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RAGE is a transmembrane protein of the immunoglobulin family highly expressed 

during embryonic development but rarely expressed in adult healthy tissues. 

However, under cellular stress RAGE is re-expressed and mediates inflammatory 

chronic diseases including diabetes, Alzheimer’s and cancer. RAGE is a multi-ligand 

receptor and its protein ligands, which are unconventionally secreted, are 

overexpressed under inflammatory conditions, activating RAGE-driven signaling 

pathways.  

The aim of this thesis is to study the involvement of RAGE in Triple Negative Breast 

Cancer (TNBC) progression. First, we show that breast cancer (BC) cells exposed to 

different microenvironmental stresses become more migratory and invasive. Under 

acute acidosis, the secretome of different BC cells is enriched with RAGE ligands. 

Moreover, acidosis induces an oligomerization of RAGE, which correlates with its 

signaling activation. In BC cells, ligand binding to RAGE activates NF-kB and/or 

ERK1/2 pathways promoting breast cancer cell migration and invasion. Both the 

ablation of RAGE expression and its inhibition using RAGE antagonists block RAGE-

mediated signaling and cell migration and invasion in TNBC cells. Furthermore, 

blocking RAGE in mesenchymal TNBC cells induces a mesenchymal-to-epithelial 

transition (MET) by down-regulating SNAIL1 expression. TNBC mesenchymal cells 

under RAGE inhibition gain the expression of several epithelial markers, increase cell 

adhesions and become less invasive. Furthermore, in a TNBC in vivo model, we show 

that treatment with a RAGE antagonist reduces the incidence of metastasis and 

increases overall survival. Therefore, this study shows that RAGE drives EMT and 

tumor cell invasion in mesenchymal TNBC cells, and it shows that RAGE is a new 

candidate therapeutic target for breast cancer.  
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1. TRIPLE-NEGATIVE BREAST CANCER 

Triple-negative breast cancer (TNBC) is defined by the lack of expression of estrogen 

receptors (ER), progesterone receptors (PR) and the human epidermal growth factor 

receptor 2 (HER2) 1. It is the most aggressive variant of breast cancer (BC) causing 

higher mortality than other breast cancer types despite it represents less than 15% 

of all BC 2. Treatment options for TNBC are limited since the hormonal receptor and 

HER-2 targeted drugs typically used for other breast cancer types are ineffective. Due 

to a lack of targeted therapies for TNBC, chemotherapy including platinum salts, 

anthracyclines and taxanes remain the standard therapeutic approach for this 

disease 3. Despite the aggressive nature of TNBC, 35% of patients present a 

pathologic complete response after chemotherapy 4. Paradoxically, TNBC patients 

have also a higher risk to develop distant metastasis within 5 years following the 

diagnosis. However, after this period the probability for recurrence decreases rapidly 

(Fig. 1) 1. TNBC is a heterogenous disease and it has been classified into different 

subtypes depending on gene expression, clinical characteristics and treatment 

response 5,6. The high heterogeneity, where different TNBC subtypes exhibit 

different sensitivity to therapeutics 7, causes a worse overall survival for this breast 

cancer subtype. Therefore, it is important to find new strategies to find the 

appropriate treatment for each patient 5,8. Recently, new strategies such as 

antibody–drug conjugates (ADC) which recognize glycoproteins from the plasma 

membrane over-expressed in cancer cells have been tested in clinical trials 9,10. 

Interestingly, last year the anti-Trop-2 ADC was approved by the Food and Drug 

Administration (FDA) for patients who have received at least two prior therapies for 

metastatic disease. Immunotherapeutics, PARP inhibitors as well as inhibitors of the 

PI3K/AKT/mTOR pathway tested as a monotherapy or in combination with 

chemotherapy are also being used to treat TNBC patients 4,11–15. Noteworthy, this 

year, an immune checkpoint inhibitor against programmed cell death protein 1 (PD-

1) receptor, called pembrolizumab, in combination with chemotherapy, was 
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approved by the FDA to treat TNBC patients with early-stage TNBC, locally recurrent 

unresectable tumor or metastatic TNBC 16,17.  

 

Figure 1. Triple-Negative Breast Cancer recurrence. Comparison of the hazard rate between triple-

negative breast cancer and other breast cancers in the development of distant recurrence. Figure 

extracted from Foulkes et al., 2010. 

 

2. TUMOR MICROENVIRONMENT 

In the tumor, besides cancer cells, there is an extracellular matrix (ECM) (e.g., 

collagen, fibronectin, laminin) and other cells including cancer-associated fibroblast, 

endothelial cells, immune cells and adipocytes which express and secrete different 

intercellular communicators such as growth factors, cytokines and chemokines that 

contribute to tumor progression 18–21. This cell complex around the tumor is known 

as tumor microenvironment. Furthermore, environmental conditions generated 

during tumorigenesis including nutrient and oxygen deprivation, as well as 

extracellular acidosis, also characterize the tumor microenvironment, and play a role 

in key processes such as tumor dissemination (Fig. 2) 22. Although in early tumor 

stages, the tumor microenvironment exerts anti-tumor effects, lastly, in advanced 

stages it interferes with therapeutic responses 20. 
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Figure 2: The tumor microenvironment. The tumor microenvironment consists of the extracellular 

matrix and different stromal cells including fibroblast, vascular and immune cells, and adipocytes. 

Stromal cells together with cancer cells secret growth factors and cytokines promoting cancer cell 

invasion and tumor progression. The environmental conditions are different depending on the 

vasculature distance. Specifically, inside the tumor, the levels of oxygen and glucose decrease, while 

the levels of lactate and H+ increase as a consequence of the higher glycolytic activity. Figure 

extracted from Boedtkjer, E. et al. 2020.  

2.1. TUMOR MICROENVIRONMENTAL STRESS 

In normal conditions, cells metabolize glucose and oxygen into pyruvate, which is 

then transformed into Acetil-CoA and shuttled into the mitochondria to undergo the 

Krebs cycle and oxidative phosphorylation 23,24. This whole metabolic process 

generates up to 38 ATPs per molecule of glucose. In contrast, generating energy in a 

tumor is quite different. The high proliferative rate of tumor cells results in an 

aberrant vasculature and hence in a poor blood perfusion. Therefore, the tumor 

microenvironment is characterized by oxygen and nutrient deprivation 25,26. An 

important consequence of having hypoxic conditions in the tumor 



Introduction 

22 
 

microenvironment is a switch in how tumor cells obtain energy from nutrients, by 

favoring glycolysis over oxidative phosphorylation 25. During this process, pyruvate is 

not transformed to Acetyl-CoA, instead it is reduced to lactate generating only 2 

ATPs.  

Under hypoxia, the transcription factor (TF) hypoxia-inducible factor (HIF), especially 

HIF-1α, induces the expression of target genes involved in angiogenesis, tumor 

progression 27 and glycolytic enzymes to increase glycolysis for ATP production 28,29. 

HIF-1 is an heterodimeric complex composed by an oxygen-dependent α-subunit 

(three different isoforms), and a non-oxygen-dependent β-subunit (two different 

isoforms) 27,30. In normal oxygen conditions, HIF-α is polyubiquitinated and degraded 

by the proteasome in less than 5 minutes, while in the absence of oxygen the half-

live of HIF-α increases up to 60 minutes 28 due to the inactivation of HIF enzymes 

such as FIH and PHDs (Fig. 3). The stability of HIF-α protein induces its translocation 

into the nucleus where heterodimerize with HIF-β and this complex can bind to the 

hypoxia response elements (HRE) in the genome such as pyruvate dehydrogenase 

kinase 1 (PDK1) and lactate dehydrogenase A (LDHA). Therefore, the stabilization of 

HIF-1α  facilitates the metabolic switch from oxidative phosphorylation (OXPHOS) to 

glycolysis 28–30. 
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Figure 3. Schematic representation of the hypoxia inducible factor (HIF) pathway. In normoxic 

conditions, HIF-α is hydroxylated by prolyl hydroxylase domain (PHD) protein and factor inhibiting 

HIF (FIH). Then, it interacts with the von Hippel–Lindau (VHL) protein enhancing HIF-α ubiquitination 

and proteasomal degradation. In hypoxic conditions, HIF-α is stabilized and translocated into the 

nucleus where it dimerizes with HIF-β and other cofactors driving the transcription of genes related 

with cell survival, metabolism, angiogenesis, cell invasion and metastasis among others. Figure 

adapted from Ratcliffe, P. et al. 2017. 

 

To maintain the ATP production, cells growing in hypoxic conditions increase the rate 

of glycolysis. However, even in aerobic conditions tumor cells rather than oxidative 

phosphorylation, they keep producing energy by glycolysis (Fig. 4). This 

phenomenon, known as the “Warburg effect”, is thought to sustain the high 

proliferation rate of tumor cells although it is not perfectly understood. 24,31–34. The 

elevated glycolytic activity increases the levels of lactate, carbonic acid and protons 

in the cytosol. To survive and proliferate under these conditions, tumor cells increase 

their membrane transporters 32,33 in order to maintain an adequate intracellular pH 

(pHi) important for cell survival 35. The increase in the  release of glycolytic 

byproducts leads to an acidic extracellular microenvironment 28,32,33. The acidic 

extracellular pH (pHe= 5.6 to 6.8) and the alkaline intracellular pH (pHi= 7.2 to 7.5) is 

one of the hallmarks of cancer 28,34,36. 
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Figure 4: Schematic representation of cancer cell metabolism. Glucose metabolism is oxygen 

dependent. In the presence of oxygen (normoxia), cells metabolize glucose in the mitochondria using 

the oxidative phosphorylation. In the absence of oxygen (hypoxia), glucose is metabolized to lactate 

decreasing the ATP production by anaerobic glycolysis. Tumor cells keep producing energy by 

aerobic glycolysis even when hypoxia is reversed, a process known as the Warburg effect. Figure 

extracted from Vander Heiden, MG. et al. 2009. 

 

An acidic environment induce apoptosis to healthy cells 37. However, in cancer cells 

the acidic extracellular pH is an essential microenvironmental factor contributing to 

angiogenesis, stress fiber formation, cell migration, tumor invasion and intravasation 

of malignant cells, which eventually may result in metastasis 28,31,38. Noteworthy, 

Rohani and colleagues discovered that acidosis is enriched in the invasive front of 

tumors 39.  Acidic microenvironment has been related with the induction of different 

signaling pathways such as NF-kB in breast and prostate cancer 40,41. The low 

extracellular pH is also associated to activation of MAPK (ERK1/2 and p38) in prostate 

and bronchioalveolar carcinoma.  

The continuous proliferation in the tumor and its insufficient vascularization ends up 

inducing a lack of nutrients such as sugars, amino acids and lipids. In order to survive 

in a nutrient deprived media, cancer cells have developed strategies to acquire 

nutrients from the tumor microenvironment. For example, tumor cells obtain 
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substrates for energy production from the extracellular matrix, albumin or by 

entosis, a process where neighboring cells are engulfed and degraded by lysosomes 

(Fig. 5) 42–44.  

 

 

Figure 5. Cell strategies to acquire nutrients in a nutrient-deprived media. In a nutrient-deprived 

environment, cancer cells acquire nutrients by scavenging macromolecules from the tumor 

microenvironment to fuel growth and proliferation. Cancer cells acquire amino acids and sugar 

from the endocytosis of (A) Extracellular matrix components such as fibronectin and laminin and 

(B) albumin. (C) Entosis of living cells is another strategy used by cancer cells to acquire amino 

acids. Figure adapted from Finicle, B. et al. 2018. 

 

3. EPITHELIAL-MESENCHYMAL TRANSITION  

EMT is a cellular process in which epithelial cells acquire a mesenchymal phenotype. 

During the transition, epithelial cells lose their apical-basal polarity and modify tight 
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and adherent junctions to allow them to gain motility to migrate and invade 45. 

Proteins like E-cadherin and ZO-1, hallmarks of an epithelial phenotype, are down-

regulated, while proteins involved in a mesenchymal phenotype such as vimentin, 

N-cadherin and fibronectins increase their expression. The EMT process can be 

reversed by the termed mesenchymal-epithelial transition (MET), in which cells re-

gain the apical-basal polarization and lose motility 45,46.  

3.1. CELL PLASTICITY 

EMT plays an essential role during embryonic development by regulating 

gastrulation and neural crest formation 47. In adults, EMT plays a key role in the 

resolution of injuries by participating in the wound healing process. Furthermore, 

EMT is also involved in some pathological conditions such as fibrosis and cancer 47,48. 

During tumorigenesis, EMT plays a role first facilitating local invasion in the primary 

tumor, and then during metastatic dissemination. Recent research has established 

that EMT is not a binary (E/M) process, since it involves multiple partial states that 

give rise to a high degree of cell state plasticity. Therefore, epithelial-mesenchymal 

plasticity (EMP) rather than EMT is a more accurate definition of this cell fate 

transition 49. The intermediary states between epithelial and mesenchymal 

phenotype are known as partial EMT (pEMT), and therefore, they would 

acquire/maintain an intermediate phenotype expressing epithelial and 

mesenchymal markers at the same time (Fig. 6) 47,50–54.  
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Figure 6. Epithelial-Mesenchymal Plasticity. EMT is a cellular process in which epithelial cells (E) 

acquire a mesenchymal phenotype (M). Different intermediary phenotypes (EM) that express both 

epithelial and mesenchymal markers at the same time are generated during this process. During 

EMT, epithelial cells lose tight junctions (TJ), adherent junctions (AD) and desmosomes (DS) to gain 

motility. The EMT process can be reverted, and it is known as mesenchymal-epithelial transition 

(MET). Different transcription factors (EMT-TF) are involved in EMT, including ZEB family, SNAI 

family, TWIST family, together with miRNAs. Figure extracted from Nieto M.A. et al. 2016. 

 

3.2. CELL INVASION AND COLONIZATION 

EMP is involved in tumor cell invasion and colonization at distant organs.  Both, EMT 

and MET processes, are required for metastasis dissemination (Fig. 7). EMT is 

important for cell intra and extravasation, while once in the distant organ MET plays 

a role in cell proliferation. Furthermore, partial EMT is also detected in cancer cell 

migration and dissemination including circulating tumor cells (CTCs) of breast cancer 

patients 55, especially in those cells that migrate in clusters. Two different types of 

migration are described, single-cell migration and collective migration 56. For single-
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cell migration a complete EMT is required. However, for collective migration the 

leader cells at the front of migration undergo a partial EMT expressing mesenchymal 

markers such as N-cadherin to modify their polarity, while also maintaining epithelial 

characteristics and attachment to their neighbors 56,57. The rest of the cells from the 

migratory group keep their apical-basal polarity. In vitro studies in lung, ovarian and 

breast cancer research also demonstrated the existence of intermediary states with 

co-expression of epithelial and mesenchymal markers 53,58. Noteworthy, in patients, 

partial EMT has been associated to poor survival and resistance to therapy 59–62.  

 

Figure 7. Cell plasticity during the metastatic cascade. Cell plasticity plays an important role during 

metastatic dissemination. Cells from the primary tumor undergo EMT to escape and intravasate to 

vessels. Once in circulation, tumor cells colonize distant organs, and cells revert the EMT (MET) to 

promote metastatic cell proliferation. Figure extracted from Nieto M.A. 2013. 

 

3.3. REGULATING CELL PLASTICITY  

Different transcription factors (TFs), known as EMT-TFs, are responsible for 

regulating EMP together with microRNAs (miRNAs), epigenetic modifications and 

post-translational regulators (Fig. 6). EMT-TF expression is controlled by different 

signaling  pathways, like TGF-β, EGF, FGF, Wnt, Notch and NF-kB pathways 57,63–65. 

The expression of EMT-TF also rely on the cell type and the tumor microenvironment 

64,66. The most relevant EMT-TF include the zinc-finger-binding transcription factors 

(SNAI1 and SNAI2), the basic helix-loop-helix (bHLH) factors (TWIST1 and TWIST2) 
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and the zinc-finger E-box-binding homeobox factors (ZEB1 and ZEB2) 67. SNAI1, 

SNAI2, ZEB1 and ZEB2 are E-cadherin (CDH1) repressors that bind directly to the E-

box motif in the E-cadherin gen promoter. EMT-TF also repress the expression of 

genes related with tight junctions and apical-basal polarity. E-cadherin down-

regulation enhances cell invasion and metastasis formation, and is also associated 

with poor prognosis in breast, colon and liver cancer patients 68–70. The expression of 

EMT-TF is associated to an increase in cell invasion and metastasis formation. For 

example, SNAIL1 induces lung metastasis in breast cancer 71,72, and ZEB1 promote 

breast, pancreas and colon cancer invasion 73–76. However, in melanoma the TF of 

ZEB family present opposite functions, acting ZEB2 as a tumor suppressor while ZEB1 

promotes melanoma progression 77. TWIST1 and TWIST2 also induce N-cadherin 

(CDH2) and vimentin expression promoting a mesenchymal phenotype 78. Other 

EMT-TF are described such as PRRX1, OVOL1 and OVOL2, being the PRRX1 a 

mesenchymal promoter, while OVOL1/2 protect the epithelial phenotype 47. 

miRNAs are non-coding RNAs that bind to targeted mRNAs inhibiting and 

destabilizing them. Some examples are the miR-34 and miR-203 targeting SNAI1/2 

as well as miR-200 that targets ZEB1/2, which regulate the expression of the EMT-TF 

producing a negative feed-back loop involved in maintain epithelial homeostasis 

under normal conditions 47,78,79. Furthermore, epigenetic modifications as well as 

post-translational modification also modulate the EMT process 78,80,81.  

