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ABSTRACT 

Triple-Negative Breast Cancer (TNBC) remains by far the most lethal subtype of breast 

cancer, owing to their intrinsic and/or adaptative resistance to current chemotherapeutic 

drugs and to their inter- and intra-tumour heterogeneity. The cell-cell adhesion molecule P-

cadherin (P-cad) is highly enriched in Basal-Like TNBC in the earlier stages of the malignant 

process in most cases, and significantly associated with worse prognosis. P-cad 

overexpression promotes in vitro cell migration, invasion and self-renewal potential, as well 

as tumourigenic and metastatic capacity in in vivo breast cancer models. Thus, P-cad 

signalling could hold the potential to delineate an aggressive molecular subtype of TNBC 

and to pinpoint to personalized therapeutic targets. Yet, the molecular pathways involved 

downstream of P-cad remain unclear. 

Using a humanized Drosophila model expressing conditional P-cad, the Janody’s group 

identified the actin/MRTF-A (Myocardin-related transcription factor A) /SRF (serum 

response factor) signalling pathway, as a P-cad effector. This pathway links actin filament 

(F-actin) dynamics and mechanical strains to gene transcription. The main goal of this 

project was to explore the role of the actin/MRTF-A/SRF signalling pathway downstream of 

P-cad in inducing tumourigenicity. To this end, we used the human mammary epithelial cell 

line MC10A-ER-Src, with conditional activation of the Src kinase proto-oncogene, which 

recapitulates the molecular events taking place during the development of basal-like TNBC 

upon Tamoxifen (TAM) treatment. During the first 12 hours of TAM treatment, pre-malignant 

MCF10A-ER-Src cells transiently upregulate P-cad and an SRF-dependent Luciferase 

reporter transgene, accumulate F-actin and acquire sustained proliferative abilities, prior to 

gain malignant transformed features. We show that pre-malignant MCF10A-ER-Src cells 

also transiently accumulate MRTF-A during the first 12 hours of TAM treatment. Moreover, 

inhibiting F-actin accumulation in pre-malignant MCF10A-ER-Src cells using Latrunculin A 

prevents the transient upregulation of the SRF-dependent Luciferase reporter transgene 

and could, in turn, stabilize P-cad and hinder cellular transformation. Inhibiting MRTF-A 

activity in pre-malignant MCF10A-ER-Src cells using CCG-203971 also impedes the 

upregulation of the SRF-dependent Luciferase reporter transgene and prevents cells from 

acquiring invading abilities in collagen and forming mammospheres. Taken all together, 

these observations and others provide evidences that in pre-malignant basal-like TNBC, 

the activation of MRTF-A/SRF signalling by P-cad through F-actin regulation is required for 

malignant progression. We believe that these findings open the possibility that targeting of 

this axis could be used as a therapeutic strategy to prevent the progression of a subset of 

pre-malignant basal-like TNBCs.      
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RESUMO 

O Cancro da Mama Triplo-Negativo (TNBC, do inglês Triple-Negative Breast Cancer) é 

o subtipo molecular de cancro da mama com maior taxa de mortalidade devido à sua 

resistência intrínseca e/ou adaptativa aos agentes quimioterapêuticos atualmente 

utilizados na prática clínica bem como à sua heterogeneidade inter- e intra-tumoral. A 

molécula de adesão celular P-caderina (P-cad) é sobre-expressa em TNBC do tipo Basal, 

na maioria dos casos numa fase inicial do desenvolvimento tumoral, o que está 

significativamente associado a pior prognóstico. A sobre-expressão de P-cad promove 

migração in vitro, invasão e capacidade de auto-renovação, bem como capacidade tumoral 

e metastática em modelos in vivo de cancro da mama. Deste modo, a sinalização da P-cad 

pode representar o potencial de delinear um subtipo molecular agressivo de TNBC e 

direcionar para alvos terapêuticos personalizados. No entanto, as vias de sinalização 

envolvidas a jusante da P-cad ainda não foram descritas. 

Usando um modelo de Drosophila com expressão da P-cad humana, o grupo de Janody 

identificou a via de sinalização actina/MRTF-A (do inglês Myocardin-related transcription 

factor A) /SRF (do inglês Serum Response Factor) como efetor da P-cad, a qual liga a 

dinâmica do filamento de actina (F-actina) e as forças mecânicas à transcrição dos genes. 

O principal objetivo deste projeto foi explorar o papel da via de sinalização actina/MRTF-

A/SRF a jusante da P-cad no desenvolvimento tumoral. Para isso, utilizamos a linha celular 

epitelial mamária MCF10A-ER-Src, com ativação condicional do proto-oncogene Src 

cinase, que recapitula os eventos moleculares que ocorrem durante o desenvolvimento de 

TNBC tipo basal após tratamento com Tamoxifeno (TAM). Durante as primeiras 12 horas 

de tratamento com TAM, as células MCF10A-ER-Src pré-malignas acumulam 

temporariamente P-cad e um transgene repórter de Luciferase dependente de SRF, bem 

como F-actina, e adquirem capacidade de proliferarem ininterruptamente, antes da 

aquisição de propriedades malignas, e nós mostramos que também acumulam 

temporariamente MRTF-A durante as primeiras 12 horas do tratamento com TAM. Além 

disso, a inibição da acumulação de F-actina em células pré-malignas usando Latrunculin A 

evita a sobre-expressão temporária do transgene repórter de Luciferase dependente de 

SRF e pode, por sua vez, estabilizar a P-cad e impedir a transformação celular. A inibição 

da atividade do MRTF-A em células pré-malignas usando CCG-203971 também evita a 

sobre-expressão temporária do transgene repórter de Luciferase dependente de SRF e 

impede que as células MCF10A-ER-Src adquiram capacidades de invasão em colagénio 

e de formação de mamosferas. Em suma, estas observações e outras fornecem evidências 

de que no TNBC pré-maligno do tipo basal, a ativação da via de sinalização actina/MRTF-

A/SRF pela P-cad através da regulação da F-actina é necessária para a progressão 
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maligna. Acreditamos que esta descoberta abre a possibilidade de esta via ser usada como 

alvo terapêutico para prevenir a progressão de um subconjunto de TNBCs do tipo basal 

pré-malignos.  
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INTRODUCTION 
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1. General concepts on cancer development 

1.1. Worldwide impact of Cancer disease 

According to the World Health Organization (WHO), Cancer is a genetic disease that 

comprises “a large group of disorders affecting any organ or tissue of the human body” 

(WHO, 2021).  

In 2020, around 19 million new cases of cancer have been diagnosed worldwide (Figure 

1-A). Cancer is the second leading cause of death, preceded by heart diseases, in both 

sexes and all ages (NCHS, 2021), with an estimate of 9.9 million deaths worldwide in 2020 

(Figure 1.B), representing 1 in 6 people deaths (Sung et al., 2021).  

The top 3 most common cancer types diagnosed worldwide are breast cancer, which 

accounts for 2.3 million new cases (11.7%), lung cancer with 2.2 million new cases (11,4%) 

and colorectal cancer with 1.9 million new cases every year (10%) (Figure 1.A). Regarding 

the impact of cancer on mortality rates, Lung cancer is responsible for 18% of all cancer 

deaths, followed by Colorectal cancer (9.4%), Liver cancer (8.3%), Stomach cancer (7.7%) 

and Breast cancer (6.9%) (Figure 1.B).  

Figure 1- Statistics of cancer worldwide: Incidence (A) and mortality (B) distribution of the most 

common types of cancer in 2020 for both sexes and all ages. Adapted from Sung et al., 2021. 
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According to 2020 epidemiological data from the WHO, breast cancer is, worldwide, the 

second cancer with the highest incidence in both sexes, although more prevalent in the 

female gender. When narrowing this analysis to the female gender this is the most incident 

neoplasia, the most prevalent in five years and the one with the highest mortality, which 

makes it probably the most studied cancer in the world (Liga-Portuguesa-Contra-o-Cancro, 

2021; WHO, 2021; Yip et al., 2008). 

1.2. From normal to malignant progression 

The progression from a benign to a malignant phenotype is a complex process that 

starts with the transformation of a normal cell or group of cells. These cells are believed to 

acquire sustained proliferative abilities and an uncontrolled growth, being able to divide 

independently of external signalling, and to become resistant to apoptotic stimuli, allowing 

them to expand (Figure 2 – chart 2) and to ultimately give rise to a benign mass of tissue in 

any part of the human body, in case of a solid tumour, or to an outnumber of circulating 

blood cells in case of a haematological tumour (Saria, 2018; Witsch et al., 2010).  

Although these alterations lead to modifications of the tissue structure, they are not 

always manifestations of a malignant phenotype. Figure 3 shows two of such examples. 

Hyperplasia is a tissue alteration characterized by a faster division rate than normal, which 

leads to overgrowth. Dysplasia is characterized by a modification in the tissue’s 

organization. Although these alterations in the tissue’s structure can evolve to malignancy, 

a malignant phenotype is characterized by a particular tissue morphology (Figure 3), 

showing that not all modifications in the organization of the tissue indicate a malignant 

phenotype (NIH, 2021). 

However, these benign tumours can become malignant with the accumulation of more 

alterations that allow cells to become more aggressive. These cells abnormally differentiate 

and start expressing tumour markers. In addition, they lose contact inhibition, cohesiveness 

and adhesiveness which allows them to invade adjacent tissues (Figure 2 – chart 4) as well 

as to disseminate to the circulatory systems (Figure 2 – chart 5) and to colonize distant 

organs, a process called metastization (Figure 2 – chart 9) (Saria, 2018; Witsch et al., 2010).   
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Figure 2- Schematic representation of cancer development. An alteration called driver mutation 

(1) originates initiated cells, which have the ability to undergo cell cycle control and survive. Then, 

these one’s accumulate further oncogenic mutations and, driven by growth factors, undergo a clonal 

expansion (2) originating carcinomas in situ or intraepithelial neoplasias (3), which are circumscribed 

to that location. They can later acquire invasive properties (4), such as motility, which allow these 

cells to migrate through lymphatic and blood vessels and disseminate (5) to surrounding tissues, 

being able to metastasize in distant organs (9). From Witsch et al., 2010. 

Figure 3- Haematoxylin & Eosin (H&E) staining of normal, hyperplastic, dysplastic and 
malignant breast tissue. H&E staining allows a complete visualization of a tissue’s structure and 
identification of alterations that may or not induce malignancy. Scale bars = 250µm. Adapted from 
Ambekar et al., 2012. 
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1.3. Driver mutations are believed to induce cancer development 

Cancer development is believed to occur primarily through the occurrence of driver 

mutations. These DNA modifications can be gain-of-function mutations in proto-oncogenes 

or loss-of-function mutations in tumour suppressor genes (Lee & Muller, 2010). Mutations 

in proto-oncogenes are translated in oncogenes, whose activity cannot be turned off as it 

happens in normal genes. Conversely, mutations in tumour suppressor genes abrogate the 

activity of these molecules to perform cell cycle control, as well as to induce apoptosis 

(López-Lázaro, 2018; NIH, 2021; Witsch et al., 2010). 

The occurrence of mutations in these genes and progressive accumulation would lead 

to a significant increase in cell proliferation (López-Lázaro, 2018). Malignant progression is 

possible because these cells have the ability to escape cell cycle control and survive 

because they acquire characteristics so called hallmarks of cancer, nominated by Hanahan 

and Weinberg (Hanahan & Weinberg, 2011). Six of these hallmarks, were first described in 

2000 and are the “integral components of most forms of cancer”. Over the years, due to 

important progresses in cancer research, more hallmarks were added being in the total of 

10 hallmarks represented in Figure 4. Also, once these hallmarks were identified, 

researchers have focused on developing new therapies in order to block each of these 

cancer cells advantages (Hanahan & Weinberg, 2011).  

Figure 4- Hallmarks of cancer and current available therapies: these hallmarks of cancer 
constitute characteristics acquired by cancer cells that help them to move through the multistep 
development of cancer. From Hanahan & Weinberg, 2011. 

These genetic alterations can be transmitted to the descendance, which increases their 

risk of developing cancer, hitting cancer as an hereditary disease. In addition, they can also 
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arise sporadically during lifetime due to external factors that induce DNA damage resulting 

in errors in cells division that can originate abnormal malignant cells. Since these 

environmental agents are responsible for inducing carcinogenesis, they are called 

carcinogens. They include exogenous risk factors, which can be chemical (tobacco smoke, 

organic and inorganic chemicals, unbalanced meals and pollution), physical (radiation) or 

biological (virus and bacteria) as well as endogenous risk factors, such as infections, gastric 

reflux, among others, which induce oxidative DNA damage (Montesano & Hall, 2001; NIH, 

2021; Parsa, 2012).  

Carcinogenic development can also be initiated by alterations in epigenetic mechanisms 

which regulate gene expression. Alterations in genes involved in the hypo and 

hypermethylation processes lead to DNA modifications in many important genes such as 

retinoblastoma 1 (RB1), p16, VHL and MLH1, promoting carcinogenesis (Feinberg et al., 

2006). The occurrence of epigenetic alterations in progenitor cells can induce clonal 

expansion, giving rise to a benign tumour. These cells accumulate even more genetic and 

epigenetic alterations which trigger the acquisition of malignant properties (Figure 5).  

Figure 5- Epigenetic development of cancer. An epigenetic mutation in a progenitor cell is 

transmitted to the progeny which further accumulate additional epigenetic alterations that promote 

carcinogenesis. From Feinberg et al., 2006.  

 

2. Breast Cancer 

2.1. Structure of the normal breast tissue 

The human mammary gland (Figure 6) undergoes a morphogenic transformation under 

puberty and originates a complex mature ductal tree that is enclosed by adipocytes, 

fibroblasts and endothelial cells that provide support and coordinate its development. The 

mammary duct presents a polarized layer of luminal epithelial cells surrounding the lumen 

that are responsible for milk production and an external layer of myoepithelial cells that 

provide contact with the basement membrane and are important for milk expulsion from the 

duct (Fu et al., 2019; Hansen & Bissell, 2000). Upon cancer development, the architecture 

of the human mammary gland is modified. 
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Figure 6- Schematic representation of the human mammary gland tissue architecture. 

Adapted from Fu et al., 2019. 

 

2.2. Epidemiology and Risk Factors 

The incidence of breast cancer has been increasing over the years due to several 

factors including an increase in average life expectancy and urbanization (Chen et al., 2017; 

Yip et al., 2008). Data from Globocan show that, in 2020, Portugal contributed to the 

statistics with more than 60 thousand new cases of breast cancer being the second most 

diagnosed type of cancer in our country with an incidence rate of 70.8% for both sexes and 

a mortality rate of 12.7%, which points breast cancer in the top 5 cancer types with higher 

mortality (WHO, 2021).  

