Figure D-2. Proposed model of endothelial Snail1 role in breast tumorigenesis. When breast 

tumor cells appear, FGF2 and VEGF-A are started to be secreted by them. Along tumor 

progression, when endothelial Snail1 is expressed, endothelial cells increase activation of 

fibroblast through CXCL12 and FGF2 cytokines, which can be blocked by SU5402 or Plerixafor. 

That fibroblast activation promotes tumorigenesis, leading to a solid tumor with few necrosis 

and disrupted vessels. When Snail1 is not expressed in endothelial cells, vessels are further from 

tumor cells, activation of fibroblasts is compromised and myoepithelial content is increased, 

provoking a tumorigenesis delay associated to a tumor blockage environment. Along time, 

papillary tumors with high content of immune cells and myoepithelial cells, with wider vessels 

and extended necrotic areas are generated.  

 

We also observed that vessels in the control group were located closer to the 

premalignant ducts (see Figure D-2). That made us think that one possibility of this 

differential onset could reside in the lack of nutrients and oxygen that might be reaching 

to premalignant ducts, due to the impossibility for the vessels to reach them because of 

an impairment in their invasion ability.  

Apart from that, stroma activation was also considered a trigger of tumor initiation.61 

Previous studies indicated the relevance of endothelial cells in the induction of fibrosis 

and the role of Snail1 on it.182,220,235 An increase of Vimentin staining surrounding 

premalignant ducts and tumors at hyperplasia stage in the control group supported the 
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profibrotic paracrine contribution of endothelial Snail1 (see Figure D-2). Vimentin was 

reported to be a general marker of activated fibroblasts.119 Further studies on Vimentin 

in CAF were associated to poor survival in pancreatic ductal adenocarcinoma, showing 

their relation with tumorigenesis.236 Moreover, in a lung adenocarcinoma mouse model, 

a general loss of Vimentin was associated to a decrease of CAF activation and motility, 

affecting tumor prognosis.237 

Furthermore, stromal Snail1 was more abundant in tumors at hyperplasia stage in 

the control group, reinforcing that idea, since Snail1 was a marker of activation (see 

Figure R-25).65,69,170 Nevertheless, there were no significant differences around 

premalignant ducts, indicating that Snail1 activation in stroma might boost the already 

Vimentin supported tumor activation. A hypothesis based on previous research could 

be that Twist1 is firstly induced in stromal cells, inducing Vimentin and, afterwards, 

Snail1.238,239  

Moreover, at hyperplasia stage, Snail1+ stromal cells were found closer to vessels 

when mice expressed Snail1 in their endothelium; moreover, in human tumor samples, 

Snail1+ stroma tend to be surrounding Snail1+ vessels, showing a link between 

vasculature and stromal activation (see Figure D-2). That leaded us to start 

experimenting with conditioned medium from HUVEC with different Snail1 levels (see 

Figure R-26, 27), which resulted in CAF activation at mRNA and protein levels, as well as 

in migration and a more mesenchymal phenotype, when conditioned medium was 

coming from Snail1 expressing HUVEC. The activation of those CAF was through the 

activation of AKT pathway, and partially, through Smad2. This Smad2 activation was also 

seen in surrounding vessel stroma in the wild type mouse. To confirm this activation, we 

used MEF, which only showed a complete activation by HUVEC conditioned medium 

when they were pretreated with low concentrations of TGF- in order to raise their basal 

activation status. Due to all of that, we assumed that instead of inducing fibroblast 

activation (Snail1+) from scratch, Snail1 in endothelial cells modulated in vivo preexistent 

activated fibroblasts (Vimentin+), reinforced by a crosstalk between endothelial and 

fibroblast cells.  
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Since the results with HUVEC conditioned medium showed a regulation of fibroblast 

activation status, we speculated the involvement of paracrine signaling as a main 

mediator of stromal activation. In terms of which cytokine might be involved in this 

activation, overexpression of Snail1 induced CXCL12, FGF2, PDGFA, EDN2 and VEGFA 

mRNA expression, which have been reported to collaborate in fibrosis.101,240,241 

Nevertheless, we proposed CXCL12 and FGF2 as candidates, since they were also 

inversely regulated by Snail1 overexpression and knock-down (see Figure R-28). We 

checked that both of them induced CAF and MEF activation, but only FGF2 increased 

migration in both cell types. Moreover, FGF2 and CXCL12 activity drove AKT 

phosphorylation, similarly to what we reported in CAF with conditioned medium from 