3.4. EMT AND TUMOR MICROENVIRONMENT 

Hypoxia and acidosis are important microenvironmental factors in solid tumors. 

These factors help cancer cells to invade, degrade the ECM, and eventually promote 

metastatic dissemination 82–84. In addition, hypoxia and acidic pH are related to the 

induction of EMT. Reports in breast cancer melanoma and Lewis lung carcinoma 

found that acidosis induces EMT 38,85,86 transforming epithelial cells into a more 

fibroblastic phenotype. Mechanistically, EMT induced by acidosis up-regulates the 

expression of MMPs, like MMP-9, promoting invasion and ECM degradation 38,39,85. 
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Hypoxia has been also found to induce EMT in different epithelial cancers such as 

prostate, ovarian, lung and liver 87–90. Hypoxia-induced EMT as well as acidosis is 

characterized by an increase in mesenchymal associated genes and a decrease in 

epithelial genes regulated by EMT-TF. 

3.5. EMT AND THERAPEUTICS 

EMT is associated to different aspects of tumorigenesis including tumor progression, 

tumor stemness, chemoresistance and immune evasion 78,91. Therefore, strategies 

are being developed to target and block EMT to avoid its pro-tumorigenic effects and 

reverse therapeutic resistance. Some drugs targeting EMT have already been 

approved by the FDA, and several new drugs are under development 92. Strategies 

being studied to prevent or reverse EMT include monoclonal antibodies and small 

molecule inhibitors that block signaling pathways responsible of the EMT activation 

such as Notch, TGF-β or Wnt, among others 65,92. Another strategy being studied is 

targeting miRNAs  that control key steps driving  EMT 79,93. Additionally, considering 

that during EMT cancer cells adapt their metabolism to promote phenotypic 

changes, different metabolic modulators have been also proposed as EMT inhibitors 

in cancer 94. Interestingly, drugs already approved or under clinical trials to treat 

other human diseases, including salinomycin, metformin and simvastatin, have been 

proposed to target EMP 93–95. EMT is also involved in immune evasion by reducing 

the response to checkpoint inhibitors immunotherapy. Therefore, the combination 

of immunotherapy with EMT inhibitors have been recently tested to improve tumor 

immune response 96. 

4.  SECRETORY PATHWAYS 

4.1. CONVENTIONAL SECRETION 

Most of the proteins secreted contain a N-terminal signal peptide that allow them to 

translocate into the endoplasmic reticulum (ER). After protein folding, these proteins 

leave the ER encapsulated in coat protein complex II (COPII)-coated vesicles that link 
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them to the Golgi apparatus. Once they reach the Golgi apparatus, they are sorted 

and re-encapsulated in vesicles that eventually fuse with the plasma membrane for 

delivery of vesicular cargo into the extracellular space 97. The ER/Golgi pathway 

followed by most secreted proteins is known as classical or conventional secretion 

(Fig. 8). However, other proteins lacking the signal peptide are also transported to 

the extracellular space through the unconventional protein secretion (UPS).  

4.2. UNCONVENTIONAL SECRETION 

The unconventional protein secretion (UPS) pathways rely on four different cellular 

mechanisms to facilitate the secretion of proteins while bypassing the ER/Golgi 

apparatus (Fig. 8) 98–100. Type I UPS is defined by proteins that directly translocate 

across the plasma membrane by them self, the best protein studied is the fibroblast 

growth factor 2 (FGF2) 101. For Type II UPS proteins reach the extracellular 

compartment through ATP-binding cassette transporter (ABC transporters). 

Examples of Type II UPS are the a-factor in yeasts 102, and m-factor of 

Schizosaccharomyces pombe 103. Type III UPS is used by hydrophilic proteins that are 

secreted through vesicles. Those proteins enter into lumen of intracellular vesicles 

that ultimately fuse with the plasma membrane releasing their cargoes  into the 

extracellular space in a soluble form or they can also be release inside a vesicle, 

known as extracellular vesicles (EVs) 104. Two kinds of extracellular vesicles are 

described, the microvesicles generated by exocytosis of the plasma membrane 105, 

and the exosomes derived from multivesicular bodies (MVB) when fuse with the 

plasma membrane 106. A protein examples of Type III UPS include the two acyl 

coenzyme A-binding proteins: AcbA (Dictyostelium discoideum) 107 and Acb1 

(Saccharomyces cerevisiae) which are secreted through MVB 108. Finally, Type IV UPS 

is used for a group of transmembrane proteins that are synthesized in the ER and 

reach the plasma membrane by bypassing the Golgi apparatus to be secreted. The 

best characterized example is the ion channel cystic fibrosis transmembrane 

conductance regulator (CFTR) 109.   
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Figure 8. Conventional and Unconventional secretory pathways. Proteins that contain a signal-

peptide are secreted by the conventional secretory pathway to the extracellular space or the 

plasma membrane. These proteins leave the endoplasmic reticulum (ER) to the Golgi encapsulated 

in coat protein complex II (COPII) vesicles. Once in the Golgi, they are modified and processed to 

finally be dispatched to the plasma membrane or be secreted. There are four types of 

unconventional secretory pathways. Type I: proteins able to cross the plasma membrane by 

themselves. Type II: ABC transporters are used by proteins to be release to the extracellular space. 

Type III: proteins are secreted through vesicles. Two types of vesicles are described, microvesicles, 

which are generated by shedding of the plasma membrane, and exosomes, which derive from 

multivesicular bodies (MVB). Type IV: transmembrane proteins that bypass the Golgi to reach the 

plasma membrane. Figure adapted from Jiyoon, K. et al. 2018 

 

In human biology, inflammation is a common link between UPS and stress. For 

example, inflammation triggers the secretion of many downstream mediators and 

unconventionally secreted proteins, including caspase-1 and IL-1β 110,111. Caspase 1 

enzymatically converts the inactive form of IL-1β, pro-IL-1β, to its active form, IL-1β, 

and the increases in IL-1β are associated with aging and cancer. When pathogens or 
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tissue damage induces inflammatory stress, the pattern recognition receptors, such 

as Toll-like receptors, and RAGE, become activated, after which pro-IL-1β is 

processed by caspase 1 and secreted through UPS 112,113. Caspase 1 is also required 

for the unconventional secretion of cytoplasmic proteins, including galectins, the 

macrophage migration inhibitory factor (MIF), and FGF2 110,114. Recent work 

highlighting inflammation in fostering aberrant growth and precancerous lesions in 

diverse tissues also implicates UPS proteins in precancerous neoplasia and 

progression to frank malignancy.  

Besides inflammation, the unconventional secreted proteins participate in other 

biological processes including intercellular communication, invasion, cell 

proliferation, survival as well as modulation of the immune response 115. In addition, 

most of the unconventionally secreted proteins from yeast and mammalian cells 

mediate signals from environmental stimuli. Different studies demonstrate that 

microenvironmental stress factors, such as oxidative stress, hypoxia, nutrient 

deprivation and heat shock, increase the extracellular vesicles release 84,116,117.  

The potential role of UPS in tumor biology is further underscored by recent mass 

spectrometry analyses of secreted proteins which reveal that cancer cells frequently 

release factors via UPS pathways 118. While only a handful of UPS proteins have been 

validated using orthogonal methods, the role of unconventional secretion is 

emerging as a critical feature of cancer cells that could be modulated in therapy 99,119. 

For example, in cancer, EVs contain metalloproteases (MMP2 and MMP9) and 

urokinase-type plasminogen activator (uPA), that interact with ECM of breast and 

ovarian cancer inducing matrix degradation and invasion 115,120,121. Furthermore, 

exosomes promote invadopodia formation in neck squamous cell carcinoma, and at 

the same time, invadopodia are key docking sites for exosome secretion 122. Since 

metastatic tumor cells encounter different stressors when leaving their primary site 

to establish a tumor in another tissue, this could coordinate several UPS factors, not 

only at the primary site, but also within the metastatic niches. Therefore, although 
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different types of UPS are been described, their inhibition could be interesting to 

develop therapeutic strategies to avoid cell invasion and metastases. 

5. THE RECEPTOR FOR ADVANCED GLYCATION END-PRODUCT 

The Receptor for Advanced Glycation End-product (RAGE) is a transmembrane 

receptor of the immunoglobulin superfamily that was discovered in 1992, when it 

was isolated from bovine lungs 123. RAGE is expressed in a wide variety of cells, such 

as endothelial cells, alveolar type I (AT-1) lung cells, fibroblast, smooth muscle cells, 

neuronal cells, macrophages, T cells, among others 124–127. The RAGE gene, called 

AGER, is located in the chromosome 6 encoded in the Class III region of the major 

histocompatibility complex (MHC). The protein was firstly identified as a receptor for 

AGEs (Advanced Glycation End-products) which gave the name to the receptor. AGEs 

are produced by the Maillard reaction, a non-enzymatic reaction between reducing 

sugars and free amino groups of amino acids, lipids and proteins. and their 

accumulation is detected during aging, diabetes, immunoinflammatory and 

neurodegenerative diseases 128,129. Beyond AGEs, RAGE is a multi-ligand receptor, 

and different proteins unconventionally secreted (see section 5.2) have been 

described as RAGE ligands including high mobility group proteins (HMG), 

S100/calgranulins proteins, amyloid beta (Aβ) among others (Fig. 9) 128. Most of them 

can be defined as pathogen-associated molecular patterns (PAMPs) or damage-

associated molecular pattern (DAMPs), inducing a proinflammatory response. 

RAGE is expressed during embryonic development. In spite of the lack of literature, 

it is known that RAGE is especially expressed in the brain and lungs, and it is 

implicated in neuronal differentiation and lung development 130–132. In adult tissue, 

RAGE expression is mostly repressed 133,134, although it is constitutively expressed in 

healthy lungs, which suggests that RAGE might have a different function in these 

organs. Indeed, in lungs, RAGE has a role in cell-cell adhesion, where it promotes the 

adherence of epithelial cells to the ECM 127,135. Furthermore, in the alveolar type I 

(AT1) epithelial cells, RAGE is found in the basolateral plasma membrane 
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contributing to their spread morphology, essential for gas exchange 127. Outside 

lungs, the upregulation of RAGE has been related to different chronic inflammatory 

diseases such as diabetes 136, Alzheimer disease 137, cardiovascular disease 128, cancer 

133,138,139 and retinal disease 135.  

5.1. RAGE STRUCTURE 

RAGE is glycosylated, and it has a molecular weight of approximately 50 kDa. Its 

structure consists of three different domains: a large extracellular ligand-binding 

region (amino acids 23-342), a hydrophobic transmembrane domain (amino acids 

343-363) and a small cytoplasmic domain (amino acid 364-404) essential for 

intracellular signaling 128,140. The extracellular region is subdivided in three domains: 

one variable (V) Ig-like domain, and two constant (C1 and C2) Ig-like domains each 

of which participate in ligand binding. The V (residues 23-116) and C1 (residues 124-

221) domains form a net positive charge due to the amount of arginine and lysine 

residues. The V-C1 positively charged region is the main binding region for ligands, 

which bind through their negatively charged regions, as demonstrated by X-ray 

crystallography and NMR spectroscopy 128,140–143. Due to its ability to recognize 

different ligands with a similar pattern, RAGE is considered a pattern recognition 

receptor (PRR) 144. By contrast with the V-C1 region, the C2 domain is negatively 

charged, and only the protein S100A6 has been reported to interact with it 145. Upon 

ligand binding, RAGE induces a dimerization or even an oligomerization of V-V and 

C1-C1 RAGE domains 141,146. Different oligomerizations might explain the specificity 

and affinity of ligands and the activation of different signaling pathways. The 

transmembrane domain promotes helix-helix homodimerization, which might also 

have a role in signal transduction due to the well conserved GxxxG motif 128,147. The 

cytoplasmic domain is essential for the interaction with downstream effectors of 

RAGE, including diaphanous related formin 1 (DIAPH1), ERK1/2, TIRAP and DOCK7 

128,143,148, important to activate different RAGE signaling pathways. 

 



Introduction 

36 
 

Although RAGE is a transmembrane receptor, different RAGE isoforms are generated 

either by alternative mRNA splicing, or by proteolytic cleavage of the extracellular 

domain through the metalloproteinase ADAM10 and MMP9 (Fig. 10) 128,133,149. These 

isoforms results into the release of the extracellular domain of RAGE as a soluble 

isoform (sRAGE) 128,133,149. A decreased proliferation and invasion has been observed 

in hepatocellular carcinoma and glioma after sRAGE treatment 150,151. Therefore, 

sRAGE would act as a decoy receptor to prevent the cellular responses mediated 

through RAGE signaling. In fact, the use of sRAGE has been suggested as a potential 

therapeutic treatment in cancer and inflammatory diseases 152–154. Furthermore, 

studies in breast, gastric and lung cancer patients, detected a decrease in sRAGE in 

cancer patients compared to healthy patients 155–157. Considering that sRAGE is 

 

Figure 9. RAGE structure, ligands and signaling pathways. The structure of the full-length RAGE 

includes an extracellular region containing three different domains (the variable domain (V) and 

two constant domains (C1 and C2)), a transmembrane region and a cytoplasmic tail. RAGE is 

activated by different ligands that bind to the extracellular region activating different downstream 

pathways (DIAPH1, ERK1/2, TIRAP and DOCK7). Figure extracted from Bongarzone, S. et al. 2017.  
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positively correlated with good prognosis, the results suggest that sRAGE could be 

considered as a potential biomarker for early detection of cancer.  

 

Figure 10. RAGE isoforms. Different RAGE isoforms have been described. From left to right: full-

length RAGE (RAGE), oligomers of the full-length RAGE (Oligomers), dominant-negative RAGE (DN-

RAGE), N-truncated RAGE (N-RAGE), soluble RAGE (sRAGE). sRAGE is obtained by either cleavage 

or RNA splicing, inducing its secretion. Figure extracted from Bongarzone, S. et al. 2017. 

 

5.2. RAGE LIGANDS 

Most of RAGE ligands are proteins unconventionally secreted having dual functions 

in the intra- and extracellular space. RAGE-ligands activate different signaling 

pathways depending on the cell type and ligand. The most relevant ligands are 

described in the following sections: 

5.2.1. AGEs 

The Advanced Glycation End-products (AGEs), are a group of compounds formed by 

a non-enzymatic glycosylation reaction between carbonyl groups of reducing sugars 

and free amino groups of proteins, lipids or nucleic acids 149,158–160. This process, 

known as Maillard reaction, was discovered in 1912 161,162. The reaction takes place 

under abundant reducing sugars like in diabetes, although AGEs can also be 

generated from smoking tobacco and preparing certain foods, in particular those 

heated 163,164. Different types of AGEs have been described, such as Nε-carboxy-
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methyl-lysine (CML) and Nε-carboxy-ethyl-lysine (CEL) which bind to the V-domain 

of RAGE 128,160.  

AGEs accumulation lead to several pathologies including diabetes, cancer, 

cardiovascular and neurodegenerative disease, most of them associated with 

inflammation 129,133,158,165. Methyl-glyoxal (MGO) is a by-product of glycolysis, 

involved in AGEs formation. MGO accumulation is involved in diabetes, but is also 

involved in other chronic inflammatory diseases such as cardiovascular disease and 

cancer 166,167. In cancer, MGO is related with progression and metastasis formation, 

and its inhibition using MGO scavengers, reduces tumor growth 168,169. However, 

based on its potent cytotoxic effects, high concentrations of MGO are related with 

apoptosis 170.  

5.2.2. AMYLOID BETA 

The amyloid beta peptide (Aβ), is generated from the amyloid precursor, a 

transmembrane protein that is proteolytically cleaved by the β- and γ-secretases 171. 