Looking at 2020 statistics for breast cancer in Portugal, the rise in breast cancer 

incidence correlates with an increase in average life expectancy. In addition, the majority of 

deaths were reported in women between 40 and 69 years old showing that aging is an 

important risk factor for breast cancer development (Sun et al., 2017; WHO, 2021). As 

breast cancer can be curable for many women when detected early, correctly diagnosed 

and submitted to appropriate treatments (Chen et al., 2017), screening programs were 

implemented. In Portugal, the Portuguese Association for Breast Cancer (Liga Portuguesa 

Contra o Cancro) took over this responsibility by encouraging mammography for women 

between 50 and 69 years old, every two years, assessed by two radiologists. In case of 

suspicion, women are referred to a hospital unit to perform ultrasounds that allows better 

visualization and diagnosis (Liga-Portuguesa-Contra-o-Cancro, 2021). 

Family history is another important risk factor for breast cancer as women, whose 

mother or sister had a breast cancer, are more prone to develop this disease. Inheritable 

mutations in the BRCA 1 and 2 genes are well known genetic alterations that increase the 

susceptibility to develop breast cancer (Sun et al., 2017). In addition, “early menarche, late 
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menopause, late age at first pregnancy and low parity” are reproductive factors that 

contribute to increase the risk of developing breast cancer, as well as particular lifestyles 

including excessive alcohol intake or high levels of fat included in the diet. Although oral 

contraceptives are not described to potentiate the development of breast cancer, they 

constitute an external source of estrogen that, together with internal production from 

ovaries, may lead to higher levels of this hormone in the body, which is associated with a 

higher risk of developing breast cancer (Sun et al., 2017). 

2.3. Breast cancer classification 

Breast cancer is a very heterogeneous disease. This heterogeneity is observed 

between different individuals, referred to inter-tumour heterogeneity. Since heterogeneity is 

reflected in breast cancer diagnosis, prognosis and therapy response, it is important to have 

an uniformized organization of these subtypes (Malhotra et al., 2010; Turashvili & Brogi, 

2017). 

2.3.1. Histological classification  

The histological classification of breast cancer is a simple and low-cost methodology, 

subdivided into two complementary analyses. The first evaluation classifies these cancers 

based on their histological type (in situ or invasive tumours) and grade (low- and high-grade 

tumours). In situ are non- or pre-invasive tumours that do not show infiltration, stromal 

invasion or diffusion below the basement membrane. When tumours acquire these 

capabilities, they are classified as invasive carcinomas. Low grade tumours are more alike 

normal breast tissue regarding their levels of tissue differentiation, which is indicative of a 

better prognosis. In opposite, high grade tumours display low levels of tissue differentiation. 

They have a worse prognosis and may require a more aggressive treatment (Ades et al., 

2014; NIH, 2021). The histological classification of breast cancer can also be performed 

through a one-digit hierarchical code, an approach that stages tumours based on specific 

morphological or cytological patterns that are associated with clinical outcomes (NIH, 2021; 

Rakha et al., 2010; Weigelt et al., 2010).  

2.3.2. Molecular classification 

“Microarray-based gene expression analysis and unbiased hierarchical clustering” 

permitted to propose a molecular classification of breast cancer, which help to differentiate 

tumours in terms of treatment and prognosis. Although these molecular analyses allowed a 

better classification of each patient’s tumour, these are high-price methodologies. For that 

reason, in clinical practice, only a panel of 50 genes (PAM50) are nowadays analysed, 

which allows to discriminate between five intrinsic molecular subtypes, defined as Luminal 
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A, Luminal B, HER2-positive, Claudin-Low and Triple-Negative (Table 1), based on the 

expression of the Estrogen Receptor (ER), Progesterone Receptor (PgR) and Human 

Epidermal Growth Factor 2 (HER2) (Malhotra et al., 2010). 

 Molecular markers Histological grade Prognosis 

Luminal A ER+, PgR+, HER2- Low grade Good 

Luminal B ER+, PgR+, HER2+ High grade Poor 

HER2 positive ER-, PgR-, HER2+ High grade Poor 

Claudin-Low ER-, PgR-, HER2- High grade Poor 

Triple-negative  ER-, PgR-, HER2- High grade Poor 

Table 1- Molecular classification of breast cancer. This classification integrates the heterogeneity 

observed in breast cancer in five subtypes with different treatment approaches according to their 

differential expression of three molecular markers. From Malhotra et al., 2010.  

Luminal breast cancer is the most common breast cancer subtype (Pandit et al., 2020) 

and can be classified into A and B. Both subtypes express ER and PgR but only luminal B 

tumours are positive for HER2 expression (Ades et al., 2014). Regarding their histological 

grade, luminal A tumours are described as low grade with a good prognosis while luminal 

B tumours display high grade characteristics associated with poor prognosis. Since both of 

these subtypes express ER, an hormonal or endocrine therapies can be used to block the 

ovarian production of estrogen or the activity of the ER in tumour cells (Drăgănescu & 

Carmocan, 2017).  

HER2-positive are highly aggressive breast cancers representing 11 to 30% of all breast 

cancers and are characterized by one of the following: an overexpression of HER2 or an 

amplification of the HER2 gene. Given this, patients with this subtype of breast cancer 

benefit from therapies that block the activity of this overexpressed protein, which can include 

monoclonal antibodies, tyrosine kinase inhibitors or antibody-drug conjugates against 

HER2 (Schettini et al., 2020; Vernieri et al., 2019).  

Claudin-Low breast cancer was later integrated in the molecular classification of breast 

tumours, constituting 1.5 to 14% of all breast cancers and is characterized by a low 

expression of genes involved in cell-cell adhesion but a higher expression of genes involved 

in Epithelial-to-Mesenchymal Transition (EMT) and stemness such as vimentin. These 

tumours lack expression of ER, PgR and HER2, which is reflected in their poor prognosis 

(Fougner et al., 2020; Malhotra et al., 2010; Prat et al., 2010).  

Triple Negative Breast Cancer (TNBC) constitutes about 15 to 20% of all breast cancers. 

This subtype is more frequent in young and pre-menopausal African and African-American 

women and is strongly associated with increased parity, early stage of menarche and first 

full-term pregnancy before the age of 26. TNBCs are described by the absence of 



10 
 

expression of ER, PgR and HER2 overexpression, high aggressiveness and poor 

prognosis. In addition, they are characterized by the expression of basal-localized markers 

such as structural proteins (basal cytokeratins - CK, vimentin, fascin, nestin, moesin and 

Epidermal Growth Factor Receptor - EGFR), cell adhesion molecules (osteonectin, 

osteopontin, laminins, α6β4 integrin, P-cadherin, CD44, CD280, c-Met and CD146) and of 

transcription factors (c-Myc, Sox2, FOXC1/2, E2F-5, YB-1, p-JNK, p63 and p53), which are 

candidate biomarkers for this aggressive subtype of breast cancer (Alluri & Newman, 2014; 

Choo & Nielsen, 2010; Toft & Cryns, 2011; Yadav et al., 2015).  

2.4. Triple-Negative Breast Cancer: the kiss of death 

Contrarily to other breast cancer subtypes, TNBC does not have a targeted therapy 

which severely limits the treatment options that can be offered to these patients. 

Combinatorial chemotherapy is the standard neoadjuvant treatment to decrease tumour 

size following surgery. However, less than half of patients achieve pathological complete 

response. This is likely due to the heterogenous nature of TNBCs, not only between TNBC 

tumours (inter-tumour heterogeneity) but also within TNBC tumours (intra-tumour 

heterogeneity). 

2.4.1. Inter-tumour heterogeneity 

Although the TNBC subgroup is considered a single entity based on 

immunohistochemistry (IHC) and histopathological studies, molecular profiling has revealed 

an unexpected level of heterogeneity between TNBCs with up to 10 distinct subtypes. 

Among those, the basal-like subtype accounts 50 to 75% of cases. They are characterized 

by the expression of genes identifying normal basal and myoepithelial cells. In addition, a 

large majority of TNBCs carry mutations in the BRCA1 gene or have a defective DNA repair. 

Those can belong to the basal-like subgroup or to other subgroups. Thus, TNBC appears 

to comprise different disease entities, that urgently need to be stratified in order to identify 

relevant molecular targets for distinct TNBCs and develop novel therapies targeting 

specifically each of these diseases (Garrido-Castro et al., 2019; Lee & Muller, 2010; Marra 

et al., 2020; Toft & Cryns, 2011; Yin et al., 2020).  

2.4.2. Intra-tumour heterogeneity 

In addition, a patient’s primary tumour and individual metastases can display enormous 

diversity of tumour cell populations. These cells can display differences in their genetic 

profiles, epigenome/transcriptome and proteome signatures, migration and invasion 

capabilities, proliferation, stemness and intrinsic cell plasticity. This intrinsic cell 

heterogeneity could be caused by clonal selection of individual cancer cells with distinct 
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genetic and/or epigenetic alterations (da Silva-Diz et al., 2018). In addition, a sub-population 

of multipotent cancer cells, defined as Cancer Stem-like cells (CSCs) or tumour-initiating 

cells, could give rise to all cell types that constitute a tumour, originating a “phenotypic copy 

of the original tumour”. Although the exact location of these cells is not known, they appear 

to represent a very low percentage of cells constituting the tumour. This small subpopulation 

of cells was first described in the 1990’s in human acute leukaemia and then identified by 

many other researchers in solid tumours, including breast cancer (Nassar & Blanpain, 2016; 

Toh et al., 2017). These cells are characterized for their self-renewal capability: they can 

divide asymmetrically, originating a daughter cell that maintain a self-renew ability, as well 

as a daughter cell that differentiate into a neoplastic cell (Atashzar et al., 2020; Pattabiraman 

& Weinberg, 2014; Toh et al., 2017; Toledo-Guzmán et al., 2018). Conversely, in some 

tumours and in cancer cell lines, non-CSCs can convert into CSCs under certain conditions 

(Visvader & Lindeman, 2012), indicating that CSCs and non-CSCs do not exist in static 

states but instead are highly plastic, being able to interconvert into one another state. 

While non-CSCs are efficiently eliminated by currently available chemotherapeutic 

treatment, CSCs appear to have a low sensitivity to these treatment options. These small 

CSC cell populations that are capable to survive treatment have been proposed to 

reconstitute the tumour of origin, driving tumour recurrence (Figure 7) (Nassar & Blanpain, 

2016). 

Figure 7- Therapeutic effect on non and CSCs. Only non-CSCs are eliminated in response to 

standard therapeutic options. Following treatment, remaining CSCs have the ability to drive tumour 

growth ultimately inducing relapse. From Nassar & Blanpain, 2016. 

It is currently accepted that failure to eradicate this sub-population of cells severely limits 

the ultimate effectiveness of many current cancer therapies (Rossi et al., 2020). Thus, CSCs 

are considered critical targets for an important new generation of strategies to overcome 

cancer. However, little is known on the molecular pathways driving CSC phenotypes. They 

express characteristic proteins which constitute markers for their identification. Higher 

expression of the receptor for hyaluronic acid (CD44) and loss of expression of the heat-

stable antigen (CD24) are the most reported breast CSC markers in the literature. They are 

transmembrane proteins that bind to the ExtraCellular Matrix (ECM) and regulate cell 
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adhesion. Aldehyde dehydrogenase 1 (ALDH1) has also been proposed as a breast CSC 

marker together with Prominin-1 (CD133), β1-integrin (CD29), α6-integrin (CD49f) and β3-

integrin (CD61). Yet, there is no consensus for CSC markers, even within the same 

molecular subtype. Moreover, the same tumour can harbour distinct populations of CSCs 

(Schmitt et al., 2012).  

3. Cell Adhesion Molecules 

Many of the stemness markers commonly used to identify populations of CSCs are 

actually Cell Adhesion Molecules (CAMs) (Farahani et al., 2014). CAMs are transmembrane 

proteins that are intimately linked to the actin cytoskeleton and play a crucial role in 

mediating cell-to-cell and cell-to-ECM anchoring and in functioning as transmitters of 

extracellular cues inside the cell (Samanta & Almo, 2015).  

CAMs are classified in four main subtypes (integrins, selectins, immunoglobulin-like 

CAMs and cadherins) according to their structural differences as well as their binding 

partners (Figure 8) (Harjunpää et al., 2019; Lewczuk et al., 2019; Samanta & Almo, 2015). 

Integrins are heterodimeric calcium-dependent transmembrane proteins that bind to 

components of the ECM through their glycoprotein receptors. The human genome contains 

18 α and 8 β integrins (Takada et al., 2007), which heterodimerize forming many 

combinations that regulate different types of signalling (Figure 8.A). Selectins are a family 

of lectins that recognize carbohydrates (glycoproteins and glycolipids) from the cell surface, 

therefore mediating cell-cell adhesion. They can be subdivided in P, E and L-selectins 

according to the cell types in which they were found (platelets, endothelial cells or 

leukocytes), their binding being responsible for the “initial stage of the rolling cell adhesion 

cascade” (Figure 8.B). Immunoglobulin (Ig)-like CAMs are characterized by the presence 

of a compact Ig-fold, playing a major role in numerous biological processes (Figure 8.C) 

(Francavilla et al., 2009; Harjunpää et al., 2019; Lewczuk et al., 2019; Samanta & Almo, 

2015). 

3.1. Cadherins classification 

Cadherins, the most studied group of CAMs, are calcium (Ca2+)-dependent single pass 

cell transmembrane proteins, which are responsible for intercellular cell-cell adhesion as 

well as maintenance of normal tissue’s architecture, development of critical embryogenesis 

steps and the “maintenance of cell polarity, tissue integrity and homeostasis” in mature 

tissues. The mammalian genome translates more than 20 subtypes of cadherins, each of 

them being responsible for different functions. This group is subdivided in two main classes: 

classical and non-classical cadherins. Classical cadherins are epithelial (E-), placental (P-) 

and neural (N-) cadherin, according to their specificity to each type of tissue. These 
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homophilic molecules interact with catenins through their cytoplasmic domain (Figure 8.D) 

and are also related to “specific junctional structures” denominated adherent junctions (AJ). 

These AJs are assembled through formation of a zipper-like conformation between 

cadherins, which is essential for the link between the actin cytoskeleton of adjacent cells 

(Francavilla et al., 2009; Harjunpää et al., 2019; Kaszak et al., 2020; Lewczuk et al., 2019; 

Samanta & Almo, 2015). 