HUVEC.242,243 Furthermore, FGF2 also activates Smad2 phosphorylation,242 which was 

also detected in CAF with conditioned medium from HUVEC and in vivo, surrounding 

vessels in breast tissues. Altogether leaded us to think that FGF2 per se could be a 

candidate for this differential activation and CXCL12 could be working in conjunction 

with other molecules, at least in CAF. Previous studies stated that endothelial Snail1 

induced a fibrotic paracrine activity in endothelial cells in hypoxic conditions, in this case 

through connective tissue growth factor (CTGF).220  

 

7. Breast tumor morphology and Snail1 in endothelial cells 

As tumors progressed, we observed that depending on the expression of Snail1 in 

their endothelium, they acquired striking different phenotypes. Absence of Snail1 in the 

endothelium provoked a delayed in tumorigenesis and a gain of papillary morphology in 

spontaneous breast mouse tumors (see Figure D-2). In the bibliography we found 

several reports in which they also found an increase of papillary morphology in breast 

tumors. For instance, a ubiquitous loss of amphiregulin,244 lack of AKT2,245 constitutive 

activation of Notch1 in luminal cells,246 ubiquitous loss of Myosin 1e,247 ubiquitous loss 

of Caveolin 1,248 overexpression of prolactin within mammary epithelial cells,249 luminal 

expression of Human Cripto-1,250 or constitutively active STAT5,251 generated a higher 

proportion of breast tumors with papillary morphology. In most of these researches, 
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angiogenesis is not characterized or varied among those articles; hence, we could not 

extrapolate a common molecular or cellular hypothesis for the papillary phenotype.  

Interestingly, bevacizumab treatment did also increase the proportion of breast 

tumors with papillary morphology. In this particular case, it was previously reported that 

long-term bevacizumab treatment shifted breast tumor cells to a more aggressive 

myoepithelial subtype, which is tightly linked to a papillary phenotype.252  

Nevertheless, the myoepithelial content in tumors and its papillary morphology are 

tightly correlated, since being papillary intrinsically implies higher presence of 

myoepithelial cells.253 It is controversial the relationship between myoepithelial cells and 

papillary morphology. However, it was published that only a combination of malignant 

luminal and myoepithelial cells could derive breast tumors to a papillary morphology, 

whereas only malignant luminal or myoepithelial cells could not generate that 

morphology.254 Therefore, a crosstalk between different cell types might be responsible 

for the generation of papillary tumors. 

 

8. Regulation of tumor composition by Snail1 in endothelial cells 

Due to the striking differences we observed in the morphology of the tumors at 

carcinoma stage, we analyzed the tumor populations of our spontaneous breast mouse 

model. Regarding epithelial cells, most of them tumoral, they were dramatically reduced 

under the absence of Snail1 in endothelial cells (see Figure D-2). We hypothesized that 

this reduction might, in part, be caused by necrosis, since dead cells are not counted in 

this analysis and necrotic volume was enriched in endothelial Snail1 knocked out 

tumors. Another plausible explanation is that tumoral cells have a reduced proliferation 

in endothelial Snail1 knocked out tumors, which we did observed in tumors at carcinoma 

stage, considering that most of the proliferation at carcinoma stage came from tumoral 

cells. Moreover, the increased number of myoepithelial cells, characteristic of papillary 

morphology of endothelial Snail1 knocked out tumors, could reduce the proliferation of 

epithelial cells. Furthermore, we also considered that the differentially fibroblasts over-

activation could be a cause of this epithelial unbalance. 
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Furthermore, it would be interesting to point out that apart from the proportion of 

tumoral cells, their expression of ER and HER2 was also controlled by the expression 

of Snail1 in the endothelium (see Figure R-31). We found that the usual loss of ER signal 

and the gain of HER2 expression in MMTV-PyMT tumoral cells over tumor progression 

was reduced when Snail1 could not be expressed in endothelial cells, which is 

considered as a good prognostic value.255,256 ER expression can be modulated by 

several factors, such as DNA methylation, microRNA deregulation or posttranslational 

modification, among others.256 In the case of HER2, the main cause of its overexpression 

is the increase of genomic instability, which might be prevented in the group of tumors 

lacking endothelial Snail1 (see Figure R-51).257 In either case, it would be interesting to 

analyze the gene expression profile of tumoral cells of each animal group to identify the 

molecular trigger of that difference.  