Aβ monomers generate aggregates including fibrils and oligomers that can bind to 

different plasma membrane receptors such as RAGE. RAGE is expressed in 

endothelial, microglia and neuronal cells. When Aβ binds to microglial cells, RAGE 

triggers an inflammatory response, while in neurons, it induces oxidative stress and 

Aβ intraneuronal transport 172. In endothelial cells, RAGE facilitates the transport of 

Aβ into the brain across the blood-brain barrier (BBB) 173. Aβ accumulation in the 

brain correlates with Alzheimer’s disease 174,175. Accordingly, RAGE inhibition 

decreases Aβ peptide in the brain reducing RAGE activation and suppressing 

neuroinflammatory responses 176. Furthermore, an antagonist of RAGE, Azeliragon, 

was used in clinical trials for patients with Alzheimer’s disease reducing disease 

progression 177. Unfortunately, in phase III clinical trial Azeliragon failed to meet its 

primary endpoint 178. 
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5.2.3. HMG FAMILY 

HMG proteins are a family of non-histone chromatin-associate proteins. They are 

classified intro three families: HMGA, HMGB and HMGN. All HMG proteins are basic, 

10–20 kDa proteins which harbor an acidic carboxyl terminus and modulate 

chromatin structure 179–181. Each family, however, is distinguished by unique DNA 

and/or nucleosome binding motifs. The HMGA family includes three isoforms of the 

HMGA1 (HMGA1a, HMGA1b and HMGA1c), and also the HMGA2. They are 

characterized by having three AT-hook motifs that mediate binding to the minor 

groove of B-form DNA at AT-rich regions. HMGA proteins lack an HMG box and 

appear to bind to DNA with sequence specifically 182,183. The HMGB family members 

(HMGB1, HMGB2, HMGB3 and HMGB4) are defined by two DNA-binding box motifs 

that mediate binding to DNA without sequence specificity 181. They are the most 

abundant HMG proteins and were the first HMG proteins to be identified as secreted 

factors. The HMGN proteins are found only in vertebrates and include five members: 

HMGN1, HMGN2, HMGN3, HMGN4, HMGN5 184. They lack an HMG box, but contain 

a nucleosome-binding “N” domain that mediate specific binding to nucleosomes 

185,186.  

HMG proteins were assumed to be nuclear proteins exerting its role in cancer by 

transcriptionally modulating different signaling pathways. However, members of the 

three families of HMG proteins have been detected extracellularly, having dual 

functions arising from dual location 187–189. Among all of the HMG proteins, only the 

HMGB1 and HMGA1 have been described as RAGE-ligands, being the HMGB1 the 

best studied since HMGA1 has been recently described as RAGE ligand 189. It is 

described that HMGB1 interacts with RAGE V-domain 128,134,190, whereas HMGA1 still 

do not know. 

HMGB1 is secreted by immune cells like monocytes, neutrophils, NK and endothelial 

cells triggering inflammatory responses 134,143,150. HMGB1 can be passively released 

from necrotic cells by crossing permeabilized membranes once released from the 

chromatin 191. It is also actively secreted from damaged cells using an autophagy-
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dependent secretion (Type III UPS pathway) 192,193. HMGB1 is a well-known DAMP 

protein that can bind to RAGE or to toll-like receptors (TLR2 or TLR4) activating a 

proinflammatory cascade 128,143. It is overexpressed in many tumor cells types, such 

as colon, prostate, pancreatic cancer, hepatocellular carcinoma, and melanoma 

150,194. This overexpression triggers inflammation, regulates migration, and promotes 

tumor metastases 128,194.  

HMGA1 has an essential role during embryonic development, but in adult tissue is 

absent or barely detectable 119,189,195. Intracellular HMGA1 becomes aberrantly re-

expressed in most aggressive human tumors, where high levels portend poor 

differentiation status and adverse clinical outcomes 195–198. While HMGA1 secretion 

did not appear to be mediated by EVs, the precise UPS pathway employed remains 

unknown. However, it is known that CK2 is implicated in HMGA1 and HMGB1 

secretion 189,199. Considering that extracellular HMGA1 has been recently described 

as RAGE ligand in TNBC mediating migration and invasion 189, there are no 

information about the role of HMGA1-RAGE in other cancers.  

5.2.4.  S100 FAMILY  

Calcium is important for different biological processes into the cell, and variations in 

calcium levels are linked with cancer. The S100s proteins, which are exclusively from 

vertebrates, are a family of over 20 small proteins with different expression and 

functions. They are characterized by binding calcium via EF-hand motifs, although, 

few of them can also bind to zinc and cooper 133,134. S100 proteins form homodimers 

or heterodimers, like S100A8/S100A9, which display different roles inside the cell as 

calcium sensors such as cell proliferation, invasion and metastasis in breast cancer 

and colon cancer 200,201. Several S100 proteins are secreted during inflammatory 

conditions in different cells types 134,143 acting as DAMPs. The extracellular S100 

proteins can bind to toll-like receptors (TLRs) and RAGE, activating different signaling 

pathways 128,133,134,143. S100 proteins are upregulated in different cancer types, and 

being multifunctional proteins, they have been associated to both tumor promoters 
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200 and tumor suppressor phenotypes 133. Besides cancer, S100 proteins play a role 

in different inflammatory diseases such as rheumatoid arthritis, chronic 

inflammatory bowel disease and systemic immune disease 133.  

5.3. RAGE SIGNALING 

RAGE activates multiple intracellular signaling pathways due to the variety of RAGE-

ligands, the different cell types that express RAGE, and the three extracellular 

domains capable of ligand binding. The cytoplasmic domain of RAGE (ctRAGE) is 

essential for the interaction with downstream effectors including diaphanous-1 

(DIAPH1), ERK1/2, TIRAP and DOCK7 128,143,148,202. Little is known about how these 

interactors bind to the ctRAGE. DIAPH1 is the most studied intracellular RAGE 

interactor, which binds to the Arg-5 and Gln-6 residues of the ctRAGE by its formin 

homology domain (FH1). The ctRAGE-DIAPH1 interaction regulates different 

signaling pathways like actin and microtubule polymerization, and it is involved in 

processes such as cell migration and proliferation 203,204. Although DIAPH1 is the most 

studied intracellular interactor, ERK1/2 and TIRAP are also reported to bind to the 

ctRAGE 202,205. Other signaling pathways activated upon RAGE ligand binding include 

mitogen-activated protein (MAP) kinase family (ERK1/2, p38, JNK), the 

phosphatidylinositide 3-kinase (PI3K)/protein kinase B (Akt), nuclear factor kappa B 

(NF-kB), the Janus kinase (JAK)-signal transducer and the activator of transcription 

(STAT) and the Rho family GTPases (Rac1 and Cdc42) (Fig. 11) 128,143,165,206. The 

transduction of RAGE signaling through the above mentioned pathways  leads to cell 

motility, proliferation, apoptosis and inflammatory response in different cell types 

143,203,204,207,208. In cancer, RAGE activation is involved in tumor growth, migration and 

metastases 140,150,151.  
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Figure 11. RAGE signaling pathways. Different ligands bind to RAGE activating multiple signaling 

pathways. Then, cellular interactors including DIAPH, ERK1/2 and TIRAP bind to the cytoplasmic 

domain of RAGE activating different signaling cascades involving Rho family proteins, JAK-STAT3, 

PI3K-AKT, MAP Kinases and NF-kB. Finally, the signaling mediated by RAGE activates transcription 

factors that induce transcriptional programs associated to different cellular processes 

(proliferation, migration, inflammation and cell survival) promoting cancer progression. Figure 

adapted from Olaoba O.T. et al. 2020. 

 

5.4. RAGE AND INFLAMMATION 

RAGE is expressed in most immune cells linked to the inflammatory response (Fig. 

12) 124–126,209. In neutrophils, RAGE mediates adhesion and migration across epithelial 

monolayers, while in monocytes/macrophages contribute to exaggerated vascular 
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inflammation and stress. Activation of RAGE in lymphocytes is essential for 

migration, mature differentiation and proliferation 210. Furthermore, in endothelial 

cells, RAGE acts as an adhesion receptor for leucocytes, promoting leucocyte 

recruitment 207,210.  

 

Figure 12. RAGE in tumor and inflammatory cells. RAGE is expressed in tumor cells and also in 

different inflammatory cells including lymphocytes, monocytes, endothelial cells, myeloid and 

myeloid-derived suppressor cells (MDSC). In a pro-tumorigenic environment, RAGE-ligands are 

accumulated (1), which activate endothelial and myeloid cells for the recruitment of lymphocytes 

and MDSC (2 and 3). The MDSC inhibit lymphocytes blocking their anti-tumoral activity (4). RAGE 

is also activated in tumor cells also contributing to cancer progression (5). Figure extracted from 

Riehl A. et al. 2009. 

 

Despite the broad array of ligands and pathways regulated, most of the cellular 

effects induced by RAGE are linked to inflammation 133,143. RAGE is involved in the 

resolution of acute inflammation in diverse settings, including wound healing, 

immune adaptative responses and nerve regeneration 138. However, sustained 

activation of RAGE is directly linked to chronic inflammation, and mediates 

deleterious effects in common aging-associated diseases such as diabetes, 

neurodegenerative diseases, arthritis and cancer (Fig. 13) 143,210.  
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Figure 13. Role of RAGE in acute and chronic stress. Under acute stress RAGE ligands are expressed 

inducing an inflammatory response required for tissue repair. However, under chronic stress, RAGE 

ligands are over-expressed promoting a chronic inflammation and tissue damage. Figure extracted 

from Yan, S.F. et al. 2009. 

 

5.5. RAGE IN CANCER  

RAGE is expressed in different cancer types such as breast, pancreas, melanoma, 

prostate, gastric, colorectal, bladder among others 143,211. Both in vitro and in vivo 

studies have shown that RAGE activation in cancer induces tumor progression and 

metastasis. For example, in colorectal and thyroid cancer cells the S100A4 induces 

cell mobility 212,213. In breast cancer, various RAGE ligands (HMGA1, AGE, S100A7, 

S100A8/A9) have been described as inducers of cell proliferation, migration, invasion 

and metastasis 158,189,200,214. In other cancer types such as gastric, pancreatic and 

cervical, RAGE ligands (HMGB1, S100A7, S100s) have a role in cancer progression 

194,215,216. RAGE activates different signaling pathways associated with malignant 

processes like migration, proliferation, invasion and resistance to apoptosis 143, 

which have a role in tumor progression. Therefore, RAGE is an attractive therapeutic 

target. Blocking RAGE signaling should reduce tumor growth and metastasis. 

Different strategies to inhibit RAGE signaling had been studied in pre-clinical models. 
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In vivo, Taguchi A, et al. demonstrated a decrease in tumor growth and metastasis in 

glioma using different strategies to block the RAGE-amphoterin signaling: 1) using 

sRAGE as a dominant negative to reduces RAGE activity; 2) using antibodies against 

RAGE or amphoterin to inhibit RAGE-ligand binding; and 3) generating a mutant of 

RAGE in the cytoplasmic domain to avoid RAGE signaling 151. Other strategies have 

been studied recently, including the use of a dominant-negative of RAGE, RAGE 

inhibitors or the use of an antagonistic peptide for RAGE ligands 128,143,150,217.  
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Previous cancer research studies demonstrated that the tumor microenvironment 

tends to be hypoxic as a consequence of the higher proliferative rate of tumor cells 

and a resulting poor blood perfusion. Tumor cells under hypoxia up-regulate 

glycolysis to obtain energy. Indeed, even when hypoxia is reversed, tumor cells keep 

relying on glycolysis, a phenomenon known as the Warburg effect. The increased 

rate of glycolysis leads to an acidic extracellular microenvironment. These tumor 

microenvironmental stress conditions have been associated to tumor 

aggressiveness.  

Cellular stress activates specific signaling pathways evolutionary designed to restore 

homeostasis. However, under chronic stress, these pathways mediate the onset of 

different chronic diseases. One of these pathways is driven by RAGE, a multiligand 

receptor known to mediate different inflammatory diseases, diabetes, Alzheimer’s, 

and also cancer. Here, we hypothesize that tumor microenvironmental stress could 

activate RAGE signaling and impact on breast cancer tumorigenesis. To demonstrate 

this hypothesis, we proposed the following objectives: 

 

1. Characterizing the role of microenvironmental stress in the unconventional 

secretion linked to breast cancer invasion. 

 

2. Studying the role of RAGE signaling in TNBC cells  

 

 

3. Characterizing the role of RAGE linked to migration and invasion during 

microenvironmental stress. 

 

 

4. Targeting RAGE in a TNBC in vivo model.  
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1. CELL BIOLOGY 

1.1. Cell lines  

Breast cancer cell lines were purchased from the American Type Culture Collection 

(ATCC) and the National Institute of Health (NIH). MDA-MB-231, MCF-7, MCF10A, 

Hs578T and NMuMG cell lines were maintained in DMEM-F12 (#21331046, Gibco 

Invitrogen), while BT549 cells were maintained in RPMI (#52400041, Gibco 

Invitrogen) supplemented with 10% FBS (#10270106, Gibco Invitrogen) and 2 

mmol/L L-Glutamine (#25030024, Gibco Invitrogen). NMuMG were also 

supplemented with 10 μg/mL insulin (#I9278, Sigma-Aldrich). MCF10A were 

supplemented with 20 ng/mL human EGF (#AF-100-15, Peprotech), 10 μg/mL insulin 

and 500ng/mL hydrocortisone (#H0888, Sigma-Aldrich).  All cell lines were 

maintained at 37ºC with 5% CO2 and 95% humidified atmosphere air. Cell lines were 

authenticated by short tandem repeat profiling (IdentiCell, Aarthus University 

Hospital).  

1.2. Mycoplasma Test 

All cell lines were regularly tested by PCR, to ensure they were Mycoplasma 

negative before being used for experiments. 

Oligonucleotide Sequence 

Myco-F 5’- GGCGAATGGGTGAGTAACACG -3’ 

Myco-R 5’- CGGATAACGCTTGCGACCTATG -3’ 

Table 1. Oligonicleotides used for mycoplasma detection in cell lines. 

1.3. Reagents for cell culture 

Reagents: Azeliragon (#HY-50682, MedChemExpress) and FPS-ZM1 (#553030, 

Millipore) were used at 2 μM and 30 μM respectively, except for NMuMG cells that 

Azeliragon was used at 1.5 μM. Human TGF-β1 (#100-21-2UG, Petrotech) was used 
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at 1 ng/mL, inhibitor of the TGF-βRII (LY2109761, MedChemExpress) was used at 2 

μM and MEK inhibitor was used at 10 μM (AZD6244; Selleckchem).   

RAGE ligands: cells were treated with different recombinant human protein: S100A4, 

S100A7 and S100P used at 1 μg/mL from Leitat.  Recombinant human protein 

HMGA1 used at 3 μg/mL also from Leitat. Recombinant human protein HMGN1 

(#8187-HM-050, R&D System) and recombinant human protein HMGB1 (#1690-

HMB-050, R&D System) were used at 2,5 μg/mL. Methylglyoxal (MGO) (#M0252, 

Sigma) was used at 100μM.  

1.4.  Microenvironmental stresses and chronic subpopulation generation 

Acidosis 

To induce acidosis DMEM-F12 media was mixed with 25mM HEPES (#H3375, Sigma) 

and 25 mM PIPES (#P6757, Sigma) buffer solutions to improve pH stability. The pH 

was adjusted at pH 6.5 using HCl (#H1758, Sigma) and NaOH (#S8045, Sigma). Before 

treating the cells, the media was sterilized using a sterile syringe filter with a 0.22 µm 

pore size hydrophilic Polyethersulfone (PES) membrane (#SLGP033RS, Millipore). For 

acute stress treatment, MDA-MB-231 cells were treated at pH 6.5 for the indicated 

time. However, for chronic treatment the pH was reduced every two weeks, from 

7.4 to 7.1, then to 6.8, and finally to 6.5. Then cells were maintained at pH 6.5 to 

perform the experiments. 

Hypoxia 

To induce hypoxia, plates were inserted for 24h into hypoxic chamber incubator at 

0.5% O2, 5% CO2 and 94.5% N2 at 37ºC. Normoxic cells were maintained in an 

incubator environment of 20% O2 and 5% CO2. 

Nutrient and glucose starvation  
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For chronic treatment with nutrient starvation the FBS was reduced every two 

weeks, from 10% to 5%, then to 3% and finally to 1% where it was maintained to 

perform the experiments. 

Treatment with glucose starvation was done using a specific glucose deprived media 

(#11966025, Gibco Invitrogen), supplemented with 5%FBS.  