Despite the fact that classical cadherins are the most studied ones, mainly due to their 

link to carcinogenic development, cadherins also comprises non-classical cadherins, 

including desmossomal, atypical and protocadherins, which have several binding partners, 

perform different functions and present no homology to classical cadherins (Francavilla et 

al., 2009; Saito et al., 2012).   

Figure 8- Schematic representation of the domains that constitute (A) integrins, (B) selectins, 

(C) immunoglobulin-like CAMs and (D) cadherins. Adapted from Francavilla et al., 2009. 

3.2. E-cadherin 

E-cadherin (E-cad) was the first described cadherin in normal and pathological 

conditions that started with Takeichi in 1977. Later, when other cadherins were described, 

it received the designation E-cad from its epithelial localization (Takeichi, 1977; van Roy & 

Berx, 2008). This protein is encoded by the CDH1 gene, which encompasses a 
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transmembrane domain, a cytoplasmatic domain and an ectodomain (van Roy & Berx, 

2008). 

As a cadherin, E-cad mediates Ca2+-dependent cell adhesion and the assembly of cell 

junctions mainly AJs (Mendonsa et al., 2018). 

3.2.1. E-cadherin function in normal cells 

E-cad function in normal cells starts from embryonic development as Fleming et al. have 

described its role in the adhesion of blastomeres and the compaction of early embryos 

(Fleming et al., 1992; Wong et al., 2018).  

In normal epithelial cells, E-cad plays an important role in the assembly of AJs between 

two neighbouring cells. This cadherin binds to the armadillo domain of β-catenin, which 

interacts with the N-terminal domains of αE-catenin, originating the CCC complex. In turn, 

the vinculin homology domain 3 (VH3) of αE-catenin at the C-terminal end allows the 

interaction with the actin cytoskeleton, thus “mediating the organization and tethering of 

actin filaments at the zones of E-cad mediated cell-cell contact” (Mendonsa et al., 2018; 

Rimm et al., 1995; van Roy & Berx, 2008; Wong et al., 2018). E-cad has an important 

adhesive function, being responsible for holding the cell together, allowing its anchorage 

and interaction with other cells and promoting contact inhibition of proliferation (Knudsen & 

Wheelock, 2005). In the mammary tissue, E-cad is expressed in the luminal epithelial layer 

facing the lumen, where it is required for differentiation, cell survival, epithelial architecture 

and milk production (Knudsen & Wheelock, 2005). 

3.2.2. E-cadherin function in breast cancer 

Because E-cad plays a major role in the adhesion between epithelial cells, its loss has 

been described to be associated with the induction of EMT, characterized by the loss of 

cell-cell adhesions and polarity and the acquisition of a mesenchymal phenotype promoting 

cancer cell migration and invasion into distant tissues. In addition, loss of E-cad or disruption 

of the E-cad-β-catenin complex, for example through phosphorylation, leads to the 

translocation of β-catenin to the cytoplasm where it activates several signalling pathways, 

promoting cancer development. Accordingly, E-cad loss has been associated with patient 

poor survival, not only in breast cancer (Horne et al., 2018) but also in other types of cancer 

as gastric (Xing et al., 2013) and colon cancers (Jie et al., 2013) (Baranwal & Alahari, 2009; 

Horne et al., 2018; Wong et al., 2018).  

In this context, E-cad act as a tumour suppressor. Consequently, breast cancer cells 

that do not express E-cad develop malignancy (Baranwal & Alahari, 2009; Horne et al., 

2018). Studies performed by Mbalaviele et al. have shown that re-expressing E-cad in 
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breast cancer cells prevented the formation of bone metastasis by circulating breast cancer 

cells, which reassures its role as a tumour suppressor (Mbalaviele et al., 1996; Mendonsa 

et al., 2018).  

Loss of E-cad can be a consequence of genetic and/or epigenetic alterations, including 

mutations in the coding sequence of the CDH1 gene and loss of heterozygosity (Wong et 

al., 2018). Some therapeutic approaches have been developed to target this prognostic 

marker and ultimately prevent tumourigenic development, such as α-solanine, which 

induces E-cad expression playing a major role in blocking EMT and metastatic process 

(Bruner & Derksen, 2018; David & Rajasekaran, 2012; Kaszak et al., 2020).  

Although E-cad’s role as a tumour suppressor has been well established, recent studies 

provide evidences that E-cad may also have a promoting role in tumour progression. Thus, 

E-cad has been shown to support intravasation and tumour cell survival in inflammatory 

breast carcinoma. Accordingly, most breast ductal carcinomas consistently express E-cad 

both in the primary tumour and in metastatic cells (Rodriguez et al., 2012). 

3.3. P-cadherin 

The classical cell adhesion molecule P-cadherin (P-cad) “was the third classical 

cadherin to be identified”, being described for the first time by Nose and Takeichi in 1986, 

in developing mouse embryos, where they observed that this Ca2+-dependent protein “plays 

a role in the implantation and morphogenesis of embryos by providing cells with 

heterogenous adhesive specificity” (Nose & Takeichi, 1986; Paredes et al., 2007).  

Although P-cad shares above 67% homology with E-cad, it is poorly characterized. The 

CDH3 gene, which encodes for P-cad is shaped by 16 exons (Figure 9). The mature P-cad 

protein, composed of an extracellular, a transmembrane and an intercellular domain, allows 

interaction between cells through the formation of zipper-like structures (Albergaria et al., 

2011).  
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Figure 9- Schematic representation of P-cad domains. P-cad, codified by CDH3 gene, is required 

to establish cell-cell contact through the interaction of several intra and extracellular domains. From 

Albergaria et al., 2011.  

P-cad is mainly localized in the basal myoepithelial layer of the human mammary gland, 

where this protein promotes cell-cell adhesion. In normal cells, P-cad is partially co-localized 

with E-cad (Paredes et al., 2007; Paredes et al., 2012; Vieira & Paredes, 2015).  

3.3.1. P-cadherin function in normal cells 

Like other cadherins, P-cad functional effect requires the formation of a cadherin-

catenin complex, which is critical for the connection with the actin cytoskeleton and the 

maintenance of the structural integrity of epithelial tissues (Albergaria et al., 2011).   

As just mentioned, P-cad plays an important role in tissues development, mainly in the 

development of the mammary gland (Albergaria et al., 2011; Paredes et al., 2007). To 

determine its function, scientists have performed over the years inactivation studies using 

mice models which led to the discover that P-cad plays an important role in normal 

mammopoiesis: the normal development of the mammary gland, where it is required to 

prevent precocious mammary gland differentiation and to reduce the risk of developing pre-

neoplastic lesions. Furthermore, this protein also maintains an “undifferentiated state of the 

normal mammary gland” by preventing the growth of mature luminal epithelial cells, which 

suggests that this protein can identify cells with stemness properties and plays a role in 

promoting a stemness phenotype. Other authors have come up to the conclusion that the 

expression of this Ca2+-dependent molecule is critical for the “maintenance of normal breast 

epithelial architecture” since it prevents mammary epithelial cells migration (Vieira & 

Paredes, 2015). All these functions have been associated to full length P-cad associated to 

the cellular membrane. In addition, P-cad ectodomain can also be cleaved to give rise to a 
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soluble form found in human breast milk (Vieira & Paredes, 2015), although the role of this 

processed P-cad form in normal breast tissues is not yet fully understood. 

3.3.2. P-cadherin function in cancer 

Depending on the context, P-cad acts either as a tumour suppressor or as an 

oncogene. In some tumours, like non-small cell lung cancer or melanoma, P-cad has been 

described as a tumour suppressor, as re-expressing P-cad in cellular models of melanoma 

or of lung carcinoma promotes the re-assembly of cell-cell contacts and prevents invasion 

in vivo. In contrast, in other tumours, like, among others, gastric, endometrial, colorectal 

and breast cancers, P-cad has been described to act as an oncogene, since its over-

expression in these tumours correlates with invasion and higher aggressiveness and, 

therefore, patient’s poorer survival (Paredes et al., 2007; Vieira & Paredes, 2015).  

Immunohistochemistry studies have shown that P-cad is aberrantly expressed in 

around 30% of human breast carcinomas (Paredes et al., 2007), being aberrantly 

overexpressed in the earliest stages of cancer development (Hardy et al., 2002; Vieira & 

Paredes, 2015). Consistent with this finding, Joana Paredes lab has shown that P-cad 

overexpression is associated with higher histological grade tumours, being highly enriched 

in basal-like TNBC, independently from tumour size, lymph node metastasis and 

angiogenesis (Paredes et al., 2005; Paredes et al., 2007; Paredes et al., 2002; Paredes et 

al., 2004). The aberrant expression of this protein is significantly associated to a worse 

disease-free and overall patient survival (Paredes et al., 2007; Peralta Soler et al., 1999). 

Thus, P-cad constitutes a molecular marker for these highly aggressive subtypes of breast 

cancers. 

P-cadherin overexpression has been shown to promote in vivo cell migration, 

invasion and self-renewal potential, as well as tumourigenic and metastatic capacity in in 

vivo breast cancer models (Ribeiro et al., 2010; Ribeiro et al., 2013; Vieira et al., 2014). 

Vieira et al. have shown that in breast cancer cells, P-cad overexpression is directly 

correlated with the expression of stem cell markers, including CD44, CD49f and aldehyde 

dehydrogenase, and that expressing P-cad in the luminal breast cancer cell line MCF7 

increases in vitro mammospheres-forming efficiency and capacity to grow colonies in three-

dimensional cultures. Conversely, knocking down P-cad in the basal-like breast cancer cell 

line BT-20 has the opposite effect (Vieira & Paredes, 2015; Vieira et al., 2014; Vieira et al., 

2012). In addition, P-cad promotes cell motility, cell migration, as well as invasion capacity 

through Matrigel in breast cancer (Ribeiro et al., 2010). 

Because P-cad appears a critical player of the aggressiveness of Basal-Like Breast 

Cancer (BLBC), it has received a lot of attention over the years, with the main goal of trying 
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to understand which signalling pathways activated by P-cad can possibly explain the 

acquisition of malignant phenotypes and the development of breast cancer stemness 

phenotypes. Ribeiro et al have reported that, to induce breast cancer cell invasion and 

tumourigenicity, P-cad requires the co-expression of E-cad. In these cells, P-cad disrupts 

the complex between E-cad and catenins, inhibiting E-cad’s tumours suppressor function. 

These observations also open the possibility that P-cad converts the tumour suppressor 

function of E-cad into a tumour promoting one (Ribeiro et al., 2013). Consistent with these 

observations, tumours that present a simultaneous overexpression of P- and E-cad harbour 

a poorer prognosis (Peralta Soler et al., 1999).  

In addition, the Paredes’ lab has shown that P-cad modulates the expression of 

α6β4 integrins, which promote the acquisition of stemness properties downstream of P-cad 

(Vieira et al., 2014). In addition, P-cad overexpression increases in vivo tumourigenic ability, 

as well as in vitro cell invasion, by activating Src family kinase (SFK) signalling (Ribeiro et 

al., 2018). Src might also be critical for P-cad to affect cell morphology and the actin-myosin 

network, as inhibition of SFK signalling, using Dasatinib, revealed that P-cad induces a 

decrease in cell-cell adhesion and cell stiffness (Ribeiro et al., 2016). According to a role of 

P-cad in controlling the actin cytoskeleton, in breast carcinomas that co-express P- and E-

cad, p120-catenin (p120ctn) is lost at the cell membrane and accumulates in the cytoplasm, 

which once in the cytoplasm has been shown to activate Rho-GTPases, altering actin 

cytoskeleton polymerization and promoting cell motility (Cheung et al., 2010; Ribeiro et al., 

2013; Taniuchi et al., 2005). 

However, we still do not have a complete picture of the molecular pathways that 

trigger tumourigenic capacity downstream of P-cad. 

 

4. The actin cytoskeleton 

The actin cytoskeleton is a multifunctional system that plays a major role in cell 

physiology, mediating various important cellular processes, such as controlling cell 

morphology, polarity, allowing cells movement and changes in cell shape (Blanchoin et al., 

2014).  

4.1. Actin cytoskeleton dynamics 

Actin is one of the most abundant and highly conserved proteins in eukaryotes, which 

exists in a cell in two main forms: monomeric globular actin (G-actin), and polymeric 

filamentous actin (F-actin). Polymerization occurs predominantly by extension of the fast-

growing barbed ends of the filaments, while filaments are disassembled by loss of 
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monomers from the slow-growing pointed ends. In vitro, actin polymerization can occur de 

novo through a thermodynamical process, starting from G-actin, which undergoes a 

nucleation step originating actin dimers and trimers (Figure 10). These trimers can rapidly 

elongate and originate actin filaments, an assembly process that occurs through ATP 

hydrolysis at a higher rate at the barbed end of the filament (Blanchoin et al., 2014).  

Figure 10- Schematic representation of actin filament polymerization. F-actin assembly is a 

process by which actin monomer (G-actin) are polymerized in actin filaments (F-actin) through 

hydrolysis of ATP. Adapted from Blanchoin et al., 2014. 

F-actin occurs in many different forms: as cortical actin found in all cells, as bundled or 

branched assembles building up filopodia and lamellipodia, as thin filaments found in 

muscle sarcomeres, and many more. Each of these particular networks is likely to have 

specialized function within the cell. In cells, the assembly and disassembly of actin 

filaments, and also their organization into functional higher-order networks, is regulated by 

a plethora of actin-binding proteins (ABPs). Some ABPs link filaments to one another or to 

other organelles within the cell. Others, such as myosin motor, use actin filaments as tracks 

upon which to move vesicles and organelles. In addition, many regulate the proper cycle of 

polymerization and depolymerization of actin filaments. Actin nucleating factors control the 

rate, extent and spatial pattern of actin polymerization. The first described actin nucleator 

was the Arp2/3 complex, a complex of 7 proteins (Arp2, Arp3 and ArpC1-5) that interacts 

with actin filaments and allows the assembly of a branched actin network through the 

polymerization of daughter filaments from the side of an already existing filament, 

generating forces required for cell movement and cell shape changes. Unlike the Arp2/3 

complex, all other known actin nucleators produce unbranched filaments. Formins allow the 

assembly of several structures as actin stress fibres through the high affinity binding of their 

FH2-domain to the barber ends of actin filaments. WH2 domain-containing actin nucleators, 

which includes Spire, allow elongation of free barbed ends through interaction of its tandem 

actin-monomer binding domains with the actin monomers (Blanchoin et al., 2014; 

Chesarone & Goode, 2009). 