Apart from the epithelial cells, the immune cell population was also reduced in the 

control group of tumors compared to tumors that did not express Snail1 in the 

endothelium (see Figure D-2). Recently, it was published that a similar model of ours 

presented more immune infiltration when Snail1 was knocked out in endothelial cells, 

in this case after induction of kidney fibrosis;182 which reinforced our results. We 

hypothesized that this immune infiltration could be explained by a tumor vascular 

normalization process. For instance, it has been described that tumor angiogenesis 

alters the surface molecules of endothelial cells, modulating the extravasation of 

immune cells and the secretion of cytokines, which may regulate the recruitment of 

immune cells to the parenchyma of the tumors.258 Another possibility could rely on the 

lymphatic vessels, which has been reported to modify immune cell activity and presence 

in tumors.259 However, lymphangiogenesis was not altered at carcinoma stage (see 

Figure R-37); moreover, this process has even been reported to not be key during breast 

cancer tumorigenesis.260 A deeper analysis of the composition of the immune cell 

population in those tumors would be required to completely understand the relevance 

of this result and their impact on tumor prognosis.  

In the cell population classified as ‘others’, we could find several types of cells, being 

fibroblasts, CAFs and myoepithelial cells the more predominant ones. In the control 
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group, this group might be governed by CAF, which were more active along tumor 

progression, compared to the endothelial Snail1 knocked out tumors (Figure R-33). In 

the endothelial Snail1 knocked out group, myoepithelial cells might be the main 

component of this category, as commented before. Nevertheless, we cannot assure if, 

in this model, myoepithelial cells increased their proliferation, survival or escaped less 

from the tumor. Further research on it might bring light to this phenomenon.  

 

9.  Endothelial Snail1 effects on total angiogenesis and vessel 

morphology 

Regarding total angiogenesis, we observed a significant decrease in Matrigel plugs, 

breast spontaneous tumors and a highly tendentious reduction in breast orthotopic 

tumors, in endothelial Snail1 knock out mice. Actually, that outcome was supported in 

vitro by a decrease in the proliferation of HUVEC, only significantly different in knock 

down for Snail1. However, in the case of the spontaneous breast tumor model, when 

time was prolonged in endothelial Snail1 knock out mice, the amount of angiogenesis 

was recovered. We hypothesized that it might be explained as an effect of the high 

amount of necrosis in tumors lacking endothelial Snail1 (see Figure R-40). In fact, 

necrosis is an inductor of angiogenesis.261 For instance, necrosis induces an increase of 

HIF-1 transcription factor, which is a potent activator of angiogenesis by regulating 

VEGF-A and FGF2 expression.262 Presumably, that boost of angiogenesis and the 

additional gap of time needed for tumors to reach carcinoma stage, are the reasons 

under the recovery of endothelial cell presence in tumors with Snail1 depleted 

endothelial cells. 

One striking phenotype we dealt with was the differential vessel lumen size found in 

spontaneous and orthotopic breast tumors and Matrigel plugs from our mouse models 

(see Figure D-2). We analyzed two parameters, lumen size and vessel perimeter. Thanks 

to both, we could determine the size of vessels and the tortuosity of them, although in 

each comparison both parameters behave with the same trend. Thus, in this case, they 

can be considered as overlapping features. In terms of the experiments we used to 
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evaluate vessel morphology, we can distinguish three types, depending on their 

duration and exposure time to angiogenic factors: short, middle and long term.  

Short ones are the experiments of Matrigel plugs, which entails 7 days (see Figure R-

20). In this short period of time, we observed the earliest effects of the presence of 

Snail1 in endothelial cells. Without any supplemental factor and with FGF2 addition, the 

lumen size and the vessel perimeter were smaller upon the presence of Snail1 in 

endothelial cells. Moreover, FGF2 addition provoked a reduction of lumen size and 

vessel perimeter only when Snail1 was present in the vessels. This data indicated that, 

at shorter times, FGF2 is responsible for the shrink of vessel size, which is hijacked under 

the absence of Snail1 in endothelial cells. Previous research indicated that FGF2 and 

VEGF-A widen vessels.263,264 Although, these studies were performed in tumors and not 

in Matrigel plugs; moreover, those experiments had a longer duration compared to our 

Matrigel plug model.  