1.5. Cell counting 

Cells were detached from the plate with Trypsin-EDTA 0.05% (#25300054, Gibco) for 

5 minutes. Then fresh media supplemented with FBS was used to inactivate Trypsin 

and cells were centrifuged 5 minutes at 200 g. Pellet was resuspended with 1 mL of 

the appropriate media and diluted 1:1 with Trypan Blue (#93595, Sigma). Cells were 

counted using a Neubauer Chamber and quantified using the following equation: 

Nº cells/ml = (nº cells in Neubauer chamber/4) · dilution factor · 104 

1.6. Secretome sample preparation and treatments 

To generate the secretomes, 4 x 106 cells were seeded in 150 cc tissue culture plates 

and allowed to grow for 48 hours. After that, media were aspirated, and cells were 

washed 5 times, 2 times with PBS and 3 times with serum-free media. For 

secretomes in acidosis, the last wash was done with serum free-media adjusted at 

pH 6.5 or pH 7.4 and then, the appropriate serum-free media at pH 6.5 or 7.4 was 

added for 24h. Hypoxia was induced for 24h after the washes (see section 1.4). 

Glucose starvation serum-free media was added after the five washes for 8h. After 

each condition, secretome was collected. The secretomes were spun down at 200 g 

for 5 minutes, and the supernatants were collected and filtered through a sterile 

syringe filter with a 0.22 µm pore size (Millipore). Then, secretomes were 

concentrated using a 10 kDa NMWCO Millipore Amicon Ultra (#UFC901096 and 

#UFC501096, Millipore) until a final volume of 40-50 μL. Protein concentration was 

determined with a Pierce BCA protein assay kit (#23227, Thermo Fisher Scientific) 
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and quantified at 562 nm using the luminometer SparkTM 10M (Tecan). Triplicates 

were done for all conditions. 

1.7.  Invasion assay 

Cell culture inserts (#353097, Corning Life Sciences) with 8 μm pore size polystyrene 

for 24-well plates were coated with Matrigel (#356234, Corning) using the following 

dilution: 12 μL in 1 mL of cold sterile water. 3,000 cells for MDA-MB-231, or 10,000 

cells for MCF-7 and MCF10A cells were seeded onto the upper compartment of each 

chamber in 300 μL of DMEM-F12 without serum, and placed into wells containing 

750 μL of DMEM-F12 complete medium in the lower chamber. After the appropriate 

time, transwells were washed twice with PBS 1X followed by 2 minutes fixation with 

methanol (#M/4058/17, Fisher). Then, cells were stained for 10 minutes with crystal 

violet 0.5% (#C6158, Sigma), and finally washed with PBS 1X. The number of invading 

cells was quantified using Image J software (NIH, Bethesda, MD, USA). Three 

independent experiments were done in triplicate. For acidic conditions media from 

the upper compartment was adjusted at pH 6.5, whereas the media from the bottom 

compartment was adjusted at pH 7.4 and left 16h in the incubator. For hypoxic 

conditions once cells were seeded in the upper chamber, hypoxia was induced to the 

plate for 24h. For glucose deprivation, cells were seeded for 24h in the upper 

compartment in media without glucose, while the lower compartment contained 

media without glucose supplemented with 5% FBS. RAGE antagonists were only 

added in the upper compartment together with the cells. The described conditioned 

were performed in three biological triplicates. 

1.8. Gelatin degradation assay  

Coverslips (#631-1577, VWR) were inserted in a 24 well plate with 500 μL 0.5% 

glutaraldehyde (Sigma) for 15min on ice. After three washes with cold PBS 1X, the 

plate was removed from ice and fluorescent gelatin (#G13186, Invitrogen), which 

was previously warmed at 60ºC for 2 minutes, was added at 50 μg/mL for 10 

minutes. The coverslips were maintained in the dark. The excess of gelatin was 
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removed and the plate was leaved for 10 min at RT. After three washes with PBS, 

500 μl of freshly made sodium borohydride 5mg/ml (NaBH4) (#200050250, Acros 

Organic) were added for 15 min at RT to reduce and inactivate residual 

glutaraldehyde. Finally, coverslips were washed three times with PBS and sterilized 

in ethanol 70% (#ALCHALLMBT007, VWR) before be transferred to a new and sterile 

24 well plate. 4,000 MDA-MB-231 cells were seeded in each well with batimastat 10 

μM (a reversible MMP-2 and MMP-9 inhibitor) (#196440, Calbiochem). Cells were 

incubated overnight at 37ºC, 5% CO2. The following day, batimastat was removed for 

2h to allow invadopodias activity. Then, cells were washed twice with PBS 1X and 

fixed 15 minutes in 4%. Paraformaldehyde (PFA) After washing PFA twice with PBS, 

cells were incubated for 1 hour in 3% bovine serum albumin (BSA) (#A2058, Sigma-

Aldrich) to block unspecific binding sites. Then, cells were stained with Red 

phalloidin–Tetramethylrhodamine B isothiocyanate (1:10000) (#P1951, Sigma-

Aldrich) and Hoechst (bisBenzimide H 33342 trihydrochloride) 5 mg/mL (#B2261, 

Sigma-Aldrich) for 1h at RT. Finally, coverslips were mounted in mounting media 

(#P36965, Invitrogen). The samples were visualized in the Olympus FluoView FV1000 

Confocal Microscope.  

1.9. 3D culture 

To generate tumoroids MDA-MB-231 cells were cultured in Matrigel. Firstly, cells 

were detached and counted (see section 1.5). 5,000 cells were resuspended in a 

solution 60% BD-Matrigel matrix (Corning) and 40% growth medium – organoid 

medium consisting of DMEM/F12, B27 supplemented (#17504-044, Thermo Fisher 

Scientific), and insulin (250ng/mL; Sigma-Aldrich) – and plated as 50 μl droplets on 

top of a coverslip. After 15 minutes in the incubator, 500 μL of specific media for 3D 

culture was added carefully. RAGE antagonists’ treatment was started when 

tumoroids reached the right size and generated protrusions. Azeliragon was used at 

2 M and FPS-ZM1 at 30 M. For tumoroids staining see section 3.5. 



Materials and methods 

58 
 

1.10. Protein extraction from cell culture  

Cells were seeded in complete growth medium and allowed to grow at the specified 

times and conditions. When they reached 80-90% confluence they were lysed. 

Before protein extraction the cells were washed twice with cold PBS keeping the 

plate on ice. Then, the cells were scrapped and after centrifugation the cell pellet 

was collected. The protein extraction was done on ice using lysis buffer: 1% NP-40 

(#1175499001, Roche), 10% glycerol (#G7893, Sigma), 2 mM EDTA (#324503, Merck 

Millipore) pH 8, 20 mM Tris pH 7.4, 137 mM NaCl and distillated water, mixed with 

1% protease inhibitor cocktail (#P8340, Sigma-Aldrich), 1 μM PMSF (#7626, Sigma-

Aldrich), 1 μM sodium orthovanadate (S6508, Sigma-Aldrich), the phosphatase 

inhibitors 1 μM NaF  (#7920, Sigma-Aldrich), and 10 μM β-glycerolphosphate 

disodium salt hydrate (#G9422, Sigma-Aldrich). Cell pellets were resuspended in the 

described solution, incubated 30 minutes on ice, and the lysate solution was 

collected after 30 minutes centrifugation at 20,000 g at 4ºC.  

1.11. Quantification of protein extraction  

Protein quantitation was determined using PierceTM BCA protein kit (#23227, 

Thermo Fisher Scientific). BSA was used to generate a standard curve ranging from 

0 to 2 mg/ml. Samples were diluted 1:10 in MiliQ water. Twenty-five microliters of 

the different concentrations of BSA and samples were added in triplicated in a 96 

well plate, mixed with 200 μl of PierceTM BCA protein kit prepared at 50:1 (from 

reagent A:B). The plate was incubated at 37ºC for 30 minutes. Finally, the absorbance 

was measured at 562nm wavelength by spectrophotometry (SparkTM 10M 

instrument, Tecan). The protein concentration was extrapolated from the BSA 

standard curve.  

1.12. Cell adhesion  

A 24-well plate was coated with 30 μg/mL collagen (#A10483-01, Gibco) or 10 μg/mL 

fibronectin (#sc-29011, SantaCruz) and incubated for 1h at 37ºC. During this time, 
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cells were detached with 0.5 mM EDTA (Merck), resuspended in medium and 

centrifuged 5 minutes at 200 g. The supernatant was removed and the pellet was 

resuspended in 1mL of media. After counting the cells (see section 1.5), 200,000 cells 

were seeded in each well. Cells were incubated for 90 minutes keeping the 

appropriate treatment and cell adhesion was analyzed by crystal violet staining. 

Specifically, vehicle and drug treated cells were washed twice with cold PBS and fixed 

for 10 minutes with ice-cold 100% methanol. The methanol was aspired and cells 

incubated with 0.5% crystal violet solution in 25% methanol for 20 minutes. The cells 

were washed several times and let them dry overnight. Crystal violet staining was 

quantified dissolving the dye in 10% acid acetic and measuring the absorbance at 

595 nm using the luminometer SparkTM 10M (Tecan). To study the effect of RAGE 

antagonists in cell adhesion, MDA-MB-231 cells were previously treated with DMSO, 

30 μM FPS-ZM1 or 2 μM Azeliragon, for 72h until cells reach the MET phenotype. 

The described conditioned were performed in three biological triplicates.  

1.13. Cell proliferation 

1.13.1. Cell counting  

After cell counting, 40,000 cells for each condition were seeded in triplicates and cell 

proliferation was measured at 24h, 48h, 72h and 96h by cell-counting. Specifically, 

cells were detached and counted as explained in section 1.5. Cell pellets were 

resuspended adding from 50 μl to 150 μl of media and counted using the Neubauer 

chamber.  

1.13.2. CellTiter assay 

MDA-MB-231 cells previously treated for 72h with DMSO, 30 μM FPS-ZM1 or 2 μM 

Azeliragon were collected and counted as explained in section 1.5. 10,000 cells were 

seeded in triplicated in a 96 well plate. After 72h, the media was removed and 100 

μL of fresh media was added in each well with 20 μl CellTiter (#G8080, Promega) and 
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incubated 90 min in the incubator at 37ºC. Finally, fluorescence was measured at 

530nm excitation and 590nm emission in the luminometer SparkTM 10M (Tecan). 

2. MOLECULAR BIOLOGY 

2.1. RNA analysis  

2.1.1. RNA extraction and quantification 

Cells were plated in a 100 mm plate and treated with the appropriate condition. 

When cells reach 90% confluence the RNA extraction was performed. Total RNA was 

isolated using TRIzol (Life Technologies) protocol. Specifically, 1 mL of TRIzol reagent 

(#15596-018, Thermo Fisher Scientific) was used to collect the samples. The cells 

with TRIzol were pipetted several times to be lysated and then incubated for 5 

minutes at room temperature. 200 L Chlorophorm (#C4232, Sigma- Aldrich) was 

added and the tubes were shacked vigorously by hand for 15 seconds and incubated 

3 minutes at RT. Then, tubes were centrifuged 15 minutes at 12000 g at 4ºC to 

separate the samples in different phases. The colorless upper phase, which contains 

the RNA, was collected in a new tube and mixed with 500 μl of isopropanol (#I9516, 

Merck) to precipitate the RNA. After 10 minutes RT incubation, the samples were 

centrifuged at 4ºC for 10 minutes at 12000 g. The supernatant was removed and the 

pellet that contains the RNA was washed with 1 mL of 75% ethanol and centrifuged 

at 7500 g for 5 minutes at 4ºC. The supernatant was removed and samples were 

warmed for 5 minutes at 55ºC to evaporate the excess of ethanol. Finally, the RNA 

pellet was resuspended in Rnase-free water (#AM9937, Invitrogen) and incubated 

10 minutes at 60ºC to improve RNA resuspension. The RNAs were quantified using 

the Nanodrop 2000 spectrophotometer (Thermo Scientific). 

2.1.2. cDNA synthesis 

For the reverse transcription, a High Capacity RNA-to-cDNA kit (#4387406, 

Appliedbiosystems) was used following the manufacturer’s instructions. Specifically, 

cDNA was synthesized from 1 µg of RNA using the High-capacity RNA to cDNA 
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synthesis kit (Applied Biosystems) and the Veriti Thermal Cycler (Applied 

Biosystems). 

2.1.3. Real-Time quantitative PCR (RT-qPCR) 

In order to detect and compare RNA extraction, RT-qPCR was performed. 20 ng of 

cDNA were added in triplicates in a 384-well plate for each gene under consideration. 

The cDNA was mixed with 10 M of forward and revers primers (Table 2), together 

with 5 μL of the PerfeCTa SYBR Green Fast Mix (#95073-012, Quantabio). dH2O 

without RNA sample was used as negative control to avoid false negative results. The 

PCR step was performed using QuantStudio 6 Flex (Applied Biosystems), with each 

sample run in triplicate and following the standardized protocol (Table 3). 

Table 2. Sequences of primers (forward and reverse) used to detect RNA expression by RT-PCR of a 

specific gene. 

Temperature Time 

50ºC 2 minutes 

95ºC 10 minutes 

95ºC 15 seconds   (40 cycles) 

60ºC 1 minute       (40 cycles) 

95ºC 15 seconds 

60ºC 1 minute 

95ºC 15 seconds 

Table 3. Detailed RT-qPCR cycling conditions. 

Oligonucleotide  Sequence  Manufacturer 

AGER-forward 5’-ATTCAGTTCTGCACGCTCCT-3’ Sigma-Aldrich 

AGER-reverse 5’-GCTGTCAGCATCAGCATCAT-3’ Sigma-Aldrich 

Snai1-forward 5’-ACCACTATGCCGCGCTCTT-3’ Sigma-Aldrich 

Snai1-reverse 5’-GGTCGTAGGGCTGCTGGAA-3’ Sigma-Aldrich 

GAPDH-forward 5’-GGACTCATGACCACAGTCCATGC-3’ Sigma-Aldrich 

GAPDH-reverse 5’-TCAGGGATGACCTTGCCCACAG-3’ Sigma-Aldrich 
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Thanks to the software QuantStudioTM Real-Time PCR v1.3 that quantifies the Cycle 

threshold (Ct) proportional to the amount of target sample, results were analyzed 

using the comparative ΔΔCt method using the formulas: 

ΔCt = Ct (target) – Ct (GAPDH)  

ΔΔCt = ΔCt – mean ΔCt (control treatment)  

Data were expressed as the fold difference in gene expression (normalized to the 

housekeeping gene GAPDH) relative to a reference sample. 

2.2. Knockdown of RAGE expression using shRNA 

2.2.1. Bacteria transformation  

Transformation of short-hairpins RNA (shRNA) (Fig. 14) lentiviral vector into One 

Shot TM Stabl3TM E. coli competent cells (#C7373-03, Invitrogen). For this purpose, 50 

ng of DNA were added to the competent cells and incubated on ice for 30 minutes. 

Then, cells were heated-shock for 45 seconds at 42ºC and incubated on ice for 2 

minutes. After adding 250 μL of Lysogeny Broth (LB) (1551.00, Condalab) medium, 

the vials were leaved at 37ºC for 1h at 225rpm in a shaking incubator. Finally, 50 μL 

and 100 μL of each transformation were spread in two plates of LB agar with 100 

μg/mL ampicillin (#A9518, Sigma) selection. Plates were incubated overnight at 

37ºC. The following day a colony was selected to be amplified (see section 2.2.2).  
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2.2.2. Plasmid amplification and DNA purification  

Bacteria, grown overnight at 37 ºC, were amplified in an Erlenmeyer adding 500 μL 

of the pre-culture in 100 mL LB with ampicillin selection, and incubated O/N in a 

shaking incubator at 37ºC. Next day, bacteria were collected with 10min 

centrifugation at 6000 g. The kit Xtra Midi-Plus NucleoBond (#740412.50, Macherey-

Nagel) was used to lysate the bacteria and precipitate the DNA following the 

manufacturer’s instructions. Specifically, the bacteria pellet was resuspended with 8 

mL of RES buffer and lysated using 8 mL LYS buffer. After that, 8 mL of NEU buffer 

was added inverting the tubs 3-4 times until obtaining a colorless solution. This 

solution was then filtered in the column previously hydrated with 12 mL of EQU 

buffer. Then the column was washed with 5 mL of EQU buffer followed by 8mL of 

WASH buffer to clean the filter where the DNA precipitated. The DNA was eluted in 

a new falcon using 5 mL of ELU buffer. Finally, the purified DNA was precipitated with 

3.5 mL isopropanol (#I9516, Merck) and filtered with a specific filter of silica 

(NucleoBond Finalizers) were it bind. The DNA of the filter was washed with 2 ml of 

70% ethanol, dried pressing air 5-6 times through the filter, and finally eluted with 

200-800 μl buffer TRIS. The concentration of each plasmid was measured using the 

A          

 

Figure 14. Lentiviral RAGE shRNA plasmid. 
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Nanodrop 2000 spectrophotometer (Thermo Scientific). For lentiviral vectors that 

were previously transformed in E. coli bacteria, a stock in 25% glycerol was done.  