4.2. Role of the actin cytoskeleton in cancer 

Actin and ABPs are involved in all stages of carcinogenesis. The actin cytoskeleton 

plays an important role in the EMT process and in the acquisition of motility capabilities by 
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cancer cells. These processes are triggered by chemotactic stimuli that promote the 

protrusion of several cells through the assembly of protrusive actin structures, including 

filopodia, lamellipodia and invadopodia, which are prerequisite for morphological 

alterations, migration and invasion to adjacent tissues of cancer cells (Yamaguchi & 

Condeelis, 2007).  

The actin cytoskeleton is also a central contributor of the CSC and non-CSCs states. 

Studies in different cancers had demonstrated that reducing actin-myosin contractility, 

strongly promotes stem cell characteristics. Liu et al. have shown, using an inhibitor of Rho 

kinase, that dysregulation of the actin cytoskeleton is responsible for cells’ stemness 

reprogramming (Liu et al., 2012; Ohata et al., 2012; Watanabe et al., 2007). Moreover, actin 

deregulation is a main transcriptional signature of human myeloma cell lines resistant to 

chemotherapeutic inhibitors against Histone deacetylase. Combinatory treatment with 

agents targeting the actin cytoskeleton can overcome this resistance (Mithraprabhu et al., 

2014). Among ABPs involved, the bundling protein Fascin is a likely candidate, as it is 

involved in breast cancer chemotherapeutic resistance (Ghebeh et al., 2014). 

One way by which the actin cytoskeleton can trigger the emergence of these cancer 

phenotype is by controlling the activity of signalling pathways, including Ras-MAPK, PI3K, 

NF-kB and the Hippo signalling pathways (Kustermans et al., 2008). The canonical Hippo 

pathway consists of the MST (sterile 20-like kinase) kinases, which activate the LATS1/2 

(large tumour suppressor, Warts-) kinases through phosphorylation. In turn, LATS 

phosphorylates the transcriptional co-activators YAP and TAZ, thereby, limiting their nuclear 

import. In contrast, when the Hippo pathway is deactivated, YAP and TAZ translocate into 

the nucleus where they drive gene expression in complex with transcription factors, such 

as TEA-domain containing sequence specific transcription factors (TEAD), promoting the 

development of malignancy, including cell proliferation and survival, the acquisition of 

stemness properties and EMT as well as cancer cells’ resistance to treatment (Plouffe et 

al., 2016; Shreberk-Shaked & Oren, 2019; Zheng & Pan, 2019).  

Several studies have demonstrated that alteration of actin dynamics has a strong impact 

on the activity of YAP/TAZ. For example, inducing F-actin accumulation promotes nuclear 

enrichment of YAP/TAZ. Conversely, treating cells with F-actin-disrupting agents causes 

retention of YAP/TAZ in the cytoplasm in many cellular contexts (Seo & Kim, 2018). Actin 

dysregulation has also been described as an activator of Wnt signalling pathway in human 

mammary cells, promoting cells proliferation and EMT (Xuan Zhang, 2017).  
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5. The MRTF-SRF signalling pathway 

5.1. Regulation of MRTF by actin 

Actin is also a major regulator of the localization and activity of Myocardin-Related 

Transcription Factors (MRTFs) (Figure 11). This family of co-transcription factors include 

three members: myocardin is expressed in cardiac smooth muscle cells, MRTF-A (also 

known as MKL1 or Megakaryocytic Acute Leukaemia – MAL) is the most ubiquitously 

expressed in mammals and MRTF-B. MRTFs contain, in their N-terminal region, RPEL 

(arginine-proline-glutamine-leucine consensus sequence containing) motifs, that include 

two or three actin-binding motifs, which are critical for the interaction with G-actin 

monomers, overlapping with a nuclear localization signal (Gasparics & Sebe, 2018; Gau & 

Roy, 2018; Posern & Treisman, 2006). The B region contains a Nuclear Localization Signal 

(NLS) and is therefore important for its accumulation in the nucleus. In contrast, the Q region 

is required to promote the nuclear export of MRTFs into the cytoplasm and the binding to 

the transcription factor Serum Response Factor (SRF). All the members of this family also 

contain an SAP domain: a putative DNA binding domain found in other nuclear proteins, 

which allows MRTFs to transcribe gene expression independently of SRF, as well as a 

Leucine zipper domain and a transactivation domain (TAD) (Gasparics & Sebe, 2018; Pipes 

et al., 2006; Wang et al., 2001). 

While myocardin is exclusively localized in the nucleus due to divergent RPEL motifs 

that have a lower affinity for actin, the cytoplasm-nuclear shuttling of MRTF-A and B is tightly 

controlled by actin. In resting conditions, G-actin binds to the MRTF RPEL motifs, which 

occludes the NLS, preventing its recognition by the importin-α/β heterodimer and thus 

blocking nuclear import of MRTF-A. In the presence of mitogenic signals or mechanical 

stimuli, activation of Rho-GTPase promotes actin polymerization, which reduces the pool of 

G-actin in the cells. This allows MRTF dissociation from G-actin, the access of the NLS by 

the importin-α/β heterodimer, which will translocate MRTF-A to the nucleus (Figure 12) 

(Gasparics & Sebe, 2018; Gau & Roy, 2018; Sidorenko & Vartiainen, 2019).  



22 
 

Besides MRTF-A regulation by cytoplasmic actin pools, nuclear actin also plays a key 

role in the regulation of this co-transcription factor. Although MRTF-A translocation to the 

nucleus is required for MRTF-A-dependent SRF transcriptional activity, it was shown that it 

is not sufficient. Indeed, nuclear actin plays a major role in this process since MRTF-A needs 

to be free in the nucleus to promote SRF transcriptional activity as actin-monomer binding 

inhibits this process under a mechanism that is not yet well understood (Sidorenko & 

Vartiainen, 2019).  

Figure 11- Schematic representation of the structural domains of MRTF family members, 

whose function is referred in the main text. From Pipes et al., 2006 
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Figure 12- Schematic representation of the MRTF/SRF signalling pathway. MRTF activity is 

promoted by a decrease in the concentration of actin monomers in the cytoplasm which trap this co-

transcription factor. Binding of growth factors to their corresponding receptors leads to Rho-GTPase 

activation and nuclear translocation of MRTF, which binds to SRF and induces the expression of 

SRF target genes. Conversely, an increase in the concentration of actin monomers traps MRTF in 

the cytoplasm blocking its activity. Adapted from Gau & Roy, 2018. 

MRTF can also interact with YAP, a downstream effector of the Hippo pathway. This 

interaction allows MRTF to recruit the NcoA3 transcriptional activator to the YAP/TAZ-TEAD 

transcriptional complex and potentiate its transcriptional activity, promoting invasion and 

metastasis (Kim et al., 2017). 

In addition, MRTF can act independent of SRF and bind directly to DNA. Asparuhova et 

al. were the first to describe that MRTF-A can act independent of SRF through its SAP 

domain, which binds to DNA and induce transcriptional activity independent of SRF 

(Asparuhova et al., 2011).  

 

5.2. Role of MRTF-A in cancer 

MRTF-A is a well described promotor of malignant progression as inducer of tumour cell 

invasion and metastization in many types of cancers, including breast cancer, where its 

overexpression is responsible for cell growth and ultimate patient poor survival (Medjkane 

et al., 2009; Seifert & Posern, 2017). Medjkane et al. have shown that MRTF-A depletion 
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reduces cell motility, indicating a key role of MRTF-A in promoting breast cancer cells 

invasion (Medjkane et al., 2009). The role of MRTF-A in cancer cell migration can be exerted 

through the SRF (Medjkane et al., 2009) or the YAP/TAZ-TEAD transcription factors (Kim 

et al., 2017). MRTF-A can also induce a stemness phenotype through interaction with SRF 

(Ikeda et al., 2018) or YAP/TAZ-TEAD (Plouffe et al., 2016; Shreberk-Shaked & Oren, 2019; 

Zheng & Pan, 2019). In addition to cell migration and stemness abilities, MRTF-A also 

promotes cell proliferation independently of its interaction with transcription factors through 

direct binding to DNA through its SAP domain (Gurbuz et al., 2014). Taken together, these 

observations demonstrate the importance of MRTF-A regulation by actin dynamics in the 

development of malignant phenotypes. 

 

6. The MRTF/SRF could be a downstream P-cad effector in breast cancer 

cells 

6.1. A humanized Drosophila model identified MRTF/SRF as a downstream 

P-cad effector 

In order to investigate possible molecular pathways downstream of P-cad that could be 

responsible for the acquisition of tumourigenic phenotypes, the Janody’s group, in 

collaboration with Eurico Morais de Sá’s team, has generated a transgenic Drosophila 

melanogaster model carrying human P-cad inducible with the Gal4-UAS system that allows 

to temporal and spatial control P-cad expression during fly development.  

When induced in GFP-expressing clones of cells from the follicle epithelium, human P-

cad co-localizes with the fly E-cad (DE-cad) apically, concentrating specifically at the 

cellular membranes juxtaposed to other P-cad expressing cells (Figure 13 – upper panels). 

Cross section through the wing disc epithelium shows that P-cad also accumulated apically 

with DE-cad when expressed with the nubbin-Gal4 (nub-Gal4) driver (Figure 13 – bottom 

pannels). Thus, human P-cad is also able to establish trans junctional homophilic 

interactions in the fly epithelia. 
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Figure 13- Human P-cad co-localizes with Drosophila (D) E-cad in Drosophila epithelia. (A) 
Standard confocal sections (top panels) or (B) cross sections (bottom panels) of third instar wing 
imaginal discs carrying a GFP knock in into the DE-cad locus (cyan) and expressing P-cad under 
nub-Gal4 control and stained with P-cad (magenta) and DAPI (blue). Scale bars = 100µm. 

Moreover, P-cad shows similar genetic interactions with DE-cad in the wing disc 

primordium as those reported with human E-cad in cancer cells. In human and wing disc 

cells, P-cad can compensate for the loss of E-cad or DE-cad, respectively (Bazellières et 

al., 2015; Ribeiro et al., 2013 and data not shown). Conversely, E-cad or DE-cad are 

required for P-cad-induced tumour growth (Ribeiro et al., 2013) or wing differentiation 

defects (Figure 14.A), respectively. 

Also, the Paredes’ lab has demonstrated that P-cad requires α6β4-integrin and the Src 

oncogene to maintain a CSC phenotype (Ribeiro et al., 2018; Vieira et al., 2014). Similarly, 

our group has shown that knocking-down Drosophila Src or the integrin αPS2 supresses 

the P-cad wing phenotype (Figure 14.B).  

Figure 14- Human P-cad requires DE-cad, Src and αPS2 to affect wing development. (A) Adult 
wings in which nub-Gal4 drives UAS-mCD8-GFP (top panel) or UAS-P-cad and UAS-mCherry 
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(middle panel) or UAS-DE-cad-IR and UAS-P-cad (bottom panel). (B) Adult wings in which nub-Gal4 
drives UAS-mCD8-GFP (top left panel) or UAS-P-cad and UAS-mCherry (top right panel) or UAS-
Src64B-IRJF03234 and UAS-mCD8-GFP (left second panel) or UAS-Src64B-IRJF03234 and UAS-
P-cad (right second panel) or UAS-Src64B-IRHMC03327 and UAS-mCD8-GFP (left third panel) or 
UAS-Src64B-IRHMC03327 and UAS-P-cad (right third panel) or UAS-αPS2-IRJF02695 and UAS-
mCD8-GFP (left bottom panel) or UAS-αPS2-IRJF02695 and UAS-P-cad (right bottom panel). Scale 
bars = 100µm. 

With these findings, our group has shown that human P-cad is functional in the 

Drosophila epithelia and that the consequences of overexpressing P-cad in the fly wing are 

reminiscent to the ones of overexpressing P-cad in breast cancer cells. So, it constitutes a 

good model to identify P-cad effectors that are relevant for the acquisition of a tumourigenic 

phenotype.  

In a screen for suppressors of the P-cad wing phenotype, our group was able to identify 

components of the Drosophila MRTF/SRF signalling pathway. Knocking-down DMRTF or 

DSRF using RNA interference (IR), suppresses the P-cad-dependent wing phenotype 

(Figure 15.A), without affecting P-cad protein levels (Figure 15.B). Altogether, these results 

suggest that the MRTF-SRF pathway is a downstream effector of P-cad in the Drosophila 

model. However, a link between P-cad and the MRTF/SRF signalling pathway in breast 

carcinogenesis remains to be established. 

Figure 15- P-cad expression of the fly wing epithelia promotes DMRTF and DSRF activity. (A) 
adult wings in which nub-Gal4 drives UAS-mCD8-GFP (left top panel) or UAS-P-cad and UAS-
mCherry (right top panel) or UAS-DMRTF-IRJF02220 and UAS-mCD8-GFP (left second panel) or 
UAS-DMRTF-IRJF02220 and UAS-P-cad (right second panel) or UAS-DSRF-IRJF02319 and UAS-
mCD8-GFP (left bottom panel) or UAS-SRF-IRJF02319 and UAS-P-cad (right bottom panel). Scale 
bars = 100µm. (B) Western blots on protein extracts from wing imaginal discs expressing UAS-
mCD8-GFP (lane 1) or UAS-P-cad and UAS-mCherry (lane 2) or UAS-DMRTF-IRJF02220 and UAS-
P-cad (lane 3) or UAS-SRF-IRJF02319 and UAS-P-cad (lane 4) under nub-Gal4 control, blotted with 
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anti-P-cad and anti-Histone H3. Error bars indicate SD. n.s. indicates non-significant. Statistical 
significance was calculated using one-way ANOVA test. 

 

6.2. P-cad expression and MRTF/SRF activity correlates in MCF10A-ER-

Src cells 

To validate the role of the MRTF/SRF activity downstream of P-cad, the Janody’s group 

used a derivative of the MCF10A cell line established in 1990 by Soule et al. The MCF10A 

cell line is a spontaneously immortalized mammary epithelial cell line developed from 

culture of human fibrocystic mammary tissue in low calcium concentrations. These normal 

diploid cells lack tumourigenicity and anchorage-independent growth but depend on 

hormones and growth factors to maintain characteristics of a normal breast epithelium 

(Soule et al., 1990). This cell line can be cultured in monolayer, as well as three-

dimensionally in matrigel (Debnath et al., 2003), which constitutes a great advantage to 

study tumour development. From this cell line, the laboratory of K. Struhl established the 

MCF10A-ER-Src cell line, which contains a fusion between the viral c-Src kinase orthologue 

and the ligand-binding domain of the ER, inducible with 4-OH-tamoxifen (TAM) treatment 

(Iliopoulos et al., 2009).  