In the middle-term experiment we found the analysis of tumor vessels at early stages 

of mice spontaneous breast tumors (see Figure R-23). At early stage of tumorigenesis, 

Snail1 in endothelial cells already induced a diminished size of vessels; probably due to 

the formation of new vessels that are smaller than the preexisting ones.265 Under the 

lack of endothelial Snail1 it does not occur, presumably due to the angiogenic delay they 

experimented.  

In the long-turn we had the analysis of tumor vessels of 18 and 22 weeks old 

spontaneous breast tumors and 15 weeks old in the orthotopic murine breast tumors 

(see Figure R-36, 42). In the case of the spontaneous breast tumors, first we compared 

the size of vessels before the moment tumorigenesis was induced (6 weeks old breasts) 

and did not detect any difference regarding the Snail1 status in endothelial cells. 

However, comparing same age tumors, we found the only case in which the general 

fashion was disrupted. Snail1 presence in endothelial cells generated bigger vessels, in 

area and perimeter, compared to Snail1 knocked out tumor vessels. This could be due 

to the fact that tumorigenesis is delayed in tumors lacking Snail1 in their endothelium; 

thus, compared vessels are in tumors at distinct histological grades. Another explanation 
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could be the time factor. We hypothesized that there is a delayed in the angiogenesis 

when Snail1 is not present in the endothelium. Assuming that de novo vessels are 

smaller due to the angiogenic process, we expected that vessels with Snail1 knocked out 

endothelial cells were smaller since their angiogenesis is retarded, compared to the 

control ones. I would like to point out that the vessels were smaller, compared to healthy 

tissues, due to the compression forces of tumor cells, which is a phenomenon already 

characterized.119  When we compared tumors at carcinoma stage at final point (18 weeks 

old control group and 22 weeks old knocked out group), we observed a dramatic 

increase in the size of vessels lacking Snail1. We hypothesized that the papillary 

morphology of those tumors generated low pressure to the vessels by their own 

constitution, allowing their enlargement.  

In general terms, lack of Snail1 in endothelial cells provoked an increase of the vessel 

size, presumably by the lack of ramification and increase compaction experienced during 

angiogenesis. In order to explain this differential phenotype in the lumen size, we 

considered two hypotheses, related to lumen formation through VVO and through 

intussusception.  

The first hypothesis was the presence of vesiculo-vacuolar organelles (VVO), which 

were reported to be a key agent in the formation of lumen in neo-vessels.111 Supporting 

that hypothesis, we observed that Caveolin 1 (the only reliable marker for VVO),266 was 

upregulated in Snail1 knocked down HUVEC and downregulated in Snail1 overexpressed 

HUVEC (Figure R-12). Thus, the less Snail1, the more Caveolin 1, the more VVO. Actually, 

an electronic microscopy study showed an increase of VVO in tumor endothelial cells 

lacking Snail1. Other laboratories analyzed the relation between Snail1 and Caveolin 1. 

The addition of TGF-, a generally known inducer of Snail1, reduced the levels of 

Caveolin 1.267 Moreover, the overexpression of Snail1 in tumoral cells reduces the 

phosphorylation of Caveolin 1, which is a signal of its activation.268 Due to all of that, we 

could confirm our data since Snail1 was shown to have a tight link to Caveolin 1. 

The second explanation involved the intussusception process. Sprouting is not the 

only way vessels can grow; in fact, vessels can split themselves in a process called 
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intussusception, which plays an important role in the expansion and remodeling of 

vessel networks in tumors.269 In the intussusceptive angiogenesis, firstly, there is an 

enlargement of the vessel due to an inability to sense a directed source of angiogenic 

factors. Afterwards, there is a protrusion of the vessel or an intraluminal sprouting by 

tip cells, with filopodia, leading to a split of the vessel in two.270  In relation to our data, 

we proposed that Snail1 may be essential for that intraluminal sprouting, since it 

seemed that lack of Snail1 in endothelial cells provoked its arrest at that stage, being 

unable to complete the intussusception process. We based this hypothesis in the 

numerous amounts of filopodia found in the lumen of tumor vessels lacking Snail1 (see 

Figure R-39). Apart from explaining the differential vessel size of tumors depending on 

endothelial Snail1 status, this hypothesis could through some light into a molecularly 

poor understood process that is intussusception.  