2.2.3. Lentiviral production and infection of breast cancer cells 

The HEK293T cells were used in order to produce lentivirus vectors with the specific 

shRNA. 700,000 HEK293T cells were seeded in a 100 cc plate the day before the 

transfection. To produce the virus, a mix was prepared: 36 μL Fugene HD transfection 

(#E2311, Promega), 4.5 μg of the plasmid, 1.5 μg of pCMV-VSV-G plasmid and 6 μg 

of pHR’8.2deltaR plasmid in 1 mL of DMEM-F12 media without serum. The mix was 

homogenized, leaved 30min at RT, and added drop by drop into the HEK293T cells. 

The media of HEK293T, which contains the virus vectors, was collected at 24h, 48h 

and 72h after transfection. A pool of the supernatants was obtained, centrifuged at 

200 g to remove cell debris, and filtered through a sterile syringe filter with a 0.45 

µm pore size hydrophilic PVDF membrane (#SLHVM33RS, Millipore).    

MDA-MB-231 cell-line was infected with shRAGE lentivirus vectors (#HSH004399-4-

LVRU6H, GeneCopoeia) (Fig. 14) with an overnight incubation. To infect the cells, the 

media that contains the virus was added to the cells adding 8 g/mL polybrene 

(Hexadimethrine bromide #H9268-10G, Sigma). After 48h of infection 500μg/mL of 

hygromycin B (#10687010, Thermo Fisher Scientific) was added to select the cells 

positive to the transfection.  

For shHMGA1 cells we used a previous lentivirus vector infection done in our lab 

(pIRES-HMGA1, Addgene), selected with 1 μg/mL puromycin 189. 

2.3. Knockdown of RAGE expression using siRNA 

The day before transfection cells were detached and counted as explained in section 

1.5. Respectively, 300,000 and 200,000 cells were seeded in a 12-well plate for 24h 

and 48h transfection. The next day, 4 μL lipofectamine RNAiMAX transfection 

reagent (#12323563, Invitrogen), which increases the efficacy of the siRNA delivery, 

were mixed with 96 μL of the reduced serum medium Opti-MEM (#31985062, Gibco) 
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(Tube 1). In a separate tube (Tube 2), the small interfering RNA (siRNA) was diluted 

in Opti-MEM medium to a final concentration of 25 nM. Both tubes were gently 

mixed and incubated 5 minutes at RT. Then the content of Tube 1 was added on Tube 

2. The mix was mixed carefully and incubated 20 minutes at RT. Finally, the solution 

of the siRNA transfection was added to the cells for 24-48h incubation before protein 

extraction (section 1.10) to perform Western blot analysis (section 3.1). 

A SMARTpool of four RAGE siRNAs (#SO-2774565G, Dharmacon) was used to 

transfect the cells. As negative control, a non-targeting pool (#77D-001810-10-05, 

Dharmacon) was used. 

2.4. Plasmid transfection of the extracellular region of RAGE 

Bacteria that contain the plasmid pcDNA3-RAGEdeltaCyto (FL-RAGE) (#71436, 

Addgene) and the pcDNA3-RAGE (DN-RAGE) (#71435, Addgene) (Fig. 15) were grown 

O/N at 37ºC in an LB agar plate with 100 μg/mL ampicillin (Sigma). The next day, a 

selected colony was amplified in a pre-culture of 5ml LB and incubated over day at 

37ºC in a shacking incubator. The following steps are explained in section 2.2.2. After 

DNA purification and quantification, 100,000 MDA-MB-231 cells plated the day 

before in a 6-well plate were transfected with 1 μg and 2 μg of the plasmids. To do 

that, 3 μL Fugene HD transfection (Promega) were mixed with DMEM-F12 without 

serum, homogenized by inversion and incubated 5 min at RT. Then the plasmids (1 

μg and 2 μg) were added to this solution and incubated 30 minutes at RT. Finally, the 

plasmids were added drop by drop to the cells in new fresh media, and leaved 48h 

at 37ºC and 5% CO2. After this incubation, 2000 μg/mL of geneticin (#11811031, 

Thermo Fisher Scientific) was added to select the positive transfected cells.   

MDA-MB-231 cells were previously transfected in our lab using X-Treme- Gene 

(Roche) with the plasmid pGL4 expressing the firefly luciferase 2 (Photinus pyralis) 

gene (kindly provided by Dr. Abasolo, CIBBIM-Nanomedicine, VHIR) 189. Positive 

transfected cells were selected with 1000 μg/mL geneticin. 
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A 

 

B 

 

 

Figure 15. Full sequence map of the plasmid pcDNA3-RAGEdeltaCyto (A) and pcDNA3-RAGE (B). 
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3. IMMUNOASSAYS 

3.1. Protein analysis by Western blot  

Electrophoresis was performed to separate the proteins depending on their mass. 

Specifically, we used gels at 12% poly-acrylamide (#1610158, Bio-Rad) or 8% to 

detect RAGE oligomers. The gel contains two parts, the stacking which compacts the 

proteins to enter at the same time to the other part of the gel, and the resolving, 

that separate the proteins depending on their molecular weight. To avoid that the 

structure of the proteins and their charge effect on the electrophoresis, the 

detergent SDS (#A0675, PanReac Applichem) and the reductor agent DTT (#17-1318-

02, GE Healthcare) were mixed with proteins. To analyze RAGE oligomers, DTT was 

not added to avoid disruption of disulfide bonds. The resolving gel was prepared with 

1.5M Tris pH 8.8, poly-acrylamide, SDS, APS (#A3678, Sigma) and TEMED (#T22500, 

Sigma) mixed with dH2O. The stacking gel contained 1M Tris pH 6.8, poly-acrylamide, 

SDS, APS and TEMED mixed with dH2O.   

30g of protein lysate (section 1.10) were mixed with the loading buffer 5X with or 

without DTT (225mM Tris pH6.8, 50% glycerol (#G7893, Sigma), 5% SDS, 0.075% 

bromophenol blue (#17-1329-01, GE Healthcare) and 0.26M DTT, heated for 5 

minutes at 96ºC, followed by 5 minutes on ice incubation, and loaded into the gel. A 

molecular weight marker (#1610374, BioRad) was used as control of the different 

proteins’ molecular weights.  After electrophoresis, proteins were transferred to 

polyvinylidene difluoride (PVDF) membrane (#IPVH00010, Millipore) for 2h at 100V. 

The membrane was blocked with 5% dry milk in 0.1% PBS-Tween (#P7949, Sigma) 

for 1h at RT and incubated overnight at 4ºC with the appropriate primary antibodies 

(Table 4). 

The following day, the membrane was washed twice with 0.1% PBS-tween (Sigma) 

for 10 minutes and incubated for 1h with a horseradish peroxidase–conjugated anti-

rabbit or anti-mouse antibody (Table 5) at RT.  Immunodetection was performed 

using SuperSignal West Pico Plus Chemiluminiscent substrate (#34580, Thermo 
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Fisher Scientific) and visualized with the Imager600 instrument and analyzed using 

Image J software. 

Protein  Antibody  Manufacturer Specie Dilution 
Dilution 

buffer 

Phospho-ERK1/2 

(Tyr202/204) 
9101 Cell signaling rabbit 1:4000 BSA 5% 

ERK1/2 9102 Cell signaling rabbit 1:1000 milk 2% 

Phospho-NF-kB 

(Ser536) 
3031 Cell signaling rabbit 1:1000 BSA 5% 

NF-kB Ab32536 Abcam rabbit 1:1000 milk 2% 

Phospho-SMAD2 

(Ser465/467) 
3108 Cell signaling rabbit 1:1000 BSA 5% 

SNAIL1 3879 Cell signaling rabbit 1:1000 BSA 5% 

SNAIL2 9585 Cell signaling rabbit 1:1000 milk 2% 

ZEB1 GTX105278 GeneTex rabbit 1:1000 milk 2% 

Phospho-

cortactin (Tyr421)  
44-854G invitrogen rabbit 1:1000 BSA 5% 

RAGEe sc-80652 Santa Cruz mouse 1:1000 milk 2% 

RAGEi  Ab3611 Abcam mouse 1:1000 milk 2% 

Claudin-1 GTX134842 GeneTex rabbit 1:1000 milk 2% 

ZO-1  GTX08592 GeneTex rabbit 1:1000 milk 2% 

Vinculin V9131 Sigma mouse 1:1000 milk 2% 

β-Actin  A2228 Sigma mouse 1:10000 milk 2% 

α-Tubulin T9026 Sigma mouse 1:10000 milk 2% 

Table 4. List of primary antibodies used for protein detection by western blot. 

Antibody Reference Manufacturer Dilution 
Dilution 

buffer 

Anti-mouse NA931 GE Healthcare 1:1000 milk 2% 
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Anti-rabbit NA934 GE Healthcare 1:1000 milk 2% 

Table 5. List of secondary antibodies used in western blot. 

3.2. Immunofluorescence of 2D culture  

Cells were seeded on previously collagen-coated glass coverslips. Specifically, cover-

slips were coated with collagen (Gibco) (1:100 in PBS) for 1h in the incubator at 37ºC. 

To analyze the effect of the recombinant human proteins in the cortactin, 24h before 

fixation, cell media was replaced with serum-free media and cells were treated with 

the indicated concentration for 24h (see section 1.3). For acidic conditions, cells were 

exposed to 24h acidosis to analyze RAGE, cortactin, SNAIL1, β-catenin and DIAPH1 

expression. To analyze the effect of RAGE antagonists, MDA-MB-231 and BT549 cells 

were treated with DMSO, 30 μM FPS-ZM1 or 2 μM Azeliragon for 72h before 

analyzing cortactin, SNAIL1 and β-catenin expression. To analyze the effect of RAGE 

antagonists and TGF-β1 on β-catenin and E-cadherin expression, NMuMG cells were 

treated for 72h with DMSO, 30 μM FPS-ZM1 or 1 μM Azeliragon 72h followed by 24h 

TGF-β1 treatment keeping the antagonists’ treatment. Cortactin, β-catenin and ZO-

1 expression were analyzed in RAGE knockdown cells. 

After treatments, cells were washed twice with PBS and fixed with 4% PFA (#sc-

281692, Santa Cruz) 30 minutes incubation. For protein detection, cells were 

permeabilized with 0.1% triton X-100 (#T9284, Sigma- Aldrich) 15 min incubation, 

except for the extracellular RAGE analysis in which cells were not permeabilized. 

Then cells were washed twice in PBS and coated with 3% BSA (#A2058, Sigma-

Aldrich) for 1h to block the unspecific antibody binding sites. Primary antibodies 

(Table 6) were prepared in 3% BSA, and incubated O/N at 4ºC.  

 

Antibody Reference Manufacturer Specie Dilution 

Cortactin Sc-55579 SantaCruz Mouse 1:150 

β-catenin 610154 BD  Mouse 1:100 
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Table 6. List of primary antibodies used for protein detection by immunofluorescence. 

 

The following day, primary antibody was removed and coverslips were washed twice 

with PBS for 10 minutes and incubated 1h at RT with the appropriate secondary 

antibody (1:250) (Table 7). Then, after two washes with PBS, coverslips were 

mounted on the slide using a specific mounting-media with DAPI (#P36966 

Invitrogen).  

To stain both the extracellular domain of RAGE and the intracellular cortactin, cells 

were incubated 1h with BSA 3% to block the unspecific antibody binding sites 

followed by anti-RAGE antibody incubation O/N at 4ºC (Table 6). The following day, 

the antibody was washed twice with PBS for 10 min and incubated 1h with the 

secondary antibody at RT (Table 7). After two washings, cells were fixed with 10 min 

4% PFA incubation. Then, cells were permeabilized with 15 min 0.05% triton X-100 

(Sigma) incubation and blocked with 3% BSA. Primary antibody for cortactin was 

incubated O/N at 4ºC (Table 6). The following day, after incubation with the specific 

secondary antibody (Table 7), coverslips were mounted as previously described. 

Table 7. List of secondary antibodies used for immunofluorescence detection. 

SNAIL1 3895 Cell signaling Mouse 1:100 

RAGE AF1145 R&D system goat 1:15 

DIAPH1 610848 BD mouse 1:100 

ZO-1 33-9100 Invitrogen Mouse 1:100 

E-cadherin 3195 Cell signaling Rabbit  1:200 

Antibody Wave-length Reference Manufacturer Specie 

Anti-Rabbit Alexa Fluor 488 A11008 Invitrogen Goat 

Anti-Mouse Alexa Fluor 488 A21200 Invitrogen Goat 

Anti-Mouse Alexa Fluor 594 A11032 Invitrogen Goat 

Anti-Goat Alexa Fluor 488 A21467 Invitrogen Chicken 
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3.3. Immunofluorescence of 3D culture 

Tumoroids grown in Matrigel were washed carefully twice with cold PBS and fixed at 

RT for 1h with 4% PFA. Then, organoids were incubated with Corning cell recovery 

solution (#45354253, Cultek) for 20 minutes on ice to recover cells from Matrigel 

matrix. After two washes, cells were permeabilized 3h with 1% triton X-100 (Sigma) 

in PBS. Then, triton X-100 was removed following by two washings with PBS, and 

blocked in PBS + 3% BSA + 0.1% Tween (Sigma) for 1h to reduce unspecific antibody 

binding sites. Finally, phalloidin (1:1000) and Hoechst (1:10000) (Sigma-Aldrich) 

staining was done with 15 minutes incubation at RT and after two washings with PBS, 

coverslips were mounted with mounting media Prolong (Invitrogen). 

3.4. Microscopy and fluorescence analysis 

An Olympus FluoView FV1000 Confocal Microscope was used to visualize 

fluorescence staining and gelatin degradation and acquire images from more than 

eight representative fields of each sample. Pictures were acquired at magnification 

60x with an oil immersion objective lens. Protein staining was quantified using Image 

J software. 

4. TUMORIGENESIS AND METASTATIC ASSAYS 

8-weeks old female-immunodeficient NOD-SCID mice (Charles River Laboratories) 

were maintained in pathogen-free conditions. 5x106 of MDA-MB-231 cells previously 

transfected for luciferase were mixed in 100 μL of a solution 1:1 of PBS and Matrigel 

(#356234, Corning) and injected into the mammary fat pad. Two experimental arms 

were performed randomly: vehicle (10% DMSO, 40% PEG300, 5% Tween-80 and 45% 

PBS), and 5 mg/kg Azeliragon arm. Treatments were administered with IP injection 

6 days a week. Mice weight was monitored every week. Tumor growth was 

monitored twice a week by caliper and tumor volume was measured using the 

formula D·d2/2, where D is the major diameter and d the minor diameter of the 

tumor. When the volumes reached 300-400 mm3, the primary tumors were excised 
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and fixed in 4% formaldehyde (#VWRC9713.5000, VWR) overnight and embedded in 

paraffin for hematoxylin and eosin staining. Metastasis were controlled every week 

using IVIS Spectrum imager. When animals reached the endpoint, organs were 

examined for the presence of metastatic foci by ex-vivo bioluminescence imaging. 

Positive organs for bioluminescence were washed with PBS, fixed in formaldehyde 

(VWR) and embedded in paraffin for hematoxylin and eosin staining. Animal care 

was handled in accordance with the Guide for the Care and Use of Laboratory 

Animals of the Vall d'Hebron University Hospital Animal Facility, and the Animal 

Experimentation Ethical Committee at the institution-approved experimental 

procedures. 

5. STATISTICAL ANALYSIS 

Graphs and statistical analysis were performed using GraphPad Prism 8 software. 

Data from replicate experiments are shown as mean values ± standard deviation. 

Comparisons between groups were analyzed by a two-tailed Student t test, one-way 

ANOVA or two-way ANOVA, as appropriate. A p-value < 0.05 was considered 

statistically significant (*p<0.05; **p<0.01; ***p<0.001 and ****p<0.0001 as it is 

represented in the figures).  

6.  PROTEOMICS  

Digestion (section 6.1.) and liquid chromatography (LC-MS/MS) (section 6.2) of the 

collected secretome (see section 1.6) was performed by the Proteomic facility at 

VHIO. 