As represented in Figure 16, treatment of these cells with TAM leads to TAM association 

to the ER-binding domain, inducing Src activation. This results in a full morphological 

transformation within 36 hours, unlike MCF10A-ER-Src cells treated with the vehicle 

Ethanol (EtOH). Tavares et al. has shown that during the first 12 hours of TAM treatment, 

low levels of Src activity induces the transient assembly of actin stress fibres and the 

upregulation of the ABP Ena/VASP-like (EVL), which polarizes the actin stress fibres, 

leading to cell stiffening. In turn, cell stiffening triggers activation of Extracellular-signal 

Regulated Kinase (ERK), which upregulates Cyclin D1 to sustain cell proliferation. In 

addition, stress fibre-mediated cell stiffening potentiates Src activity and is absolutely 

required to induce malignant transformation (Tavares et al., 2017). Following this pre-

malignant step, 24 hours after TAM treatment, MCF10A-ER-Src cells have disassembled 

their excessive stress fibres, become softer and have undergone EMT (Selvaggio et al., 

2020; Tavares et al., 2017). Simultaneously, a sub-population of TAM-treated MCF10A-ER-

Src cells have acquired CSCs characteristics, as defined by expression of the CD44 and 

CD24 markers, mammospheres formation and the ability to cause tumours in nude mice 

(Hirsch et al., 2009; Iliopoulos et al., 2009). Later on, 36 to 45 hours after TAM treatment, 

MCF10A-ER-Src cells acquire migrating and invading abilities (Tavares et al., 2017). 
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Figure 16- Model by which MCF10A-ER-Src cells are transformed under TAM treatment within 

36 hours.  

Using the MCF10A-ER-Src cell line, the Janody’s group gathered preliminary data 

indicating that P-cad transiently accumulates in TAM-treated cells and that this transient 

effect is associated with the accumulation of F-actin stress fibres and an increase in 

MRTF/SRF signalling activity. Data from Figure 17.A show that TAM treatment leads to an 

increase of P-cad mRNA expression starting 2 hours after TAM treatment. P-cad expression 

is maintained significantly higher up to 12 hours after TAM treatment, before progressively 

decreasing 24 and 36 hours after TAM treatment. In addition, Fluorescent Activating Cell 

Sorting (FACS) of P-cad-positive cells indicates that a sub-population of cells is enriched in 

membrane-associated P-cad 6 hours after TAM treatment, when compared to EtOH-treated 

cells (Figure 17.B). 

Figure 17- TAM-treated MCF10A-ER-Src transiently up-regulate P-cad and accumulates P-cad 

at the cell membrane in a sub-population. (A) Fold change quantification of P-cad mRNA levels 

between MCF10A-ER-Src cells treated with EtOH or TAM for 2, 6, 12, 24 and 36 hours. Error bars 

indicate standard deviation (SD). * indicates p-value<0.01. ** indicates p-value<0.001. Statistical 

significance was calculated using one-way ANOVA test. (B) Histogram of membrane-associated P-

cad in MCF10A-ER-Src cells treated with EtOH or TAM for the same time points. 

The transient accumulation of P-cad in TAM-treated MCF10A-ER-Src cells is 

associated with a transient increase in SRF transcriptional activity, as MCF10A-ER-Src cells 

transfected with an SRF luciferase reporter show a significant increase in luciferase activity 
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6 hours after TAM treatment, when compared to the ones treated with the vehicle EtOH 

(Figure 18.A). This increase in luciferase activity correlates with the significant accumulation 

of MRTF-A in the nucleus of MCF10A-ER-Src cells treated with TAM for 6 hours (Figure 

18.B and C). Taken all together, these observations suggest that the transient accumulation 

of P-cad in TAM-treated MCF10A-ER-Src cells activates the actin/MRTF-A/SRF signalling 

pathway.  

Figure 18- MCF10A-ER-Src cells show a transient increase in SRF-Luciferase activity and 

accumulate MRTF-A in the nucleus 6 hours after TAM treatment. (A) Fold change quantification 

of SRF-Luciferase activity in MCF10A-ER-Src cells transfected with a SRF Luciferase reporter 

treated with EtOH or TAM for 2, 6, 12, 24 and 36 hours. (B) Standard confocal sections of MCF10A-

ER-Src cells treated with EtOH or TAM for 6 hours, stained with Phalloidin (cyan) to stain F-actin, 

anti-MRTF-A (magenta) and DAPI (blue). (C) Fold change quantification of nuclear MRTF-A in 

MCF10A-ER-Src cells treated with EtOH or TAM for 6 hours. Error bars indicate SD. ** indicates p-

value<0.001. Statistical significance was calculated using unpaired t-test when comparing 2 

conditions or one-way ANOVA test in case of multiple comparisons. 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER II 

AIMS OF STUDY 
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This Master project was developed in the Cytoskeletal Regulation & Cancer group at 

i3S-Instituto de Investigação e Inovação em Saúde. 

The work previously developed by Dr. Florence Janody’s group using the Drosophila 

and the human MCF10A-ER-Src model led us to hypothesis that P-cad induces 

tumourigenicity through activation of the actin/MRTF-A/SRF signalling pathway in basal-like 

breast cancer cells.  

In support of our hypothesis, Ribeiro et al. have shown that P-cad overexpression 

induces F-actin accumulation (Ribeiro et al., 2016). Moreover, alike P-cad, activation of the 

MRTF-A/SRF signalling pathway promotes breast cancer cell migration and invasion and 

the reacquisition of pluripotent phenotypes (Ikeda et al., 2018; Medjkane et al., 2009). 

Therefore, the main aim of this project is to explore if P-cad induces tumourigenicity in 

basal-like breast cancer cells through activation of the actin/MRTF-A/SRF signalling 

pathway (Figure 19). 

To achieve this goal, we asked two main questions: 

1. Does F-actin accumulation in TAM-treated MCF10A-ER-Src cells induces SRF 

transcriptional activity and cellular transformation? 

We analysed the effect of Latrunculin A (LatA) treatment, which binds G-actin, blocking 

their incorporation in filaments (Coué et al., 1987; Martin & Leder, 2001) on the ability of 

TAM-treated MCF10A-ER-Src cells to transiently activate the MRTF-A/SRF signalling 

pathway and to display features of cellular transformation. We also tested the possibility 

that, in turn, F-actin accumulation affect P-cad levels or localization. 

2. Does the transient activation of the MRTF-A/SRF signalling pathway in pre-

malignant MCF10A-ER-Src cells promote cellular transformation? 

To address the role of the MRTF-A signalling pathway downstream of P-cad, we 

analysed the effect of blocking MRTF-A activity using the CCG-203971 inhibitor (Haak et 

al., 2017) on the ability of TAM-treated MCF10A-ER-Src cells to sustain proliferation in the 

absence of Epidermal Growth Factor (EGF), to grow mammospheres and to invade in 

collagen matrix. 
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Figure 19- Schematic of our hypothesis by which P-cad induces tumourigenicity through 

activation of the actin/MRTF-A/SRF signalling pathway in basal-like breast cancer cells. To 

provide evidences sustaining this hypothesis, LatA was used to inhibit F-actin polymerization and 

CCG-203971 to inhibit the MRTF-A activity. 
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MATHERIALS AND METHODS 
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1. MCF10A-ER-Src cell line culture conditions 

The MCF10A-ER-Src cell line was kindly provided by Kevin Struhl (Hirsch et al., 2009). 

Cells were cultured on standard tissue culture plastics in a 5% CO2 humidified incubator at 

37ºC in Complete Growth Media (CGM), composed of DMEM/F12 growth media (Alfagene, 

LTI11039-047), supplemented with 5% of Charcoal Stripped Horse Serum (CSHS), 

20ng/mL human EGF (Peprotech, AF-100-15), 0.5µg/mL Hydrocortisone (Sigma, H0888), 

100ng/mL Cholera toxin from Vibrio cholerae (Sigma, C8052), 10µg/mL Insulin (Sigma, 

I9278) and 0.5µg/mL Puromycin (Merck, 540411).  

1.1. Horse Serum Charcoal Stripping 

To decrease the level of estrogen and remove lipophilic materials as hormones and 

several growth factors that may impact on experiment’s results, Horse Serum (Thermo 

Scientific, 16050-122) was inactivated for 30 min in a water bath at 56ºC with agitation, 

every 10 min and stripped twice with dextran-coated charcoal (Sigma, C6241-20G). After 

centrifugation at 200g and removal of all charcoal completely, CSHS was filtered using 

0.2µm PES Filter system (VWR, 514-0332) and stored at -20ºC. 

1.2. Cell subculture  

When reaching 70% confluency, cell medium was removed from the flask and cells were 

washed with sterile Dulbecco’s Phosphate Buffered Saline (PBS1X) (Biowest, L0615). Cells 

were then incubated with TrypLETM Express (Alfagene, 12604-021) for 15 min in a 5% CO2 

humidified incubator at 37ºC to detach cells and washed with DMEM/F12 to stop the 

reaction. After centrifugation at 200g for 5 min, cells were resuspended in CGM and counted 

using 10µL of cell suspension in a Neubauer chamber. After determining cell density, cells 

were diluted in CGM to reduce confluency and the indicated number of cells per experiment 

was plated and left to adhere for 12 to 24 hours. 

1.2.1. Cell Cryopreservation and defrosting 

To establish stocks of cells maintained at -80ºC for later use, cell suspensions were 

centrifuged at 200g for 5 min and resuspended in freezing medium composed of 70% CGM, 

20% CSHS and 10% Dimethyl sulfoxide (DMSO) (Sigma, D2650), at a final concentration 

of 750 000 cells per mL in Cryo-tubes (Starstedt, 72.379).  

To culture cryopreserved cells, cryo-tubes were first quickly thawed in a 37ºC water bath 

and then resuspended in CGM. Cell suspensions were centrifuged at 200g for 5 min, 

supernatants were discarded, and cell pellets resuspended in CGM were plated in a plastic 

flask.  
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1.2.2. Drug treatments  

To activate Src and induce transformation of the MCF10A-ER-Src cell line, cells were 

treated with 1µM 4-OH-TAM (Merck, H7904) for the indicated time. As a control, MCF10A-

Er-Src cells were treated with the same volume of the vehicle EtOH for the same time. 

To study the effects of inhibiting actin polymerization, MCF10A-ER-Src cells were 

treated with a final concentration of 0.5µM of Lat A (Labclinics, 10010630) for the indicated 

time.  

To inhibit the MRTF-SRF signalling pathway, MCF10A-ER-Src cells were treated with 

a final concentration of 40µM of CCG-203971 (Merck, SML1422) for the indicated time. 

2. Trypan-blue cell viability assay 

To address the viability of MCF10A-ER-Src cells under treatment with LatA, 20 000 cells 

in 200µL of CGM were plated per well in a 96-well plate (Starstedt, 83.3924). 12 to 24 hours 

later, medium was removed, cells were washed with DMEM/F12 and incubated for 12, 24 

or 36 hours with 0.5µM LatA or 1µM TAM+0.5µM LatA in cell culture medium restricted in 

supplements (DMEM/F12 growth medium supplemented with 0.5% CSHS, 0.5µg/mL 

hydrocortisone, 100ng/mL cholera toxin and 10µg/mL insulin). After treatment, medium was 

removed, cells were washed with PBS1X and detached from the plate using TrypLETM 

Express for 15 min in a 5% CO2 humidified incubator at 37ºC. After centrifugation at 200g 

for 5 min, cell pellets were resuspended in 20µL of cell culture medium restricted in 

supplements. For each condition, 5µL of cell suspension in the same volume of Trypan-

Blue (Lonza, LONZ17-942E) were counted in a Neubauer chamber.  

3. Immunofluorescence analysis 

150 000 cells in 2mL of CGM were plated per well in a 6-well plate (Starstedt, 83.3920) 

containing 13mm coverslips of 1,5 thickness (VWR, 631-0150) previously coated with Poly-

L-Lysine (Sigma, P78920) to facilitate cell adhesion.  

After treatment, cells were washed with PBS+/+ pH 7.2 (0.18% CaCl2 and 0.05% MgCl2 

in PBS1X) and fixed with 25% Formaldehyde 16% Methanol-free (Sigma, 28908), 30% 

Piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES) 0.2M pH 6.8 (Sigma, P6757), 15% 4-

(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) 0.2M pH 7 (Promega, H5302), 

2% Ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’ (EGTA) 0.5M pH 6,8 (Sigma, E3889), 

0.4% MgSO4 1M and MiliQ water for 10 min at room-temperature (RT) followed by a wash 

with PBS1X. 
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Cells were then permeabilized with PBS-T (PBS1X supplemented with 0.1% Triton-X-

100 (Sigma, T8787) for 2 min (note that, for P-cad staining, this step was not performed 

since P-cad is a protein localized at the membrane), followed by two washes with PBS1X. 

Cells were blocked for 1h at RT using a blocking buffer at pH 6.1, composed of 10mM MES 

pH 6.1 (Sigma, M8250), 150mM NaCl (Sigma, 31434), 5mM EGTA, pH 6.8, 5mM MgCl2, 

5mM Glucose (Alfagene, LTI41965-039), 2% Fetal Bovine Serum Premium heat-inactivated 

(Biowest, S008Y30304) and 1% Bovine Serum Albumin (BSA) (Sigma, A3294) in MiliQ 

water. 

Primary antibody rabbit anti-Pcad (1:50 Cell signalling, 2130S) was incubated overnight 

at 4ºC in blocking buffer. Coverslips were then washed twice with PBS1X and incubated 

with the secondary antibody Cy5-conjugated Donkey anti-rabbit (1:200 Jackson 

ImmunoResearch, 711-175-152) to detect P-cad together with Rhodamine-conjugated 

Phalloidin (Sigma, P1951) to detect F-actin in blocking buffer for 1 hour at RT. After two 

washes with PBS1X, cells were stained with DAPI (Sigma, D1377) for 10 min at RT, washed 

again with PBS1X and mounted in Vectashield (Baptista Marques, H-1000). Fluorescence 

images were acquired using a Leica SP5 confocal microscope using the 63X objective with 

immersion oil. Confocal microscope images were analysed using Fiji/Image J.  