Finally, bevacizumab treatment showed an increase of vessel lumen area and 

perimeter (Figure R-45). Supporting our results, previous research on human melanoma 

metastases treated with bevacizumab showed an increase of vessel diameter, compared 

to untreated metastases.264 This effect might be caused by the reduction of Snail1 by 

bevacizumab in endothelial cells; however, further analysis of Caveolin 1 levels and 

ultrastructure of tumor vessels upon bevacizumab treatment would be required to shed 

light on the issue. Nevertheless, the intussusception hypothesis gains relevance, since 

the abrogation of VEGF-A sensing could potentiate this process, leading to more 

arrested vessels in the middle of this process being, at the end of the day, bigger in 

size.269  

10.  Snail1 in tumor endothelial cells: necrosis, vessel localization and 

permeability 

In spontaneous breast mouse tumors at carcinoma stage with no expression of Snail1 

in their endothelium, we observed less necrotic areas (Figure R-40). Due to the 

predominant papillary phenotype of endothelial Snail1 knocked out tumors, we 

analyzed the necrosis of solid and papillary tumors of the control group to ascertain if 

necrosis is related to papillary morphology or with Snail1 presence in endothelial cells. 

Our results indicated that necrosis was induced regardless of the morphology of the 
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tumor; therefore, the focus was brought to a direct effect of Snail1 in the endothelium. 

It is accepted that the less angiogenesis a breast tumor has, the more necrotic it is.271,272 

However, other studies indicated an opposite relationship between angiogenesis and 

necrosis.273 That reinforces the fact that in our model, the necrosis is not simply related 

to more or less angiogenesis, but it relies on further alterations.  

We hypothesized that vessels that expressed Snail1 could be located closer to tumor 

cells, hence, providing them with more nutrients and oxygen. To support that 

hypothesis, we found that surrounding premalignant ducts, vessels were more closed to 

them when Snail1 could be expressed in the endothelial cells, compared to endothelial 

Snail1 knocked out vessels. Moreover, we found that at carcinoma stage, tumor vessels 

were more covered with Collagen, compared to endothelial Snail1 knocked out tumor 

vessels, which might be due to a higher capability to penetrate in Collagen rich areas. To 

complement these results, we observed that MMP1, MMP7, MMP9 and MMP13 were 

tightly regulated by Snail1; the more Snail1, the more expression of those MMP, as 

previously reported.274–276 Those MMP have been recognized as regulators of tumor 

angiogenesis, and curiously, it has been reported that MMP9 released the vast majority 

of VEGF-A anchored in the ECM, boosting angiogenesis.277 These set of results laid a 

strong foundation for this hypothesis.  

However, it is necessary to say that the result about Collagen around the vessels 

might have another interpretation. Snail1 in endothelial cells may control Collagen 

production, as published previously.69 Firstly, the Collagen was assessed using a 

Masson’s trichrome staining, which stained fibrillar Collagens, namely types I-III, V and 

XI.278 However, it has been reported that Masson’s trichrome staining could also detect 

Collagen IV around tumor vessels, which is the main component of vessels’ basal 

lamina.279 Even though it has been extensively considered that for angiogenesis, ECM 

and basal lamina has to be degraded,277,280 Collagen IV was detected in the sprouting 

areas of breast tumor vessels, guiding tip cells.281 Moreover, in breast tumors, the 

amount of Collagen IV around aberrant tumor vessels is maintained or, even 

increased.282 Supporting this theoretical explanation, we observed a controlled 
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expression of Collagen IV depending on Snail1 in endothelial cells: the more Snail1, the 

more Collagen IV expression (Figure R-12).  

In terms of permeability, we found that Snail1 lack of in the endothelium generated 

tumor vessels at carcinoma stage with less dismantled lumens (Figure R-39). 