6.1. In-solution Digests 

Samples were in-solution digested previous to HPLC-MS analysis. Fifteen micrograms 

of each secretome preparation were first dissolved in 50% 2,2,2-Trifluoroethanol 

and reduced with tris(2-carboxyethyl)phosphine hydrochloride to a final 

concentration of 5mM for 1h at 60°C, and alkylated in 10mM of Iodoacetic acid  at 

25°C for 20min. Before trypsin digestion, samples were diluted with 50mM of 
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ammonium bicarbonate to a final concentration of 10% 2,2,2-Trifluoroethanol. Then 

proteins were digested in a ratio of 1:20 (w/w) with trypsin for 5h at 37°C. The 

reaction was stopped with formic acid (FA). After digestion samples were cleared at 

10,000 rpm for 10min, dried, and re-dissolved in 30% acetonitrile, 0.1% FA to a final 

concentration of 1μg/μl before liquid chromatography (LC)-MS analysis 

6.2. Liquid chromatography-Mass spectrometry analysis (LC-MS/MS)  

Tryptic digests were analyzed using a linear ion trap Velos-Orbitrap mass 

spectrometer (Thermo Fisher Scientific, Bremen, Germany). Instrument control was 

performed using Xcalibur software package, version 2.2.0 (Thermo Fisher Scientific, 

Bremen, Germany). Peptide mixtures were fractionated by on-line nanoflow liquid 

chromatography using an EASY-nLC 1000 system (Proxeon Biosystems, Thermo 

Fisher Scientific) with a two-linear-column system. Samples were first loaded onto 

a trapping guard column (Acclaim PepMap 100 nanoviper, 2 cm long, ID 75 μm and 

packed with C18, 3 μm particle size from Thermo Fisher Scientific) at 4uL/min. Then, 

samples were separated on the analytical column (Dr Maisch, 25 cm long, ID 75 μm, 

packed with Reprosil Pur C18-AQ, 3 μm particle size). Elution was performed using 

0.1% formic acid in water (mobile phase A) and acetonitrile with 0.1% formic acid 

(mobile phase B), with a linear gradient from 0 to 35% of mobile phase B for 120 

min at a flow rate of 300 nL/min. Ions were generated applying a voltage of 1.9 kV 

to a stainless-steel nano-bore emitter (Proxeon, Thermo Fisher Scientific), coupled 

to end of the analytical column, on a Proxeon nano-spray flex ion source. 

The LTQ Orbitrap Velos mass spectrometer was operated in data-dependent mode. 

A scan cycle was initiated with a full-scan MS spectrum (from m/z 300 to 1600) 

acquired in the Orbitrap with a resolution of 30,000. The 20 most abundant ions 

were selected for collision-induced dissociation fragmentation in the linear ion trap 

when their intensity exceeded a minimum threshold of 1000 counts, excluding singly 

charged ions. Accumulation of ions for both MS and MS/MS scans was performed in 

the linear ion trap, and the AGC target values were set to 1 × 106 ions for survey MS 
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and 5000 ions for MS/MS experiments. The maximum ion accumulation time was 

500 and 200 ms in the MS and MS/MS modes, respectively. The normalized collision 

energy was set to 35%, and one microscan was acquired per spectrum. Ions 

subjected to MS/MS with a relative mass window of 10 ppm were excluded from 

further sequencing for 20 s. For all precursor masses a window of 20 ppm and 

isolation width of 2 Da was defined. Orbitrap measurements were performed 

enabling the lock mass option (m/z 445.120024) for survey scans to improve mass 

accuracy. 

6.3. Protein identification and quantitative differential analysis. 

LC-MS/MS data were analyzed using the Proteome Discoverer v. 2.1 software 

(Thermo Fisher Scientific). Proteins were identified using Mascot v. 2.5 (Matrix 

Science, London UK) to search the SwissProt database (2018_11, taxonomy 

restricted to human proteins, 20,413 sequences). MS/MS spectra were searched 

with a precursor mass tolerance of 10 ppm, fragment tolerance of 0.7 Da, trypsin 

specificity with a maximum of 2 missed cleavages, cysteine carbamidomethylation 

set as fixed modification and methionine oxidation as variable modification.  

Files generated from Mascot (.DAT files) were loaded into Scaffold (version 3.00.07; 

Proteome software, Inc., Portland, OR), resulting in a no redundant list of identified 

proteins per sample. Peptide identification was given as valid as long as a 

PeptideProphet probability greater than 95% was determined. Those proteins whose 

identification could be established with a probability higher than 95% and contained 

at least two identified spectra were accepted. Using these filters, a false protein 

discovery rate (FDR) below 1.0%, as estimated by a database search, was achieved. 

The generated "scaffold" files containing all the "spectral counts" (SpC) for each 

sample and their replicates were exported to the POMAcounts 1.1.0 software for 

normalization and statistical analysis (see section 6.4). 
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6.4. Secretomes statistical analysis  

All statistical normalizations and calculations of proteomic data were performed 

using the software POMAcounts 1.1.0. Exploratory data analysis was performed 

using principal component analysis (PCA) and hierarchical clustering of the samples 

in the SpC matrix to find possible outliers and patterns in the data. For statistical 

modeling, a GLM model based on the Poisson distribution was used as a statistical 

test. Adjusted p-value < 0.05, fold change > 0.8 and number spectral counts (SpC) > 

2 thresholds were applied during the analysis.
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1. MODELING TUMOR MICROENVIRONMENTAL STRESS IN THE CONTEXT OF 

TUMOR INVASION 

Previous cancer research studies, demonstrated that the tumor microenvironment 

tends to be hypoxic as a consequence of the higher rate proliferation of tumor cells 

and poor blood perfusion. Tumor cells under hypoxia up-regulate glycolysis to 

produce energy, even when hypoxia is reversed. This phenomenon is known as the 

Warburg effect. The increased rate of glycolysis leads to microenvironmental 

acidosis, which has been associated to tumor aggressiveness 21. Here, we decided to 

study the effect of microenvironmental stresses on breast cancer secretomes to 

identify new candidate drug targets. 

1.1. Studying migration and invasion in breast cancer (BC) cell lines during 

chronic and acute stress 

In order to study the effect of microenvironmental stresses on tumor cell invasion 

and migration, we generated subpopulation of BC cells subjected to chronic 

microenvironmental stresses. Specifically, we used two different breast cancer cell 

lines: MDA-MB-231, MCF-7, which represent different BC subtypes. The MDA-MB-

231 cell line belong to the triple negative breast cancer (TNBC) subtype, meaning 

that they do not express hormone receptors (ER, PR) and HER2. These cells have a 

mesenchymal phenotype and are very aggressive in vitro and in vivo. MCF-7 cells 

belong to the ER+ subtype. This cell line expresses both estrogen (ER) and 

progesterone (PR) receptors, and have an epithelial phenotype. 

The microenvironmental stresses induced in this project were acidosis and nutrient 

starvation. To generate the corresponding subpopulations, the pH of the media was 

reduced from 7.4 until 6.5 for chronic acidosis, and the FBS was reduced from 10% 

until 1% for nutrient deprivation during 6 and 8 weeks respectively, until reaching 

the final conditions (pH 6.5 and FBS 1%). Then, we analyzed the invasive capacity of 

the subpopulations (growing either at pH 6.5 or at 1% FBS) using the transwell assay. 

As observed in figure 16A, these cells were less invasive than cells grown in normal 

conditions. These results could be explained by the fact that cells under chronic 
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stress have a hard time to survive. Evidence of it was an increase of vacuoles in the 

cytoplasm (Fig. 16B). Besides the lack of invasion capacity, cells under a chronic 

stress showed a decreased proliferation rate near 20-30%, especially MDA-MB-231 

cells. The results suggest that cells under chronic treatment try to survive rather than 

being more aggressive.  

                              A 

         
B 

                             
Figure 16. Subpopulation generated with chronic acidosis and nutrient starvation. (A) Graphs 

showing the percentage of invasion at 24h measured with a transwell assay of MDA-MB-231 and 

MCF-7 subpopulation. (B) Cell pictures showing the specific morphology of MCF-7 and MDA-MB-231 

cells after induced chronic acidosis (pH 6.5) and nutrient starvation (1% FBS). The vacuoles generated 

under chronic acidosis are highlighted with the arrows 
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Then, we hypothesize that cells responsible for tumor invasion and metastasis in vivo 

should be the ones located at the edge of the tumor. In this region, cells probably 

experience acute stresses rather than chronic environmental stress, which is more 

characteristic of the inner part of the tumor. To test this hypothesis, we decided to 

study the effect of acute stress on three different microenvironmental conditions: 

acidosis, hypoxia and glucose starvation. In this specific study, we also added a third 

cell line, the MCF10A cells, which are derived from a fibroadenoma and they are non-

tumorigenic. 

For induced acidosis experiments, cells were maintained at either pH 7.4 or pH 6.5 

for 16h in MDA-MB-231 cells and for 24h in MCF-7 and MCF10A cells. We observed 

that acidosis induced an increase in the invasive capacity of the three cell lines (Fig. 

17A). Similar results were obtained after inducing 24h of hypoxia (0.5% O2). Under 

hypoxia, MDA-MB-231 and MCF-7 cells were more invasive than in normoxic 

conditions. However, the effect of hypoxia on MCF10A cells was not statistically 

significant as it was in the other two cell lines (Fig. 17B). Glucose starvation was 

induced using a specific media without glucose for 24h supplemented with 5% FBS. 

Absence of glucose increased the invasion capacity of MDA-MB-231 and MCF-7 cells 

through the Matrigel matrix. However, the differences for MCF-7 cells were not 

statistically significant.  
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Figure 17. Acute stress increases cells invasion. Graphs showing the percentage of invasion of MDA-

MB-231, MCF-7 and MCF10A cells treated with different acute stresses: acidosis (A), hypoxia (B) and 

glucose starvation (C). Statistical analyses were done using unpaired t-test. *p<0.05; **p<0.01, 

ns=not significant. Normoxia (Nx), Hypoxia (Hx), glucose starvation (Glucose starv.). 

 

Since acidosis was the stress condition that induced the highest increase in cell 

invasion, we decided to analyze how it affects cell migration. We used cortactin 

subcellular localization as a read-out of cell migration. Cortactin is an actin-binding 

protein associated to cell migration and invasion, which accumulates in the 

lamellipodia, invadopodia and membrane ruffles formed at the leading edge of the 

cells during migration 218–220. In our case, we observed that after 24h of acidosis, 

cortactin was relocated to the plasma membrane (Fig. 18).  

These data confirm that acute stress induces an increase in cell invasion and 

migration.  
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Figure 18. Cell migration is promoted by acute acidosis. Immunostaining of cortactin protein 

localized at the leading edge of the lamellipodia in MDA-MB-231 and MCF-7 cells treated for 24h 

with acidosis. The cortactin localization in the different acidosis conditions (pH 7.4 and pH 6.5) is 

highlighted with arrows.  

 

1.2. Profiling the secretomes of acute stress-tolerant BC subpopulation 

Once we demonstrated that microenvironmental stresses increase the invasive 

phenotype of tumor cells, next step was to identify proteins unconventionally 

secreted that could be linked to this increase in invasiveness. To do that, we 

generated secretomes from the considered three cell lines under the acute stresses 

described above. The secretome is a sub-proteome made of proteins present in the 

extracellular space. The cancer secretome contains conventional and 

unconventional secreted proteins that tumor cells use to communicate with each 

other and their tumor microenvironment during tumorigenesis. Recent reports 187,221 

have evidenced that there are intracellular proteins with alternative extracellular 

functions, suggesting that new protein functions associated with alternative 

subcellular localizations might be implicated in tumorigenesis. 
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We generated 24h-secretomes from the three cell lines with or without acidosis or 

hypoxia. For glucose starvation, secretomes were obtained at 7h treatment, since 

cells did not survive for a longer time without glucose and FBS. Since secretomes 

collected at 7h are more difficult to analyze due to the lower number of proteins 

present, we decided to focus on the secretomes from acidosis and hypoxia 

conditions. 

After collecting and concentrating the secretomes, we analyzed them by label-free 

LC-MS/MS on an LTQ-Orbitrap Velos mass spectrometer at the VHIO Proteomics 

Core Facility. After protein identification using the Mascot algorithm, the secretome 

data was uploaded into the Scaffold 3.0 software (Proteomic Software) for the 

validation of the protein identification and quantification. Next, the secretome 

profiles were uploaded into the statistical environment R for differential secretion 

statistical analysis using two workflows developed in the laboratory 222. The first 

workflow, called Exploratory Data Analysis (EDA), does an exploratory analysis using 

unsupervised tools including hierarchical clustering and principal component 

analysis (PCA). EDA also performs a batch effects correction to account for the effect 

of environmental factors on the mass spec analysis, providing that an appropriate 

experimental design was used. These analyses, through the use of visualization tools 

such as PCA, allow us to check the quality of the data. The principal components (PC1 

and PC2) in the PCA quantify the amount of variance explained by the dataset. The 

PC1 is always the axis that explain more variance in the dataset, and in our case, 

separates samples by biological condition (stress) (Fig. 19 and 20). Given these 

premises, the EDA analysis showed that the triplicates of our secretomes were 

similar among them.  
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Figure 19. PCA analysis of secretomes collected after treatment with or without acidosis. PCA 

analysis after a batch effect normalization of the secretomes profiles from the three breast cancer 

cells lines (MDA-MB-231, MCF-7 and MCF10A) treated with or without 24h acidosis. Green 

represents the triplicates of cells treated at pH 7.4 and orange the triplicates of cells treated at pH 

6.5. Each triplicate is represented with a circle, triangle and square. 
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Figure 20. PCA analysis of secretomes collected after treatment with or without hypoxia. PCA 

analysis after a batch effect normalization of the secretomes profiles from the three breast cancer 

cells lines (MDA-MB-231, MCF-7 and MCF10A) treated with or without 24h hypoxia. Green 

represents hypoxic triplicates and orange the normoxic triplicates. Each triplicate is represented 

with a circle, triangle and square. 

 

In the second workflow, we performed inferential statistics by modeling the spectral 

counts data using Poisson statistics. The goal was to find differentially secreted 

proteins between the control and the test condition for each of the different 

microenvironmental stresses assayed in our project. By setting three different 

thresholds (minimum signal ≥ 2 spc; log2 fold change ≥ 0.8; and p-value ≤ 0.05), we 

obtained lists of proteins that were over-secreted in our experiments 222. Figure 21 

shows the heatmaps of the differentially secreted proteins during 24h of acidosis 

(Fig. 21A) or hypoxia (Fig. 21B) for the three cell lines tested after setting the 

thresholds mentioned above.  

The total number of proteins secreted was higher in breast cancer cell lines (near 

1200 proteins for both stresses), than in the non-tumorigenic cell line (843 in acidosis 

and 588 in hypoxia). The number of proteins was consequently reduced after setting 

up the thresholds. Under acidosis the number of proteins significantly over-secreted 

were 164, 70 and 98 respectively for MDA-MB-231, MCF-7 and MCF10A. However, 

under hypoxic conditions the number of proteins significantly differentially secreted 

were 21, 28 and 83 respectively for the same cell lines mentioned before. Therefore, 

acidosis induces more differences in protein secretion than hypoxia. 
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A                 

                  MDA-MB-231                                  MCF-7                                        MCF10A                 

     
       pH6.5             pH7.4                    pH 6.5            pH 7.4                  pH 6.5            pH 7.4 
 

B                  

               MDA-MB-231                                  MCF-7                                        MCF10A                  

      
            Hx                   Nx                          Hx                   Nx                         Hx                   Nx         

Figure 21. Proteins significantly secreted in acute stress conditions. Heatmaps show the proteins 

differentially secreted after setting the thresholds (minimum signal ≥ 2 spc; log2 fold change ≥ 0.8; 

and p-value ≤ 0.05) in MDA-MB-231, MCF-7 and MCF10A cells. (A) Cells treated 24h with or without 

acidosis (pH 7.4 and pH 6.5). (B) Cells treated 24h under normoxia (Nx) or hypoxia (Hx). In red are 

the proteins over-secreted and in green the proteins under-secreted.  

 

When we analyzed the list of significant proteins over-secreted during acidosis, we 

observed differences in groups of proteins unconventionally secreted, like the high 

mobility group (HMG) family proteins. Although some of the HMG proteins were not 

significantly over-secreted, there was a clear tendency in the over-secretion of the 

HMG family of proteins during acute acidosis (Table 8). We also detected a slight 

increase in some of the S100 proteins under acidosis, although none of them was 

significantly different (Table 8). 



Results 

88 
 

 

             A                  

 
             B 

 
             C                

 
Table 8. List of HMGs and S100 proteins secreted in acute acidosis. Tables show the gene name of 

the different HMGs and S100 proteins secreted during 24h acidosis in (A) MDA-MB-231, (B) MCF-7 

and (C) MCF10A cells. Spectral counts in the control (third column) and acidosis (second column) 

conditions are shown. Besides, log2 fold change and p-value are also presented after normalization 

of the batch effect. 
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Volcano plots helped us to visualize the statistical differences of proteins secreted 

under microenvironmental acidosis (Fig 22) and hypoxia (Fig. 23).  