4. Western-blot 

To obtain protein extracts for immunoblotting analysis, 150 000 cells in 2mL of CGM 

were plated per well in a 6-well plate. After treatment, cell pellets were resuspended in Lysis 

Buffer SDS-Free (50mM Tris(hydroxymethyl)aminomethane (Tris) pH 7.5 (VWR, 

33621.260), 150mM NaCl, 1mM Ethylenediaminetetraacetic acid (EDTA) pH 8 (Sigma, 

E5134), 1mM EDTA pH 7 and 1% Triton (Sigma, T8787) in MiliQ water) containing 1% 

protease (Roche, 04693159001) and 1% phosphatase (Roche, 04906837001) inhibitors 

and incubated on ice for 30 min. Lysis products were centrifuged at 4ºC for 30 min at 14 

000 rpm and protein was quantified using the Bradford method. Laemmli Buffer 5X (2.88M 

Sodium Dodecil Sulfate (SDS) (L3771), 30mM Bromophenol blue (Sigma, 114405), 40mM 

Glycerol (Sigma, G5516), Tris pH 6.8 50mM and 1.2M Dithiothreitol (DTT) (NZYTech, 

MB03101) was added to a final concentration of 1X. Protein extracts were boiled for 5 min 

at 95ºC and centrifuged for 10 min at 8 000 rpm. 30µg of protein were loaded in addition to 

the Precision Plus Kaleidoscope Standard molecular marker (Bio-rad, 1610395). Proteins 

were first stacked in a 5% SDS-PAGE gel (16.5% Acrylamide bis solution 30% (Bio-rad, 

#1610156), Tris pH 6.8 125mM, 0.1% SDS, 0.1% Amonium Persulphate (APS) (Sigma, 

A3678) and 0.1% N,N,N’,N’-Tetramethyl-ethylenediamine (TEMED) (Sigma, T9281) for 15 

min at 60V and then resolved in a 7% SDS-PAGE (23.9% Acrylamide 30%, Tris pH 8.8 
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375mM, 0.1% SDS, 0.1% APS and 0.1% TEMED) gel electrophoresis at 90V. Gels were 

then transferred on ice for 150 min using a constant amperage of 300mA to a 0.45µM PVDF 

blotting membrane (Amersham, 10600023), previously activated for 5 min in methanol. 

Membranes were then blocked with 5% milk in TBS-T (TBS with 0.1% Tween 20 (Sigma, 

P1379) and incubated overnight at 4ºC with the primary antibodies in 5% milk in TBS-T. On 

the next day, membranes were washed for 7 min four times with TBS-T and incubated 1 

hour at RT with the secondary antibodies in 5% milk in TBS-T, followed by four washes of 

7 min with TBS-T. Primary antibodies used were: mouse anti-P-cad (1:2500 BD, 610228), 

rabbit anti-p-Src (1:1000 Invitrogen, 44-6609), mouse anti-MRTF-A (1:1000 Santa Cruz, 

SC-390324) and mouse anti-HSC70 (1:8000 Santa Cruz, SC-7298), used as loading 

control. Secondary antibodies used were: HRP AP Donkey anti-mouse IgG (1:5000 

Jackson Immunoresearch, 715-035-150) and HRP-conjugated AffiniPure Donkey anti-

rabbit igG (1:5000 Jackson Immunoresearch, 711-035-152). Membranes were then 

exposed with 1:1 Immobilon Western Chemiluminescent HRP substrate (Milipore, P90719) 

and visualized at the ChemiDoc. Western-blot quantification was performed using Image 

Lab software. 

4.1. Bradford protein quantification 

Proteins were quantified using the Bradford method in a 96-well plate in duplicates with 

1µL of sample added to 199µL of 1:5 Protein Dye Reagent Concentrate (Bradford reagent) 

(Bio-rad, #500-0006). To establish the calibration curve, BSA standards were analysed in 

duplicates. The plate was then incubated for 30 min at RT in the dark and the absorbances 

at 595nm wavelength were measured using Synergy Mx. BSA standards’ absorbance was 

used to define a calibration curve and protein concentration was calculated.  

5. Real-time PCR 

5.1. RNA Extraction 

To obtain samples for RNA extraction, 150 000 cells in 2mL of CGM were plated per 

well in a 6-well plate. After treatment, cell pellets were incubated with 40 mM Dithiothreitol 

(DTT) (NZYTech, MB03101) and RNAs were extracted using the NZY Total RNA Isolation 

Kit (NZYTech, MB013402) according to the manufacturer’s instructions. mRNA 

concentrations were measured using Nanodrop. For cDNAs synthesis, 50ng/µL of Random 

Hexamers (NZYTech, MB12091) and 0.5mM of DNTP’s mix (NZYTech, MB08701) were 

added to 0.5µg RNA samples and incubated at 65ºC for 5 min followed by 1 min chill on 

ice. To the RNA mix, 1X reaction buffer (NZYTech, 18091), 4U Ribonuclease Inhibitor 

(NZYTech, 17061) and 200U Reverse Transcriptase (NZYTech, MB083) were added. 
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Samples were placed in a thermocycler and cDNA was synthesized through the following 

cycle: starting with 10 min at 25ºC, followed by 50 min at 37ºC and 10 min at 70ºC.  

5.2. PCR reaction 

cDNA’s were diluted in RNAse/DNAse-free water (Sigma, W4502) to a final 

concentration of 50ng/µL and for each reaction 1µL of cDNA was added to 9µL of master 

mix (1X GoTaq Buffer (NZYTech, NM101), 2.5mM MgCl2, 200mM dNTP’s, 0.3mM Forward 

Primer, 0.3mM Reverse Primer and 1.25U GoTaq Enzyme (NZYTech, MB35401). Samples 

were placed in a thermocycler and the following program was applied: 1 cycle at 95ºC for 2 

min, 30 cycles extension at 95ºC for 1 min, 60ºC for 1 min and 72ºC for 1 min and finally 1 

cycle at 72ºC for 5 min. 5µL of PCR products mix to 1µL of Gel-red (Biotium, 41003-T) 

Loading dye 3 colors and loaded onto a 2% agarose gel in TAE 1X (0.0489mM Tris Base 

(VWR, 33621.260), 0.0037mM EDTA and 1.14% Acetic Acid (VWR, 20108.292) Sequence 

of GAPDH primers used is showed in Table 2. 

5.3. Real-time quantitative PCR (qRT-PCR) 

Samples preparation for real-time quantitative analysis was performed on ice using iTaq 

Universal SYBR Green Supermix (Bio-rad, 64361172) according to the manufacturer’s 

instructions. Briefly, a mastermix with 56% iTaq Universal SyBr Green Supermix (Bio-rad, 

64361172) and 3.3% of each primer in MiliQ water was previously prepared for each sample 

and each reaction was analysed in triplicates with 9µL of mastermix and 1µL of cDNA 

50ng/µL or DNAse/RNAse-free water for the blank. The reactions were performed using the 

following conditions: 1 cycle at 95ºC for 3 min, followed by 35 cycles of 20 seconds at 95ºC, 

1 min at 60ºC, 15 seconds at 95ºC, 1 min at 60ºC and finally 15 seconds at 95ºC. qRT-PCR 

was performed in triplicates in CFX Touch Real Time detector system and relative fold 

change was calculated using ddCT method. Sequence of the primers used is showed in 

Table 2. 

 Primer Sequence (5’ – 3’) 

P-cad Forward AGTGGAGGACCCCATGAACA 

P-cad Reverse TTGGGCTTGTGGTCATTCTG 

GAPDH Forward CTCTGCTCCTCCTGTTCGAC 

GAPDH Reverse ACCAAATCCGTTGACTCCGAC 

Table 2- Sequence of primers used for qRT-PCR reaction. 

6. Dual Luciferase Renilla reporter assay 

150 000 cells in 2mL of CGM were plated per well in a 6-well plate. After 12-24 hours, 

cells were transfected with 0.720µg of p3D.A-Luc and 1.44µg of pRL-TK plasmids in a 

cationic lipid transfection using Lipofectamine 2000 (Alfagene, 11668-019) according to the 
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manufacturer’s instructions. After 12 hours, transfection medium was replaced by cell 

culture medium restricted in supplements for another 12 hours. Cells were then treated for 

6 hours with EtOH or TAM in the presence or absence of LatA or CCG-203971 in cell culture 

medium restricted in supplements. After trypsinization, cell pellet was resuspended in 

250µL of passive lysis buffer (PLB) 1X and thawed overnight at -20ºC. 

Dual luciferase renilla reporter assay was performed using the Dual-Luciferase Reporter 

Assay system (Promega, PROME19600010) according to the manufacturer’s instructions. 

Briefly, 80µL of sample were added in triplicates in a 96-well plate followed by 100µL of 

luciferase assay reagent II (LARII) and luminescence was detected using synergy Mx. 

Then, 100µL of 1X Stop and Glo solution were added, and luminescence was detected. 

Relative luciferase activity was quantified by normalizing Firefly Luciferase activity to their 

respective Renilla Luciferase activity. Plasmids were kindly provided by Guido Posern 

(University Halle-Wittenberg, Germany). 

6.1. Plasmid’s expansion – Midi Prep 

For bacterial transformation, 50ng of p3D.A-Luc and pRL-TK plasmids were incubated 

with Luria Broth Miller (LB) (GRISP, GCM04.0500) for 30 min and then heated up to 42ºC 

for 90 seconds, followed by a 2 min incubation on ice. 600µL of LB were added and a 

centrifugation was performed at 220rpm for 1 hour at 37ºC followed by a 2 min centrifugation 

at 6000 rpm at RT. In aseptic conditions, bacteria were seeded on LB, Agarose (Lonza 

(50004) plates supplemented with 100µg/mL Ampicilin (NZYTech, MB02102). Plates were 

incubated overnight at 37ºC with 200g agitation. After 12 hours, a well looked and isolated 

colony was selected and grown for 24 hours in LB with 100µg/mL Ampicilin at 37ºC with a 

200g agitation.  

A final volume of 100mL of overnight bacterial culture was harvested by centrifugation 

at 6000g for 15 min at 4ºC and the p3.D.A-Luc and pRL-TK plasmids were isolated using 

the QIAGEN Plasmid Midi Kit (Izasa, 50912143) according to the manufacturer’s 

instructions. Briefly, pellets were resuspended in 4mL of Buffer P1. Identical volumes of 

Buffer P2 were then added. Samples were mixed by vigorous inversion and incubated at 

RT for 5 min until the solution turned blue. 4mL of Buffer P3 were added, mixed by vigorous 

inversion, and incubated for 15 min until the solution turned colorless. After a 10 min 

centrifugation at 14 000g at 4ºC, supernatants were loaded to a previously equilibrated 

QIAGEN-tip with 4mL of Buffer QBT and allowed to enter the resin by gravity flow. The 

QIAGEN-tip was then washed twice with 10mL of Buffer QC and DNA was eluted with 5mL 

of Buffer QF and precipitated with 3.5mL of isopropanol (PanReac AppliChem, 

131070.1611). After a 45 min centrifugation at 14 000g at 4ºC, DNA pellets were washed 
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with 2mL of 70% EtOH at RT, air dried and resuspended in 50µL of MiliQ water and 

plasmids’ DNA concentrations were measured using Nanodrop.  

7. Collagen matrix invasion assay 

20 000 cells in 200µL of CGM were plated per well in a 96-well plate previously coated 

with 30µL of 0.7% agarose (Lonza, 50004) in a laminar air flow cabinet. Cells were allowed 

to form spheroids within 24 hours. On the next day medium was removed and 60µL of 

5mg/mL Collagen Type I (VWR, 734-1085) in 1M NaOH and 1X DMEM/F12 was added per 

well and cells were incubated in a 5% CO2 humidified incubator at 37ºC for 1 hour. 

Spheroids were then treated with 4µM TAM or the same volume of EtOH in the presence 

or absence of 160µM CCG-203971. Plates were incubated at 37ºC with 5% CO2 

humidification for 36 hours and pictures were taken using 5x objective microscope in 

brightfield. 

8. Mammospheres forming ability assay 

150 000 cells in 2mL of CGM were plated per well in a 6-well plate in cell culture medium 

restricted in supplements. After treatment, cell pellets were collected using Versene 

(Alfagene, LTI15040-033) and resuspended in 1mL of PBS1X, passed three times through 

a 25 gauge needle using a syringe to obtain a single cell suspension and cell density was 

determined using a Neubauer chamber. According to cell count, 10 000 cells were plated 

per well in a 6-well plate previously coated with Poly(2-hydrocyethyl methacrylate) 

(PolyHEMA) in 2mL of mammosphere medium (1:1 DMEM/F12, 20ng/mL human EGF, 

40µg/mL Insulin, 500ng/mL Hydrocortisone, 1% Penincilin/Streptomycin (Merck, 15070-

063) and 1:1 Suplement B-27 Minus Vitamine A (Alfagene, LTI12587-010)) filtered with a 

0.45µm filter (VWR, 514-4127). Cells were carefully incubated in a 5% CO2 humidified 

incubator at 37ºC for 6 days and then pictures were acquired using the 5x objective in a 

brightfield microscope. 

8.1. Poly-HEMA coating 

6-well plates used for mammospheres forming ability assay were previously coated with 

a hydrophobic surface to provide non-adherent conditions. In a laminar air flow cabinet, 

2mL of 1.2% PolyHEMA in 95% EtOH were added to each well and plates were then 

incubated at 54ºC in a non-CO2 incubator for several days.  
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To evaluate our hypothesis and explore the role of the actin/MRTF-A/SRF signalling 

pathway downstream of P-cad in basal-like breast cancer cells, we asked two main 

questions that are translated in the two aims of this project already described in chapter II.  

1. Actin polymerization triggers MRTF/SRF signalling activity 

Regarding our first aim, we tested if the transient accumulation of F-actin in pre-

malignant TAM-treated MCF10A-ER-Src cells (Tavares et al., 2017), triggers MRTF-A/SRF 

signalling activity. To evaluate this end, we analysed the consequences of applying to pre-

malignant TAM-treated MCF10A-ER-Src cells and control EtOH-treated cells, LatA, which 

binds G-actin, blocking their incorporation into filaments (Martin & Leder, 2001).  

1.1. LatA treatment inhibits F-actin assembly but does not compromise cell 

viability 

As LatA treatment is expected to reduce the pool of actin filaments (Coué et al., 1987; 

Martin & Leder, 2001), we first evaluated if a concentration of 0.5µM of LatA was effective 

in reducing F-actin levels by immunofluorescence analysis. 

Confocal sections on immunofluorescence analysis of MCF10A-ER-Src cells treated 

with EtOH or TAM in the presence or absence of LatA for 12, 24 and 36 hours and stain 

with Phalloidin, which binds F-actin, showed a striking reduction in actin filament levels in 

LatA-treated MCF10A-ER-Src cells, compared to those that were not treated with LatA 

(Figure 20.A). 

To discard the possibility that the consequences of LatA treatment resulted from 

apoptosis, MCF10A-ER-Src cells’ viability was assessed using Trypan-blue after treatment 

with EtOH or TAM in the presence of 0.5µM LatA for 12, 24 and 36 hours. We found that 

cells showed over 80% viability rate in all experimental conditions (Figure 20.B), indicating 

that LatA has no major effect on cell survival during the 36 hours of treatment. 