Interestingly, this could be noticed as a signal of normalization of tumor vasculature, 

which link the typical features of normal vessels to better prognosis in tumors.131  

Nevertheless, a detailed analysis of tumor vessel permeability might be essential to 

resolve this issue. Moreover, a pericyte coverage analysis of the tumor vessels would 

complement the permeability assay, considering that the presence of pericytes is linked 

to higher vessel integrity and less permeability.80  

 

11.  Bevacizumab and its effect on tumorigenesis 

Due to the fact that bevacizumab reduced the levels of Snail1 in HUVEC by 

diminishing the effect of VEGF-A over HUVEC, we decided to administrate bevacizumab 

from 6 weeks old mice to MMTV-PyMT mice, mirroring the time point in which we 

depleted Snail1 from endothelial cells in spontaneous breast tumor mouse model. The 

effects we observed were similar to the depletion of Snail1 in endothelial cells, delayed 

tumor growth and a solid versus papillary dichotomic morphology (Figure R-44).  

In the case of the tumor onset, bevacizumab induced a delay of 10 days, instead of 

36 days in the endothelial Snail1 depleted spontaneous breast tumor mouse model. This 

indicates that affecting the angiogenic ability of endothelial cells by only blocking VEGF 

signaling was not enough to reproduce that remarkable delay. Subsequently, together 

with our data related to the endothelial contribution to fibroblast activation and the 

tumor onset delay, a treatment of an antiangiogenic and an antifibrotic drug might be 

highly relevant to prevent tumor growth. Indeed, recently, the FDA has approved a 

treatment to delay tumor relapse of ovarian, fallopian tube or primary peritoneal 

cancers, based on bevacizumab and olaparib.283 Olaparib is a pharmacological inhibitor 

of the enzyme poly ADP ribose polymerase (PARP), which, among other effects as an 

inductor of apoptosis, acts as an antifibrotic agent.284   
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Regarding the amount of angiogenesis, we observed equivalent levels in big tumors 

regardless of the treatment of bevacizumab (Figure R-45). Although at a first glimpse 

the expectation was to find a reduction of angiogenesis upon bevacizumab, we had to 

take into account the development of resistance to antiangiogenic treatments, 

especially due to the long-term treatment we administrated.132,285 Since VEGF-A was 

hijacked by bevacizumab, tumors could generate an adaptive resistance by substituting 

VEGF-A by other angiogenic factors such as FGF2 or angiopoietins, a recruitment of 

vascular progenitors or proangiogenic monocytes coming from the bone marrow. 

Moreover, through vasculogenic mimicry tumor cells organize themselves into vascular-

like structures overshadowing angiogenesis. Finally, by vessel co-option tumor cells take 

advantage of the preexisting vasculature to nourish themselves.286 We do not have 

consistent data that supports any of these options; hence, all of them are open 

possibilities that could be further explored by quantification of cytokine levels in tumors, 

tumor cell population study, analysis of CD31- areas in tumor vessels or the disposition 

of tumor cells along the vessels and their lumen size. Nevertheless, there is a small hint 

towards the adaptive resistance option, since breast tumors have a wide catalogue of 

cytokines in their environment and VEGF-A tend to diminish in advanced tumor stages, 

gaining importance other angiogenic cytokines.287  

 

12.  Human tumor samples mirroring endothelial Snail1 effects in 

angiogenesis and tumorigenesis 

Our final goal was to recapitulate our results in human samples. For that, we collected 

NST human breast tumor samples, as a mimic of our control group, and papillary 

carcinomas, mirroring our endothelial Snail1 knocked out group. NST tumors 

recapitulated several aspects of the control group in our mouse models, such as a 

tendency of less intensity of ER, more proliferation in the tumors, a significant increase 

of advanced tumorigenic stages, less presence of p63+ cells (myoepithelial), a tendency 

of higher tumor angiogenesis with significantly smaller vessels with higher proportions 

of Snail1+ endothelial cells and Snail1+ cells closed to them, compared to papillary 

tumors (Figure R-46-48).  

D
IS

C
U

S
S

IO
N

 



  147 

Continuing the study in human breast tumor samples, we moved to an open access 

online database containing genomic sequencing profiles of them; specifically, the TCGA 

Breast Invasive Carcinoma (Firehose Legacy) database.204,205 There, we observe that 

CD31, as a marker of angiogenesis, and Snail1, as a marker of cell activation, had a strong 

positive correlation, supporting our previous data (Figure R-49). Moreover, CD31 and 

Snail1 had a positive correlation with Vimentin, as a marker of fibroblast activation, 

reinforcing our results regarding stroma activation via Snail1 in endothelial cells.  