 

  

 

                    
 

                     
 

                       
 
Figure 22.  Proteins over- and under-secreted in acute acidosis. Volcano plots representing the 

significant proteins up-regulated and down-regulated after 24h acidic conditions in MDA-MB-231, 

MCF-7 and MCF10A secretomes. On the right, zoom of proteins over-secreted labeling the HMGs 

proteins. Red shows the proteins down-regulated; blue shows the proteins up-regulated, and grey 

shows the proteins not-significantly different based on the selected thresholds. 
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                              MDA-MB-231                                                          MCF-7 

             
                                                         
                                                                MCF10A 

                                   
 
Figure 23. Proteins over and under-secreted in acute hypoxia. Volcano plots representing the 

proteins significantly up-regulated and down-regulated in the secretomes of MDA-MB-231, MCF-7 

and MCF10A cells treated 24h in hypoxia. of hypoxic conditions. Red shows the proteins down-

regulated; blue shows the proteins up-regulated, and grey the proteins not-significantly different 

based on the selected thresholds. 

 

Taking into account that several of the unconventional proteins over-secreted in 

acidosis are RAGE-ligands (HMGs and S100 proteins), and considering previous 

studies in our lab indicating that extracellular HMGA1 promotes tumor invasion and 

metastasis through RAGE in TNBC 189, we decided to study the role of  RAGE in breast 

cancer.  

Altogether, the results obtained in breast cancer cells lines validate that acute 

microenvironmental stresses induce aggressiveness and increase the release of 

proteins unconventionally secreted. Besides, some of the proteins unconventionally 

over-secreted under acute acidosis in our experimental models are RAGE-ligands.  
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2. STUDYING THE ROLE OF RAGE ASSOCIATED TO MIGRATION AND INVASION 

IN TNBC CELLS 

RAGE is a multi-ligand receptor activated during inflammation, which mediates 

different chronic diseases such as diabetes, Alzheimer’s and cancer. The binding of 

ligands to RAGE activates different signaling pathways depending on the ligand and 

the cell type. In order to study the role of RAGE in tumor progression and metastases, 

we knocked-down the expression of RAGE in BC cell lines. We also treated BC cells 

with RAGE-ligands to study the transduction signaling pathways mediated by RAGE 

in our experimental models. 

2.1. The down-regulation of RAGE decreases cell migration and invasion 

In order to study the role of RAGE in breast cancer, we performed a knockdown of 

RAGE expression in MDA-MB-231 cells. Despite multiple initial attempts, we had 

several problems to generate a good knockdown using the stable expression of 

short-hairpins RNA (shRNA) against RAGE (Fig. 24A). Therefore, we also tried to 

down-regulate the expression of RAGE using other techniques including different 

siRNA sequences. However, the siRNA transfections done for 24h and 48h did not 

yield a decrease on RAGE expression (Fig. 24B). Then, we combined both siRNA and 

shRNA together by transfecting the shRAGE cells with siRNA for 24h. However, 

neither of these strategies was initially effective to down-regulate the expression of 

RAGE (Fig. 24C). 

A                                                    B 
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              C 

 
Figure 24. RAGE expression is not affected in shRAGE and RAGE siRNA cells. Western blots of the 

intracellular (RAGEi) and extracellular RAGE (RAGEe) expression in MDA-MB-231 cell lysates. (A) 

RAGE levels in RAGE knockdown cells generated after 2 lentiviral infections of 4h. (B) RAGE 

expression after 24h and 48h of RAGE siRNA transfection. (C) 24h of siRNA transfection in shRAGE 

cells. Tubulin was used as loading control. 

 

Then, we tried a different strategy to down-regulate RAGE signaling by expressing a 

dominant negative of RAGE (DN-RAGE), which only contains the extracellular and 

transmembrane domains of RAGE protein, but lacks the intracellular region of the 

receptor. Therefore, this protein cannot activate RAGE downstream pathways 223. As 

a control we used a plasmid that expresses the full length of the protein (FL-RAGE) 

which can activate the downstream effectors. Two concentrations of each plasmid 

(1 and 2 μg) were transfected and, as seen in figure 25A, cells transfected with 1 μg, 

showed a higher expression of the constructs. Those cells transfected with FL-RAGE 

and DN-RAGE, expressed high amounts of extracellular RAGE (RAGEe) compared to 

the endogenous RAGE levels (Fig. 25A). However, in our experiments there was no 

effect on the intracellular RAGE (RAGEi) expression. After observing that the 

transfection with 1μg of the plasmid worked, we expected a reduction in the 

signaling pathway of RAGE in cells transfected with the DN-RAGE compared to FL-

RAGE. Strangely, there were no differences on the basal levels of ERK1/2 and NF-kB 

phosphorylation between DN-RAGE and FL-RAGE cells (Fig. 25B). The activation of 

the downstream signaling pathways did not change either when cells were treated 

with a RAGE-ligand such as rhS100A4 (Fig. 25C). Therefore, DN-RAGE cells did not 

behave as expected and we stopped this experimental strategy.   
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                   A 

 
 
B                                                    C 

        
Figure 25. Dominant-negative of RAGE in MDA-MB-231 cells. (A) Western blot of intracellular and 

extracellular RAGE in DN-RAGE and FLRAGE cells. (B) RAGE signaling of DN-RAGE and FL-RAGE cells. 

(C) Activation of RAGE pathway of DN and FL-RAGE cells treated 1h with rhS100A4. Tubulin was used 

as loading control. 

 

Finally, an overnight lentiviral infection of the shRAGE in MDA-MB-231 cells partially 

reduced the levels of RAGE protein expression (Fig. 26A). Fortunately, the shRAGE 

cells also showed significantly decreased levels of AGER mRNA. (Fig. 26B). Therefore, 

we used these cells to study the role of RAGE in cell invasion. Transwell assays 

showed that shRAGE cells had an impaired invasive ability compared to shControl 

MDA-MB-231 cells (Fig. 26C).  

We also studied the effect of RAGE knockdown in 3D culture settings making 

tumoroids 224. 3D culture is used for a broad range of applications such as basal 

lamina formation, extracellular matrix influence, cell differentiation, invasion and 

proliferation, protein expression as well as cells interactions with the extracellular 

matrix 225. Specifically, in our study, 3D culture of MDA-MB-231 allows mammary 

cells to generate a more physiological-like structures similar as the branching 
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morphogenesis that happens in the mammary gland during puberty 226. These 

extensions created by the migratory cells to form the branching are protuberances 

that we called protrusions. We observed that RAGE knockdown cells reduced the 

capacity of these cells to create protrusions in a Matrigel matrix (Fig. 26D).  

Furthermore, when we looked at cortactin by immunofluorescence, we saw that in 

the shRAGE cells cortactin was relocated to the cytoplasm instead of being located 

in the plasma membrane (Fig. 26E). All these results collected using more 

physiologically conditions, confirm that RAGE is involved in tumor cell invasion and 

migration, since the down-regulation of RAGE generate cells with less invadopodia, 

lamellipodia and protrusion formation reducing their invasive capacity. 
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Figure 26. Knockdown of RAGE expression by shRNA reduces cell invasion and migration. 

Knockdown RAGE in MDA-MB-231 cells generated with a short-hairpin infection O/N. (A) Protein 

expression of RAGE by western in shRAGE and shControl cells. Tubulin was used as loading control. 

(B) RAGE mRNA expression after knockdown infection O/N of RAGE. (C) Analysis of the effect in 

invasiveness of shRAGE cells using transwell assay. (D) Tumoroids from knockdown RAGE cells 

growing in Matrigel 3D-culture. (E) Differences in cortactin (red) localization between shControl and 

shRAGE cells. Statistical analyses were done using unpaired t-test. *p<0.05; ****p<0.0001 

 

2.2. The activation of RAGE induces migration in MDA-MB-231 cells  

We studied the effect of different RAGE-ligands in cell migration by treating MDA-

MB-231 cells with recombinant human (rh) proteins of S100P, S100A4, S100A7, 

HMGB1 and HMGA1. We used the sub-cellular localization of cortactin by 

immunofluorescence (IF) as a read-out of the ligand induction of cell migration. We 

observed that in cells treated with recombinant RAGE ligands, cortactin was 

accumulated at the leading edge of the cell membrane, indicating that cells become 

more migratory (Fig. 27A). In addition to protein ligands, we also tested 

cortactin 

shRAGE shControl 

cortactin 
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methylglyoxal (MGO), a byproduct of glycolysis and a precursor of AGEs, which is 

implicated in diabetes and other chronic inflammatory diseases 166. MGO treatment 

also induced cortactin relocation to the lamellipodia of the cells (Fig. 27A). In the 

case of rhHMGA1, we used the MDA-MB-231 shHMGA1 cells already generated in 

our lab 189, since they do not express HMGA1 and the observed effects can be 

assigned to the interaction of the extracellular rhHMGA1 protein with RAGE (Fig. 

27B). Interestingly, we observed that rhHMGA1 treatment also gave rise to cortactin 

relocation in the invasive front of shHMGA1 cells (Fig. 27B). 
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MGO 100μM rhHMGB1 2,5μg/ml 
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Figure 27. RAGE ligands induce migration in MDA-MB-231 cells. (A) Cortactin IF-staining (red) of 

MDA-MB-231 cells treated 24h with different recombinant human proteins: 1μg/mL S100A4, 

1μg/mL S100P, 2,5μg/mL HMGB1 and 100μM MGO. (B) Western blot of HMGA1 expression in 

shHMGA1 cells, and cortactin staining (red) in shHMGA1 cells treated 24h with the recombinant 

human protein 3μg/mL HMGA1. Tubulin was used as loading control. 

 

After confirming cortactin relocation in cells treated with RAGE-ligands, we studied 

the RAGE signaling pathways involved in cell invasion. We tested the two main 

pathways well known in literature for the transduction of RAGE activation, NF-kB and 

MAP Kinase (ERK1/2) pathways. We observed that NF-kB was clearly activated by 

different S100 proteins, although the activation by rhS100A7 was smaller than 

S100A4 and S100P. We also observed that none of the rhS100 proteins activated 

ERK1/2 pathway (Fig. 28A). By contrast, MGO did the opposite, it induced ERK1/2 

activation but not NF-kB (Fig. 28C). The rhHMGA1 protein activated both pathways 

ERK1/2 and NF-kB. However, rhHMGN1 did not activate any of them (Fig. 28A and 

28B).  

To confirm if the activation of these pathways was RAGE-specific, we used the MDA-

MB-231 shRAGE cells stimulated with some of the RAGE ligands. We observed that 

in the shRAGE cells, the activation of phospho-ERK1/2 and phospho-NF-kB was lower 

than in the knockdown control cells, proving that the activation of ERK1/2 and NF-

kB by the recombinant ligands is RAGE-specific (Fig. 28D). 

 

shHMGA1 shHMGA1 + rhHMGA1 

cortactin 
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Figure 28. RAGE-ligands induce NF-kB and ERK1/2 activation in MDA-MB-231 cells. (A and B) 

Western blots of RAGE signaling induced for 1h with different RAGE-ligands: recombinant human 

proteins of 1μg/mL S100A4, 1μg/mL S100P, 1μg/mL S100A7, 2,5μg/mL HMGN1 and 3μg/mL HMGA1. 

(C) Activation of RAGE signaling pathway with MGO. (D) Effect of RAGE-ligands in the RAGE signaling 

pathway of shRAGE cells. 100uM MGO and 1ug/ml rhS100P. Tubulin was used as loading control. 

 

2.3. RAGE antagonists decrease cell invasion through MAPK pathway 

Finally, to confirm the role of RAGE in breast cancer invasion, we decided to use 

RAGE inhibitors, specifically we used two RAGE antagonists, FPS-ZM1 and 

Azeliragon. We used two invasion assays, the transwell assay and the gelatin 

degradation assay. Boyden chambers were coated with Matrigel and cells treated 

with or without RAGE antagonists were allowed to invade for 24h through a 

membrane with 8μm pore size. The results showed that cells treated with RAGE 

antagonists are less invasive (Fig. 29A). Similar results were obtained with the gelatin 

degradation assay, in which cover-slips were coated with a fluorescent gelatin 

matrix. After cell attachment in the presence of a reversible matrix 

metalloproteinases inhibitor (batimastat), cells were washed and allowed to degrade 

the gelatin for 2h with or without FPS-ZM1. The gelatin degradation caused by the 
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cells was analyzed by confocal microscopy. The analysis of images containing 

approximately 100 cells confirm that a RAGE antagonist reduced the ability of the 

cells to degrade the gelatin matrix (Fig. 29B). Therefore, RAGE antagonists reduced 

the cell migration and invasion capacity in MDA-MB-231 compared to the non-

treated cells (DMSO). 
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Figure 29. RAGE antagonists reduce cell invasion in breast cancer. (A) Images from transwell assay 

of RAGE antagonists (30μM FPS-ZM1 and 2μM Azeliragon) on cell invasion in a transwell assay 

compared to control cells treated with DMSO. (B) Analysis of the effect of 30μM FPS-ZM1 on cell 

invasion in a gelatin degradation assay from 15 fields (approx. 100 cells). Actin was stained in red to 

visualize cell surface. Statistical analyses were done using one-way ANOVA and unpaired t-test. 

*p<0.05; **p<0.01, ****p<0.0001. 

 

The effect of the antagonists on cell migration was similar as the results previously 

obtained with the RAGE knockdown cells. In two different TNBC cell lines, MDA-MB-

231 and BT549, we observed that RAGE antagonists induce cortactin relocation to 

the cytoplasm, whereas in non-treated cells cortactin was located in the lamellipodia 

and invadopodia promoting cell motility (Fig. 30). 

 

Figure 30. Cell migration was reduced by RAGE antagonists. Differences in cortactin localization 

(red) in MDA-MB-231 and BT549 cells treated 72h with 30μM FPS-ZM1 and 2μM Azeliragon. The 

regions of cortactin accumulation were highlighted with the arrows. 

 

After observing a decrease in cell migration and invasion in cells treated with RAGE 

antagonists, we decided to investigate which transduction signaling pathway linked 

to RAGE was specifically affected. Therefore, we starved cells from FBS overnight to 
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avoid the unspecific activation of the pathway induced by the growth factors of the 

FBS. Then, we did a short time treatment with the antagonists. The results showed 

that two antagonists reduced ERK1/2 activation in MDA-MB-231 cells (Fig. 31). 

However, no differences were detected in NF-kB pathway.  

 

Since in 3D culture (tumoroids) cells are embedded in a matrix that mimics the 

extracellular matrix of the tissue, tumoroids are useful for drug sensitivity studies 

224,227,228. In our case we studied the effect of RAGE antagonists. In our experiment, 

MDA-MB-231 cells were embedded in Matrigel. RAGE antagonists’ treatment was 

not started until the protrusions from tumoroids were visible. After 4 days of 

treatment with RAGE antagonists we observed that the tumoroids of MDA-MB-231 

cells started reducing the number of protrusions, although the effect was even 

higher after 12 days of treatment (Fig. 32A). After 12 days of treatment tumoroids 

were completely collapsed. The actin staining of tumoroids, confirmed that RAGE 

antagonists reduced the ability of tumoroids to generated protrusions (Fig. 32B).  

Overall, the results with RAGE antagonists and shRAGE cells suggest a role of RAGE 

in breast cancer migration and invasion. These results led us to hypothesize that 

RAGE could be a new drug target for TNBC therapy. 

 
 
Figure 31. RAGE antagonists inhibit RAGE signaling pathway. Treatment of MDA-MB-231 cells with 

30μM FPS-ZM1 for 20 minutes and 2μM Azeliragon for 1h blocks RAGE downstream signaling 

pathways.  Tubulin was used as loading control. Statistical analyses were done using one-way ANOVA 

**p<0.01, ***p<0.001. 
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Figure 32. RAGE antagonists reduce tumoroids protrusions of MDA-MB-231 in 3D-culture. (A) 

Effect on tumoroids growth and protrusion formation in MDA-MB-231 cells after 12 days treatment 

with 30μM FPS-ZM1 or 2μM Azeliragon. (B) Actin staining (red) of MDA-MB-231 tumoroids treated 

4 days with 30μM FPS-ZM1 and 2μM Azeliragon. 
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3. CHARACTERIZING THE ROLE OF RAGE LINKED TO EPITHELIAL-

MESENCHYMAL PLASTICITY (EMP) IN BREAST CANCER 

Previous evidence linked RAGE to tumor cell plasticity, particularly during fibrosis 229–

231, but also with migration and invasion of tumor cells 200,232. Since, we observed 

changes in cell morphology when RAGE was inhibited, we decided to study the 

morphological effects caused by RAGE inhibition in breast cancer cells. 