Together, these data showed that LatA treatment inhibits F-actin accumulation in 

MCF10A-ER-Src cells without compromising their viability.  
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Figure 20- MCF10A-ER-Src cells co-treated with LatA and EtOH or TAM for 12, 24 and 36 

hours are viable and fail to assemble actin filaments. (A) Standard confocal sections of 

MCF10A-ER-Src cells treated with EtOH or TAM in the presence or absence of 0.5µM LatA for 12, 

24 and 36h, stained with Phalloidin (red) to stain F-actin and DAPI (blue) to stain the nuclei. Scale 

bar = 50µm. (B) Viability rate (%) of MCF10A-ER-Src cells treated with 0.5µM of LatA and EtOH or 

TAM for 12, 24 and 36 hours. Error bars indicate SD. Statistical significance was calculated using 

one-way ANOVA test. 
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1.2. LatA treatment prevents SRF transcriptional activity in TAM-treated 

MCF10A-ER-Src cells 

Then, we investigated if the transient F-actin accumulation taking place in pre-malignant 

TAM-treated MCF10A-ER-Src cells was required to an increased MRTF-A/SRF signalling 

activity. To this end, we evaluated the consequence of inhibiting F-actin accumulation using 

LatA on SRF transcriptional activity.  

MCF10A-ER-Src cells were transfected with a SRF minimal Luciferase reporter and 

treated with EtOH or TAM in the presence or absence of LatA for 6 hours. As expected, 

quantification of SRF-Luciferase activity showed an average 3-fold increase in SRF-

Luciferase activity in MCF10A-ER-Src cells treated with TAM when compared to EtOH 

treated ones. On the other hand, LatA significantly abrogated the increase in SRF-

Luciferase activity in EtOH-treated MCF10A-ER-Src cells (Figure 21).  

Thus, LatA treatment prevents SRF transcriptional activity in TAM-treated MCF10A-ER-

Src cells. These observations are consistent with a model by which the transient 

accumulation of F-actin in pre-malignant TAM-treated MCF10A-ER-Src cells reduces the 

pool of G-actin, triggering the dissociation of the G-actin:MRTF-A complex and 

consequently an increase in SRF transcriptional activity through the association between 

SRF and MRTF-A.  

Figure 21- LatA prevents the upregulation of the SRF-Luciferase reporter in TAM-treated 

MCF10A-ER-Src cells. Fold change quantification of SRF-Luciferase activity in MCF10A-ER-Src 

cells transfected with the SRF-responsive-Luciferase reporter gene and treated for 6 hours with 

EtOH or TAM in the presence or absence of 0.5µM LatA. Error bars indicate SD. * indicates p-

value<0.01. ** indicates p-value<0.001. Statistical significance was calculated using one-way 

ANOVA test, which compares the means of the four independent groups between each other’s. 
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1.3. LatA treatment could prevent cellular transformation 

Then, we evaluated the role of F-actin polymerization on the ability of TAM-induced 

MCF10A-ER-Src to undergo cellular transformation. To achieve this goal, we first evaluated 

if preventing F-actin accumulation using LatA hampers pre-malignant MCF10A-ER-Src 

cells to acquire morphological transformed features over time.  

Brightfield imaging of MCF10A-ER-Src cells treated with EtOH or TAM for 12, 24 and 

36 hours in the absence of LatA showed that, TAM -treated MCF10A-ER-Src cells 

maintained an epithelial-like phenotype up to 12 hours after treatment, to then acquire a 

mesenchymal phenotype starting 24 hours after treatment (Figure 22.A). This was in 

contrast to EtOH-treated cells, which maintained an epithelial-like morphology during the 

36 hours of treatment. However, in the presence of LatA, EtOH- and TAM-treated MCF10A-

ER-Src cells lose their epithelial morphology and undergo a morphological rounding as soon 

as 12 hours after treatment. This round phenotype was maintained 24 and 36 hours after 

EtOH or TAM treatment (Figure 22.A), precluding us to conclude on the morphological 

transformed states of these cells.  

As a stepwise increase in the activity of ER-Src and of endogenous pSrc during the 36 

hours of TAM treatment is associated with the sequential acquisition of pre-malignant and 

malignant phenotypes (Tavares et al., 2017), we then tested the effect of LatA on the 

phosphorylation levels of ER-Src (ER-pSrc). Western-blot analysis on protein extracts from 

MCF10A-ER-Src cells treated with EtOH or TAM in the absence of LatA for 12, 24 and 36 

hours, blotted with anti-pSrc showed an increase in ER-pSrc levels in cells treated with 

TAM, which was only significantly different 36 hours after treatment, when compared with 

cells treated with EtOH (Figure 22.B and C). LatA could abrogate ER-Src activity, as ER-

pSrc levels were significantly reduced in cells co-treated with TAM and LatA for 36 hours, 

compared with those treated with TAM only (Figure 22.B and C). These observations 

suggest that LatA treatment prevents TAM-induced cellular transformation. 
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Figure 22- LatA treatment induces morphological rounding of MCF10A-ER-Src cells treated 

with EtOH or TAM and reduces the phosphorylation levels of ER-Src. (A) Images acquired with 

5X objective on brightfield microscope of MCF10A-ER-Src cells treated with EtOH or TAM in the 

presence or absence of 0.5µM LatA for 12, 24 and 36 hours. Scale bars = 50µm. (B) Western-blots 

on protein extracts from MCF10A-ER-Src cells treated for 12, 24 and 36 hours with EtOH or TAM 

(upper panels) or with 0.5µM LatA and EtOH or TAM (bottom panels), blotted with anti-pSrc or anti-

HSC70. (C) Fold change quantification or ER-pSrc levels in MCF10A-ER-Src cells treated with EtOH 

or TAM in the presence or absence of 0.5µM LatA for 12, 24 and 36 hours, normalized to HSC70. 

Error bars indicate SD. n.s. indicates non-significant. Statistical significance was calculated using 

non-parametric t-test.  

 

1.4. LatA treatment affects P-cad localization and could stabilize P-cad in 

pre-malignant cells without affecting P-cad expression 

We hypothesize that P-cad promotes the activation of the actin/MRTF-A/SRF signalling 

pathway through F-actin. As the actin cytoskeleton also controls cadherin organization at 

AJs (Indra et al., 2018), we tested the possibility that the transient increase in F-actin in pre-

malignant TAM-treated MCF10A-ER-Src induces activation of the MRTF-A/SRF signalling 

pathway by enhancing P-cad activity. To this end, we analysed P-cad expression and 

localization in EtOH- and TAM-treated MCF10A-ER-Src cells when actin polymerization 

was inhibited with LatA treatment.  

We first tested if LatA affect P-cad expression in EtOH- and TAM-treated MCF10A-ER-

Src cells by quantitative RT-PCR. As expected, quantification of P-cad mRNA expression 

levels indicated that P-cad was significantly upregulated in cells treated with TAM for 24 or 

36 hours, compared to those treated with EtOH for the same time. In the presence of LatA 

P-cad mRNA levels were not significantly affected in MCF10A-ER-Src cells treated with 

TAM at all timepoints analysed. Surprisingly, in cells treated with EtOH for 12, 24 or 36 

hours, LatA significantly induced P-cad expression (Figure 23.A). These observations 

suggest that in un-transformed MCF10A-ER-Src cells, the actin cytoskeleton prevents P-

cad expression. In contrast, in cells undergoing transformation, P-cad expression is 

independent of the actin cytoskeleton. 

To confirm that the transient accumulation of F-actin in pre-malignant TAM-treated 

MCF10A-ER-Src cells does not affect P-cad protein stability, we then tested the effect of 

LatA on P-cad protein levels by Western-Blot. We first confirmed that P-cad accumulates 

during transformation in TAM-treated MCF10A-ER-Src cells by western-blot. Quantification 

of P-cad protein levels between cells treated with EtOH or TAM for 2, 6, 12, 24 and 36 hours 

showed that TAM treatment induces a transient increase in P-cad protein levels, that was 

significantly higher 12 hours after treatment, compared to P-cad protein levels in cells 
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treated with EtOH for the same time (Figure 23. B and C, in collaboration with Patrícia 

Guerreiro). 

Then, we evaluated if LatA treatment affects P-cad levels. Quantifications indicated that 

P-cad levels were not significantly different between MCF10A-ER-Src cells treated with 

TAM or EtOH in the presence or absence of LatA at all time points analysed. Yet, as 

previously observed (Figure 23.B and C), P-cad levels were in average increased 2 folds in 

cells treated with TAM for 12 hours, while this increase was only 1.46 folds in the presence 

of LatA (Figure 23.D), suggesting that F-actin accumulation could stabilize P-cad. Additional 

replicates would be required to confirm this hypothesis. 

Finally, we analysed LatA effect on P-cad localization using immunofluorescence 

analysis. Standard confocal sections (Figure 23.F) and cross sections (Figure 23.G) 

showed that, in the absence of LatA, MCF10A-ER-Src cells treated with EtOH or TAM for 

12 hours localized P-cad at the membrane, only in cells that form cell-cell contacts. 

However, in the presence of LatA, P-cad lost its membrane-associated localization and 

accumulated in the cytoplasm in both EtOH and TAM-treated cells. 

Together, these data show that the actin cytoskeleton affects P-cad localization. In 

addition, they suggest that the transient accumulation of F-actin in pre-malignant MCF10A-

ER-Src cells could stabilize P-cad but does not affect its expression. 
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Figure 23- LatA treatment does not affect P-cad mRNA or protein expression levels of 

MCF10A-ER-Src cells treated with EtOH or TAM in the presence or absence of 0.5µM LatA for 

12, 24 and 36 hours but prevents P-cad to localize at the cell membrane of MCF10A-ER-Src 

cells treated with EtOH or TAM in the presence or absence of 0.5µM LatA for 12 hours. (A) 

Fold change P-cad mRNA levels in extracts from MCF10A-ER-Src cells treated with EtOH or TAM 

in the presence or absence of 0.5µM LatA for 12, 24 and 36 hours. Error bars indicate SD. * indicates 

p-value<0.01 and n.s. indicates non-significant. Statistical significance was calculated using one-way 

ANOVA test, which compares the means of four independent groups between each other’s. (B) 

Western-blots on protein extracts from MCF10A-ER-Src cells treated for 2, 6, 12, 24 and 36 hours 

with EtOH (upper panels) or TAM (bottom panels), blotted with anti-Pcad or anti-HSC70. (C) Fold 

change quantification of P-cad levels between MCF10A-ER-Src cells treated with EtOH and those 

treated with TAM for the same time points, normalized to HSC70. Error bars indicate SD. ** indicates 

p-value<0.001. Statistical significance was calculated using one-way ANOVA test. (D) Western-blots 

on protein extracts from MCF10A-ER-Src cells treated for 12, 24 and 36 hours with EtOH or TAM 

(upper panels) or 0.5µM LatA and EtOH or TAM (bottom panels), blotted with anti-P-cad or anti-

HSC70. (E) Fold change quantification of P-cad levels between MCF10A-ER-Src cells treated with 

EtOH or TAM in the presence or absence of 0.5µM LatA for 12, 24 and 36 hours, normalized to 

HSC70. Error bars indicate SD. n.s. indicates non-significant. Statistical significance was calculated 

using one-way ANOVA test. (F) Standard confocal sections of MCF10A-ER-Src cells treated with 

EtOH or TAM in the presence or absence of 0.5µM LatA for 12 hours, stained with anti-Pcad (purple), 

Phalloidin (red) to stain F-actin and DAPI (blue) to stain the nuclei. Scale bars = 50µm. (G) Cross 

sections of MCF10A-ER-Src cells treated with EtOH or TAM in the presence or absence of 0.5µM 

LatA for 12 hours, stained with anti-Pcad (purple) and DAPI (blue) to stain the nuclei. Scale bars = 

10µm. 

 

2. MRTF-A activity is required in pre-malignant MCF10A-ER-Src cells to 

promote cellular transformation 

The second aim of this project was to determine the role of the transient increase in 

MRTF-A/SRF signalling activity in pre-malignant TAM-treated MCF10A-ER-Src cells.  

2.1. TAM treatment correlates with the transient accumulation of MRTF-A 

Prior to analyse the consequences of inhibiting MRTF-A/SRF signalling activity, we 

evaluated if MRTF-A protein levels were altered during cellular transformation (in 

collaboration with Sara Canato). 

Western-blot on protein extracts from MCF10A-ER-Src cells treated with EtOH or TAM 

showed that MRTF-A levels were transiently accumulated in cells treated with TAM for 6, 

12 and 24 hours when compared with those treated with EtOH (Figure 24.A and B). These 

observations indicate that the transient increase in SRF transcriptional activity (Figure 18.A 
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and 21) is associated with a transient accumulation of MRTF-A in pre-malignant cells that 

amass actin filaments.  

Figure 24- MRTF-A transiently accumulates in MCF10A-ER-Src cells 6, 12 and 24 hours after 

TAM treatment. (A) Western-blots on protein extracts from MCF10A-ER-Src cells treated for 2, 6, 

12, 24 and 36 hours with EtOH (upper panels) or TAM (bottom panels), blotted with anti-MRTF-A or 

anti-HSC70. (B) Fold change quantification of MRTF-A levels between MCF10A-ER-Src cells treated 

with EtOH or TAM for the same time points, normalized to HSC70. Error bars indicate SD. * indicates 

p-value<0.01. ** indicates p-value<0.001. Statistical significance was calculated using one-way 

ANOVA test, which compares the mean of each independent group with the mean of the control 

group.  

 

2.2. CCG-203971 treatment abrogates SRF transcriptional activity in TAM-

treated MCF10A-ER-Src cells 

To decipher the role of the transient increase in MRTF-A/SRF signalling activity in pre-

malignant TAM-treated MCF10A-ER-Src cells, we took advantage of the small molecule 

inhibitor CCG-203971, which blocks the nuclear localization and activity of MRTF-A (Haak 

et al., 2017). We first confirmed that treating cells with 40µM of CCG-203971 could abrogate 

the transient increase in SRF transcriptional activity in TAM-treated MCf10A-ER-Src cells 

using the minimal SRF-Luciferase reporter as read-out.  

As expected, we observed a significant increase of SRF-Luciferase activity in MCF10A-

ER-Src cells treated with TAM when compared with cells treated with EtOH for the same 

time (Figure 25), which is in concordance with our previous results (Figure 18.A and 21). 