To investigate if survival and prognosis differences in our spontaneous mice model 

could be extrapolated to breast human tumors, we humanized our endothelial Snail1 

spontaneous breast mouse model. To achieve it, and due to the lack of morphological 

data about samples, we used the results collected along the project and translating them 

to gene expression. For the humanization of PyMT VE-CadhSnail1CT mice, we chose high 

angiogenesis, high stroma activation, low myoepithelial content and low immune 

system presence, as our results indicate. In the case of PyMT VE-CadhSnail1KO mice, the 

opposite scheme was followed. Thanks to that, we observed that the survival and the 

disease-free period followed the same trend as our mouse model.  

Finally, we could analyze the main active biological processes of each humanized 

group by using the GSEA software. In the control group we observed that the main 

processes upregulated were related to extracellular matrix reorganization, which was 

expected since endothelial Snail1 had a significant role inducing fibrosis. Moreover, 

blood vessel morphology appeared in the top ten list, as a signal of the angiogenic 

process undergoing. Finally, several biological processes related to oxidative 

metabolism also appeared, which has been linked to tumor progression.288 Aerobic and 

oxidative metabolism has been directly linked to extracellular matrix deposition and 

fibroblast activation, as well as less hypoxia/necrosis, as in our model.289,290  In the 

endothelial Snail1 knocked out mimic group, the main topic of the biological processes 

involved were chromatin remodeling and gene regulation. We are aware that aberrant 

expression or epigenetic modulation confer a unique ability to tumor cells to reprogram 

their genome, not only gaining and maintaining oncogenic phenotypes, but also 

reverting tumor progression.291 For example, among the genes upregulated in this 
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analysis we found histone deacetylase SIRT6 and DNA polymerase ε POLE4, which are 

known as tumor suppressors, supporting the phenotype we observed in our 

model.292,293 Based on those results, a highly interesting path to follow would be to 

perform an RNA-seq of the different tumor population of PyMT tumors, with our 

without Snail1 in their endothelium, to identify concrete genes that could be amplifying 

the effect of endothelial Snail1, provoking the differential effects on tumor at advanced 

stage.  

 

13.  Final considerations 

Summing everything up, with this thesis, we have thrown some light on the role of 

Snail1 in endothelial cells. We determined that endothelial Snail1 is key for proper 

angiogenesis, as well as for breast tumorigenesis, boosting fibroblast activation in a 

paracrine manner and controlling tumor morphology and composition. These findings 

are recapitulated in the proposed model (Figure D-2). We expect that future clinical 

treatments for tumor relapse could be inspired from this study, mainly acting on 

reducing angiogenesis and fibrosis related to tumor development.  
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After concluding this thesis, we reached to these conclusions:  

1. Endothelial cells express Snail1 in vitro, especially under angiogenic stimuli. 

2. Snail1 in endothelial cells is essential for endothelial cell activation, migration, 

tubulogenesis and sprouting.  

3. Endothelial Snail1 is required for adult neo-angiogenesis in vivo, but not for 

quiescent vasculature homeostasis, organ morphology or adult vascularization. 

4. Breast tumor cells induce Snail1 dependent angiogenesis in vitro through FGF2 

and VEGF-A signaling. 

5. Snail1 in endothelial cells is key in tumor angiogenesis and vessel morphology in 

cancer murine models. 

6. Snail1 expressing endothelial cells secretome activates stromal fibroblasts 

through FGF2 and CXCL12 signaling, fostering breast tumor initiation. 

7. Endothelial Snail1 modifies the development of luminal breast tumors in vivo, by 

affecting tumor composition, tumor cell differentiation, tumor morphology, 

necrosis and survival. 

8. In vivo early antiangiogenic treatment of breast tumors provokes a delay in 

tumor onset and tumor morphology changes. 

9. Papillary human breast tumors mimic the differences in angiogenesis, vessel 

morphogenesis, profibrotic signaling and tumor development of murine breast 

tumors lacking Snail1 in endothelial cells. 
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Erratum 

After presenting the thesis to the PhD Commission and the members of the 

Evaluation Board we realized that the cell line used in this work and named immortalized 

HUVEC indeed corresponded to ECV-304. Since some reports indicate that these cells 

are not endothelial cells, we have repeated the most relevant experiments of the in vitro 

cell culture part with the human microvascular endothelial cells 1 (HMEC-1) obtained 

from ATCC through Dr. Diaz-Ricart. The results obtained with these cells are compatible 

with the main conclusions of our work. 
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