SRF-dependent Luciferase activity was not significantly different in MCF10A-ER-Src cells 

treated with EtOH for 6 hours. In contrast, CCG-203971 significantly abolished SRF-

Luciferase activity in cells treated with TAM for 6 hours. These observations confirmed that 

the transient increase in SRF transcriptional activity in pre-malignant MCF10A-ER-Src cells 

is dependent on MRTF-A activity and validate the use of CCG-203971 to analyse the 

consequences of inhibiting MRTF-A activity on the acquisition of transformed features. 
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Figure 25- CCG-203971 prevents the upregulation of the SRF-Luciferase reporter in TAM-

treated MCF10A-ER-Src cells. Fold change quantification of Luciferase activity in MCF10A-ER-Src 

cells transfected with the SRF-responsive-Luciferase reporter gene and treated with EtOH or TAM 

in the presence or absence of 40µM CCG-203971 for 6 hours. Error bars indicate SD. * indicates p-

value<0.01. ** indicates p-value<0.001. n.s. indicates non-significant. Statistical significance was 

calculated using one-way ANOVA test, which compares the means of the four independent groups 

between each other’s. 

 

2.3. CCG-203971 treatment could prevent TAM-treated MCF10A-ER-Src 

cells to acquire morphological transformed features 

To analyse the consequences of inhibiting MRTF-A/SRF signalling activity in pre-

malignant MCF10A-ER-Src cells on the acquisition of transformed features, we first 

analysed if in the presence of CCG-203971, TAM-treated MCF10A-ER-Src cells fail to 

acquire morphological transformed features using brightfield microscope. As previously 

reported (Tavares et al., 2017), while MCF10A-ER-Src cells treated with EtOH for 2, 6, 12, 

24 or 36 hours maintained an epithelial-like morphology, those that were treated with TAM 

acquired morphological transformation features 36 hours after TAM treatment associated 

with cell detachment (Figure 26). After 24 and 36 hours, CCG-203971 treatment affected 

the morphology of EtOH and TAM-treated cells, which started to lose their epithelial-like 

morphology. However, although pictures were taken under low cells confluency, upon CCG-

203971 treatment, EtOH and TAM-treated cells do not show much differences in 

morphology but the presence of CCG-203971 in TAM-treated cells appeared to reduce the 

number of cells detaching from their substratum.  

These observations suggest that inhibiting MRTF-A activity in pre-malignant TAM-

treated MCF10A-ER-Src cells could prevent the acquisition of transformed features. 

Additional studies would be required to confirm this hypothesis. 
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Figure 26- Treatment with 40µM CCG-203971 could prevent cellular transformation of 

MCF10A-ER-Src cells. Images acquired with 10X objective on brightfield microscope of MCF10A-

ER-Src cells treated with EtOH or TAM in the presence or absence of 40µM CCG-203971 for 12, 24 

and 36 hours. Scale bars = 50µm. 

 

2.4. CCG-203971 treatment prevents TAM-treated MCF10A-ER-Src cells to 

acquire invading abilities 

To validate the role of the transient increase in MRTF-A activity in pre-malignant TAM-

treated MCF10A-ER-Src cells in promoting malignant transformation, we accessed if the 

presence of CCG-203971 affect the ability of TAM-treated MCF10A-ER-Src cells to invade 

using invasion assay in collagen matrix.  

Primary spheroids of MCF10A-ER-Src cells treated with EtOH for 36 hours, maintained 

a round shape with well-defined borders. In contrast, those that were treated with TAM for 

the same time displayed irregular borders with cells spreading into the collagen matrix 

(Figure 27.A), indicating that MRC10A-ER-Src cells treated with TAM for 36 hours have 

acquired invasive abilities. The presence of CCG-203971 had no major effect on EtOH-

treated spheroids. However, it suppressed the ability of TAM-treated cells to invade, as 

these spheroids maintained a round shape. Quantification of the number of spheroids that 

displayed invasive fronts indicates that CCG-203971 reduced drastically the number of 
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invading TAM-treated spheroids (Figure 27.B). Consistent with this observation, while we 

observed a significant decrease of the circularity of MCF10A-ER-Src spheroids upon TAM 

treatment, this effect was abrogated in the presence of CCG-203971 (Figure 27.C). These 

observations suggest that the transient increase in MRTF-A activity in pre-malignant TAM-

treated MCF10A-ER-Src cells is required for the acquisition of invading abilities.  

Figure 27- Treatment with 40µM of CCG-203971 prevents TAM-treated MCF10A-ER-Src cells 

to invade in collagen. (A) Images acquired with 5X objective on brightfield microscope of 

MCF10A-ER-Src cell spheroids embedded in 5mg/mL collagen and treated with EtOH or TAM for 

36 hours in the presence or absence of CCG-203971. (B) Quantification of the number of MCF10A-

ER-Src spheroids invading in collagen after treatment with EtOH or TAM for 36 hours in the 

presence or absence of CCG-203971. (C) Quantification of the circularity of MCF10A-ER-Src 

spheroids circularity treated with EtOH or TAM for 36 hours in the presence or absence of CCG-

203971. Error bars indicate SD. * indicates p-value<0.01. Statistical significance was calculated 

using one-way ANOVA test, which compares the means of the four independent groups between 

each other’s. 

 

2.5. CCG-203971 treatment could prevent TAM-treated MCF10A-ER-Src 

cells to acquire stemness properties 

As MCF10A-ER-Src cells treated with TAM for 36 hours acquire ability to grow 

mammospheres due to the emergence of cells with CSC properties (Hirsch et al., 2009), 

we analysed if MRTF-A/SRF signalling was required for this process. TAM-treated 

MCF10A-ER-Src cells were able to grow bigger mammospheres when compared with 

MCF10A-ER-Src cells treated with EtOH. In the presence of CCG-203971, EtOH-treated 
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MCF10A-ER-Src spheres were not significantly different compared to those grown in the 

absence of CCG-203971. However, CCG-203971 drastically reduced the size of TAM-

treated MCF10A-ER-Src spheres (Figure 28). These observations suggest that inhibiting 

MRTF-A activity in pre-malignant TAM-treated MCF10A-ER-Src cells could prevent the 

acquisition of stemness properties. Additional replicates and quantification of 

mammospheres forming efficiency would be required to confirm these observations. 

Figure 28- Treatment with 40µM of CCG-203971 appears to prevent the growth of TAM-

treated MCF10A-ER-Src mammospheres. Images acquired with 5X objective on brightfield 

microscope of MCF10A-ER-Src mammospheres after treatment with EtOH or TAM for 36 hours in 

the presence or absence of CCG-203941.  
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1. P-cad could induce the activation of MRTF-A/SRF signalling through F-

actin 

Our work is consistent with a model by which the transient accumulation of F-actin in 

pre-malignant TAM-treated MCF10A-ER-Src cells by P-cad induces the activation of the 

MRTF-A/SRF signalling pathway (Figure 29). First, we found that the transient accumulation 

of F-actin in pre-malignant TAM-treated MCF10A-ER-Src cells (Tavares et al., 2017), is 

associated with a transient accumulation of P-cad (Figure 23.B and C) and of MRTF-A 

(Figure 24), as well as with the upregulation of a minimal SRF-dependent Luciferase 

reporter (Figure 18.A and 21). Second, we have shown that inhibiting F-actin accumulation 

in pre-malignant TAM-treated MCF10A-ER-Src cells (Figure 20.A), prevents the 

upregulation of a SRF-dependent minimal reporter (Figure 21). The effect of the F-actin 

inhibitor LatA on MRTF-A/SRF transcriptional activity is likely specific, as LatA-treated cells 

do not undergo apoptosis (Figure 20.B). Moreover, LatA has been shown to block the 

dissociation of the G-actin:MRTF-A complex and to induce MRTF-A translocation to the 

nucleus and MRTF-A/SRF transcriptional activity (Miralles et al., 2003; Sotiropoulos et al., 

1999). Third, in the Drosophila wing, human P-cad genetically interacts with the fly MRTF 

and SRF (Figure 15) and promotes MRTF nuclear accumulation (C. Lopes, personal 

communication). Fourth, our preliminary data indicate that knocking down P-cad in TAM-

treated MCF10A-ER-Src cells abrogates the upregulation of the SRF-dependent Luciferase 

reporter (T. Jesus, personal communication). Fifth, P-cad has been shown to promote F-

actin stress fibre assembly and to affect acto-myosin-dependent cell stiffening (Ribeiro et 

al., 2016).  

P-cad could promote F-actin assembly, leading to MRTF-A activation through several 

mechanisms. One mechanism can involve the activation of Rac1 due to the inhibition of E-

cad function, as P-cad affects the ability of E-cad to interact with p120ctn at AJs (Ribeiro et 

al., 2013) and that the loss of E-cad-dependent AJs trigger the activation of the MRTF-

A/SRF signalling pathway through Rac1 (Ribeiro et al., 2018). P-cad could also promote F-

actin assembly through Integrin regulation. Consistent with this hypothesis, P-cad functional 

effects involved α6β4 integrins (Vieira et al., 2014). The intracellular domain of integrins 

connects to the actin cytoskeleton allowing adhesion to the ECM and controls Rho GTPases 

activity (Brakebusch et al., 2002; Defilippi et al., 1999). Furthermore, in breast cancer cells 

lines, integrins, such as αV- and β1 have been shown to activate MRTF-A/SRF (Hermann 

et al., 2016). In addition, in fibroblast cell lines, integrins trigger the nuclear translocation of 

MRTF-A through the LINC complex (linker of nucleoskeleton and cytoskeleton) or through 

formins (Plessner et al., 2015). P-cad could also induce F-actin polymerization through Src, 

as Src is a critical mediator of P-cad in breast cancer cells (Ribeiro et al., 2018) and is a 



58 
 

well-known regulator of the actin cytoskeleton (Ortiz et al., 2021). In turn, F-actin assembly 

could feedback on P-cad by promoting its stability since P-cad levels could be reduced upon 

LatA treatment in TAM-treated MCF10A-ER-Src cells (Figure 23.E). Consistent with this 

hypothesis, the actin cytoskeleton has been shown to stabilize cadherins (Budnar & Yap, 

2013). We also observed that the actin cytoskeleton is required to localize P-cad at the cell 

membrane in EtOH and TAM-treated MCF10A-ER-Src cells (Figure 23.F and G). However, 

as the actin cytoskeleton is required to maintain AJs (Rimm et al., 1995), the cytoplasmatic 

accumulation of P-cad in LatA-treated cells can be an indirect consequence of AJ 

disassembly.  

 

2. The transient activation of the P-cad/F-actin/MRTF-A/SRF signalling axis 

in pre-malignant cells is required for cellular transformation 

Our observations suggest that activation of the MRTF-A/SRF signalling pathway in pre-

malignant TAM-treated MCF10A-ER-Src cells is required for cellular transformation (Figure 

29). First, we have shown that inhibition of MRTF-A/SRF signalling in pre-malignant TAM-

treated MCF10A-ER-Src cells could prevent the acquisition of morphological transformed 

features (Figure 26). In addition, we provided evidences that MRTF-A activation appears to 

be required for the acquisition of invasive (Figure 27) and stemness properties (Figure 28). 

In breast cancer, MRTF-A has been described to promote malignant progression by 

inducing tumour cells invasion and metastization (Medjkane et al., 2009) through its 

interaction with SRF (Ikeda et al., 2018). Moreover, in normal pancreatic cells, 

overexpressing MRTF-A induces stem cells features and EMT (Song et al., 2016). 

However, the transient increase in MRTF-A/SRF signalling activity in pre-malignant TAM-

treated MCF10A-ER-Src cells by P-cad is unlikely to directly promote CSC activity and 

invading ability, as at the time cells acquire CSC features, 24 hours after TAM treatment 

(Hirsch et al., 2009; Iliopoulos et al., 2009), or invading abilities, 36 hours of TAM treatment 

(Tavares et al., 2017), SRF transcriptional activity has lost its ability to trigger gene 

expression (Figure 25). Instead, the transient increase of MRTF-A/SRF transcriptional 

activity in pre-malignant TAM-treated MCF10A-ER-Src cells could be required to promote 

the gain of sustained proliferative abilities, as well as to induce the transition toward a fully 

transformed state. Consistent with this hypothesis, the ability of TAM-treated MCF10A-ER-

Src cells to sustain proliferation in the absence of growth factors, is concomitant with the 

transient activation of MRTF-A (Tavares et al., 2017 and Figure 24). Moreover, 

overexpressing MRTF-A in untransformed MCF10A acini has been shown to promote 

proliferation and EMT (Seifert & Posern, 2017). Thus, while P-cad has only been implicated 
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in controlling malignant phenotypes in fully transformed cells (Ribeiro et al., 2010; Ribeiro 

et al., 2013; Vieira et al., 2014), our observations suggest a novel role of P-cad in pre-

malignant cells. Consistent with our findings, P-cad upregulation in breast and colon cancer 

cells appears in the earlier stages of the malignant process in most cases (Hardy et al., 

2002; Paredes et al., 2002). 

Although we provide evidences that in pre-malignant TAM-treated MCF10A-ER-Src 

cells, MRTF-A acts through SRF, we cannot exclude the possibility that MRTF-A also 

promote cellular transformation independently of SRF or through additional transcription 

factors, as MRTF-A has been shown to control gene expression through YAP-TAZ/TEAD 

(Kim et al., 2017) or through direct binding to DNA (Gurbuz et al., 2014). Moreover, in breast 

cancer cells, MRTF-A has been proposed to trigger the expression of a specific set of pro-

proliferative genes, independently of SRF (Gurbuz et al., 2014). We cannot either exclude 

the possibility that 24 and 36 hours after TAM treatment, a small sub-population of MCF10A-

ER-Src cells maintain high MRTF-A/SRF activity, which promote stemness and invading 

abilities, as our data looking at SRF-Luciferase activity were performed on the whole cell 

population. Consistent with this possibility, P-cad remains enriched at the membrane in a 

sup-population of TAM-treated MCF10A-ER-Src cells 24 and 36 hours after TAM treatment 

(Figure 17). 
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Figure 29- Model of the role of the P-cad/F-actin/MRTF-A/SRF signalling axis in basal-like 

TNBC cells.  
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 In summary, we have provided evidences that the MRTF-A/SRF signalling pathway 

is activated by P-cad, through regulation of actin polymerization in pre-malignant breast 

cancer cells, and that this transient mechanism is required for malignant progression (Figure 

29). Our work suggests that the P-cad/F-actin/MRTF-A/SRF signalling axis could be used 

as a prognostic read out to predict pre-malignant basal-like TNBC that will evolve to 

aggressive cancer. Our work also opens the possibility that targeting this pathway could be 

used as a therapeutic strategy to prevent the progression of a subset of pre-malignant 

basal-like TNBCs. 
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