3.1. RAGE down-regulation/inhibition decreases SNAIL1 expression inducing a 

Mesenchymal-Epithelial Transition (MET) in MDA-MB-231 cells 

MDA-MB-231 cells are triple negative breast cancer cells with a clear mesenchymal 

phenotype and few cell-cell adhesions. However, with the knockdown of RAGE, cells 

became flatter and they were closer to each other as if they were forming colonies 

(Fig. 33A). A similar phenotype was detected in cells treated for 72h with RAGE 

antagonists (Fig. 33B). These changes in cell morphology led us to hypothesized that 

RAGE has an effect in tumor cell plasticity. Therefore, we studied if there was an 

effect in any transcriptional factor (TF) that could be involved in epithelial-

mesenchymal plasticity (EMP).  



Results 

104 
 

A 
                                     shControl                                                    shRAGE                                                                      
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Figure 33. RAGE inhibition induces plasticity change in MDA-MB-231 cells. (A) Cell pictures showing 

phenotypical differences on shRAGE cells compared to shControl cells. (B) Cell pictures showing 

morphological differences in MDA-MB-231 cells treated with 30μM FPS-ZM1 and 2μM Azeliragon 

for 72h.   
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First, we analyzed the expression of EMP transcriptional factors in MDA-MB-231 cells 

treated for 72h with FPS-ZM1 and Azeliragon. Western blot (Fig. 34A) and IF (Fig. 

34C) analyses showed a decrease in SNAIL1 expression in cells treated with RAGE 

antagonist, although other TFs such as SNAIL2 and ZEB1 were not affected. SNAIL1 

expression was also down-regulated in shRAGE-cells compared to the shControl cells 

(Fig. 34B). Moreover, RT-PCR analysis confirmed the down-regulation of SNAI1 

mRNA after RAGE antagonists’ treatment (Fig. 34D) and in shRAGE cells (Fig. 34E), 

although the levels of mRNA of other EMT-TFs were not affected (Fig. 34D).  
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D                                                                                                        E 

           
Figure 34. Blocking/Down-regulating RAGE reduces SNAIL1 expression in MDA-MB-231 cells. (A) 

Western blot showing expression of different transcription factors in MDA-MB-231 cells treated with 

30vM FPS-ZM1 or 2μM Azeliragon for 72h. SNAIL1 quantification considering at least 3 independent 

experiments. (B) SNAIL1 expression in shRAGE cells. (C) Immunostaining of SNAIL1 in MDA-MB-231 

cells treated 72h with RAGE antagonists and quantification of more than 300 cells for treatment. (D) 

mRNA expression of SNAI1, SNAI2, and ZEB1 in cells treated 96h with RAGE antagonists. (E) mRNA 

expression of SNAI1 in RAGE knockdown cells. Statistical analyses were done using one-way ANOVA 

(A and C), two-way ANOVA (D) and unpaired t-test (E). ***p<0.001, ****p<0.0001. Tubulin was used 

as loading control. 

 

To validate our data, we analyzed other triple negative breast cancer cell lines such 

as BT549 and Hs578T, and we also detected a decrease in SNAIL1 expression in cells 

treated with RAGE antagonists. FPS-ZM1 also reduced SNAIL2 in BT549 cells. 

However, no differences were detected on ZEB1 in any cell line after the treatment 

with RAGE antagonists (Fig. 35).  
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Figure 35. RAGE antagonists reduce SNAIL1 expression in breast cancer cells. Western blots 

showing SNAIL1, SNAIL2 and ZEB1 expression in BT549 and Hs578T cells treated for 72h with 30μM 

FPS-ZM1 or 2μM Azeliragon. Tubulin was used as loading control. 

 

SNAIL1 down-regulation is likely to reverse EMT inducing a mesenchymal-epithelial 

transition (MET) associated with loss of cell motility, expression of cell-cell adhesions 

and increasing cell polarization. Therefore, we analyzed the expression of epithelial 

markers involved in cell adhesions. 

E-cadherin is a well-known epithelial marker that mediates cell-cell adhesion 

important to maintain the homeostasis of epithelial tissue. Considering that SNAIL1 

is a repressor of E-cadherin, we expected an increase in E-cadherin expression when 

SNAIL is down-regulated. However, although in our cells the down-regulation of 

SNAIL1 was significant when RAGE was either blocked or down-regulated, we were 

not able to detect significant differences in E-cadherin (CDH1) expression (Fig. 36A). 

These results are counterintuitive, but the results could be explained due to the 

partial EMT (pEMT) concept. Between the mesenchymal and epithelial states, it has 

been proposed that there are intermediary states that undergo a partial EMT 

program expressing different levels of mesenchymal and epithelial characteristics. 

These intermediate cell states are known as E/M hybrid phenotype 53. Perhaps, in 

MDA-MB-231 cells, which are highly invasive and have a really mesenchymal 

phenotype, the treatment with RAGE inhibitors reverse EMT to a hybrid state. On 

top of the lack of E-cadherin expression, differences in N-cadherin (CDH2) were only 

detected with shRAGE, but not with RAGE antagonists (Fig. 36B), reinforcing our 

hypothesis that RAGE inhibition induces a partial MET.   
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                  A                                                                         

              
                 B 

                
Figure 36. RAGE inhibition does not affect cadherins expression in MDA-MB-231 cells. (A) E-

cadherin (CDH1) mRNA expression in shRAGE cells and cells treated for 96h with RAGE antagonists 

(30μM FPS-ZM1 or 2μM Azeliragon). (B) Effect on N-cadherin (CDH2) expression in shRAGE cells and 

cells treated with RAGE antagonists for 96h. Statistical analyses were done using unpaired t-test for 

knockdown experiments and One-way ANOVA for RAGE antagonists’ experiments. *p<0.05, ns=not 

significant. The error bars reflect the SD. 

 

Despite we could not detect a regulation in E-cadherin, we observed β-catenin 

relocation to the plasma membrane during RAGE inhibition (Fig. 37). β-catenin is a 

dual function protein. In the nucleus is involved in gene transcription, but in the 

plasma membrane it has a role in epithelial cell-cell adhesion 233,234. Therefore, β-

sh
C
ontr

ol

sh
R
A
G
E

0

1

2

3

4

5

CDH1

fo
ld

 c
h

a
n

g
e

m
R

N
A

C
D

H
1
/G

A
P

D
H

ns

D
M

S
O

FP
S
-Z

M
1

A
ze

lir
ag

on

0.0

0.5

1.0

1.5

2.0

CDH1

fo
ld

 c
h

a
n

g
e

m
R

N
A

C
D

H
1
/G

A
P

D
H ns

ns

sh
C
ontr

ol

sh
R
A
G
E

0.0

0.5

1.0

1.5

CDH2

fo
ld

 c
h

a
n

g
e

m
R

N
A

C
D

H
2
/G

A
P

D
H

*

D
M

S
O

FP
S
-Z

M
1

A
ze

lir
ag

on

0.0

0.5

1.0

1.5

2.0

CDH2
fo

ld
 c

h
a
n

g
e

m
R

N
A

C
D

H
2
/G

A
P

D
H

ns

ns



Results 

109 
 

catenin expression in the plasma membrane confirms the MET induced by RAGE 

inhibition. 

                      
 

 
 

Figure 37. Blocking RAGE induces β-catenin relocation to the plasma membrane in MDA-MB-231 

cells. Effect on β-catenin localization in shRAGE cells (upper panel) and cells treated 72h with 30μM 

FPS-ZM1 or 2μM Azeliragon (lower panel). 

 

Finally, to further validate these results, we also analyzed the expression of proteins 

such as ZO-1 and Claudin 1, involved in tight junctions. These proteins are 

responsible to maintain the polarity of epithelial cells, while in mesenchymal cells 

these are down-regulated. Interestingly, we detected an increase in the levels of 

Claudin 1 and ZO-1 expression in shRAGE cells (Fig. 38A). Specifically, ZO-1 was 

detected in the plasma membrane (Fig. 38B) playing a role in tight junctions.   
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Figure 38. Knockdown RAGE induces tight junction expression in MDA-MB-231 cells. (A) Western 

blot of two tight junction proteins Claudin 1 (left) and ZO-1 (right) expressed in shRAGE cells. Tubulin 

and vinculin were used as loading control. (B) IF-staining of ZO-1 protein (red) in shRAGE cells.  

 

After demonstrating that RAGE inhibition induced a pMET in MDA-MB-231 cells, and 

that these cells increase the expression of cell-cell adhesions and tight junctions, we 

decided to study the effect on cells’ adhesion to the extracellular matrix. We tested 

two different matrices, collagen I and fibronectin, and the results showed an increase 

in the cell adhesion to both matrices in shRAGE cells (Fig. 39A). Cell adhesion was 

also increased in cells treated with Azeliragon, but not with FPS-ZM1 treatment (Fig. 

39B), although the molecular and morphological effects were similar as Azeliragon. 

This increase in cell adhesion validates our previous results and reinforces our 

hypothesis that RAGE plays a role in EMP in TNBC.  
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shRAGE shControl 
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A                                                                    B 

           
Figure 39. RAGE inhibition increases MDA-MB-231 adhesion in extracellular matrix. Left panel 

shows adhesion of shRAGE cells in collagen and fibronectin matrices. Right panel shows adhesion of 

cells treated for 96h with 30μM FPS-ZM1 or 2μM Azeliragon in collagen and fibronectin matrices. 

Statistical analyses were done using two-way ANOVA. ***p<0.001, ****p<0.0001 

 

Epithelial cells tend to have a higher proliferative rate than mesenchymal cells. 

Therefore, taking into account that the inhibition of RAGE reverses the EMT process 

inducing an epithelial phenotype, we hypothesized an increase in cell proliferation 

when RAGE activity was inhibited by antagonists or RAGE ablation. However, the 

results only confirm partially the hypothesis. While the RAGE knockdown cells have 

a higher proliferative rate than shControl cells (Fig. 40A), cells treated with FPS-ZM1 

reduced their proliferation, although no differences were detected in cells treated 

with Azeliragon (Fig. 40B). The difference between the two antagonists could be 

explained by the fact that they bind to different regions of the V-domain 128.  
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Figure 40. RAGE effect on cell proliferation. (A) Cell proliferation analysis of shRAGE and shControl 

cells from 24h to 96h tested with cell counting (B) Cell proliferation analysis tested with CellTiter 

after 72h treatment with 30μM FPS-ZM1 or 2μM Azeliragon. Statistical analyses were done using 

two-way ANOVA. **p<0.01 

 

Overall, these results confirm the involvement of RAGE in tumor cell plasticity and 

cell motility. Moreover, the inhibition and down-regulation of RAGE reverses the 

EMT inducing a partial mesenchymal-epithelial transition (pMET) in TNBC cells. 

3.2.  RAGE antagonists impair EMT mediated by TGF-β1 in breast cancer cells 

After showing that RAGE mediates EMT in MDA-MB-231 cells, and considering that 

transforming growth factor beta 1 (TGF-β1) is one of the best-known mediators of 

EMT, we decided to study whether there is a link between RAGE and the TGF-β 

pathway. To do so, we used the NMuMG cell line, which is a non-transformed mouse 

mammary gland epithelial cell line, and one of the best EMT cellular experimental 

models. NMuMG cells are epithelial but become fully mesenchymal after 48h 

treatment with TGF-β1. This EMT process is perfectly blocked by an inhibitor of TGF-

β receptor II (iTGF-βRII) (LY2109761) (Fig. 41). Since RAGE antagonists induce a MET 

in MDA-MB-231 cells, we studied whether the antagonists could block the EMT 

induced by TGF-β1 in NMuMG cells. Cells were pretreated with RAGE antagonists for 

72 hours before adding the TGF-β1 for 48 hours. The results showed that RAGE 

antagonists partially blocked the EMT induced by TGF-β1, since cells cannot become 

fully mesenchymal in the presence of the antagonists (Fig. 41).  
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Figure 41. RAGE antagonists reduce EMT induced by TGF-β1 in NMuMG cells. Upper panels show 

pictures of non-treated NMuMG cells and cells treated with 1ng/mL TGF-β1 for 48h. Lower panels 

show pictures of cells treated with TGF-β1 for 48h and 2μM TGF-β1 inhibitor (iTGF-βRII) O/N (left); 

cells pre-treated for 72h with 30μM FPS-ZM1 and then 48h with TGF-β1 (middle); and cells pre-

treated for 72h with 1.5μM Azeliragon and then TGF-β1 for 48h (right). 

 

To confirm these results, we analyzed the expression and subcellular localization of 

E-cadherin and β-catenin, two main markers of the epithelial phenotype. We 

observed that NMuMG cells treated with TGF-β1 reduced the expression of both 

epithelial markers. This loss was almost totally blocked on cells treated with FPS-

ZM1, and partially blocked on cells treated with Azeliragon (Fig. 42). Therefore, RAGE 

antagonists impaired EMT induced by TGF-β1.  
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Figure 42. RAGE antagonists impaired the effect of TGF-β1 in NMuMG cells. IF show the effect on 

E-cadherin (green) and β-catenin (red) expression induced by 24h of TGF-β1 with or without 96h pre-

treatment with 30μM FPS-ZM1 and 1.5μM Azeliragon.  

 

Once we observed morphological differences in cells treated with TGF-β1 with or 

without RAGE antagonists, we decided to study the molecular mechanism that could 

link TGF-β and RAGE pathways. 

Previous studies demonstrated that TGF-β1 and TGF-β-2 bind to the specific 

receptors TGF-βR I and II activating the SMAD signaling pathway, which it is known 

as its canonical pathway. Alternatively, TGF-β can also activate SMAD-independent 

pathways, such as ERK1/2, AKT and JAK-STAT, which are known as non-canonical 

pathways 235. To study the link between RAGE and TGF-β, first, we analyzed the 

activation state of both TGF-β1-canonical and non-canonical pathways in NMuMG 

cells. The results show that TGF-β1 activates the canonical (SMAD2), and non-

canonical (ERK1/2) pathways (Fig. 43A, line 2). Inhibition of the TGF-β pathway, using 

an inhibitor of TGF-βRII (LY2109761), reduces the activation of both SMAD2 and 

ERK1/2 induced by TGF-β1 (Fig. 43A, line 7). Furthermore, blocking RAGE activity 

with FPS-ZM1 also reduces the phosphorylation of both SMAD2 and ERK1/2 (Fig. 

43A, line 3), suggesting a link between RAGE and TGF-β pathway. Although 

Azeliragon did not affect the SMAD pathway, it reduced the phosphorylation of 
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ERK1/2. Besides, the effect on SMAD2 and ERK1/2 inhibition was higher when both 

pathways were inhibited by Azeliragon and iTGF-βRII (Fig. 43B), suggesting a synergy 

between the RAGE and TGF-β pathways. In these experiments a MEK inhibitor 

(AZD6244) was used as a positive control of the inhibition of ERK1/2 activity (Fig. 

43A, line 5).  

A                                                                           B 

        

Figure 43. RAGE antagonists block the signaling pathways induced by TGF-β1 in NMuMG cells. (A) 

Effect of FPS-ZM1, iTGF-βRII and MEKi in the TGF-β1 signaling after 30min treatment with 1μg/mL 

TGF-β1. 30μM FPS-ZM1 and 10μM MEKi were added O/N. (B) Effect of Azeliragon and iTGF-βRII in 

the TGF-β1 signaling on cells treated with 1μg/mL TGF-β1 for 30min. 1.5μM Azeliragon and 2μM 

iTGF-βRII were added O/N. 

 

Then, we analyzed the expression of SNAIL1, consistent with its important role in 

EMT induced by TGF-β, and also by RAGE as we previously described. Although we 

detected a decrease in SNAIL1 with both RAGE antagonists (Fig. 44A), the effect was 

even higher after the combination of both signaling inhibitors (against RAGE and 

TGF-β) (Fig. 44B, line 8), reinforcing the synergy previously detected in the ERK1/2 

and SMAD2 activation. Overall, these results suggest a possible synergy between the 

TGF-β and RAGE pathways during cell plasticity. 

Moreover, considering that Azeliragon did not affect SMAD pathway, but it reduced 

SNAIL1 expression, we suggest that RAGE antagonists can impair the EMT mediated 

by TGF-β1 through both the canonical and the non-canonical pathway ERK1/2.  
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                         A                                                     

 
 

                       B 

        
Figure 44. RAGE antagonists block SNAIL1 induced by TGF-β1 in NMuMG cells.  (A) Analysis of 

SNAIL1 expression on cells pre-treated 72h with RAGE antagonists (30μM FPS-ZM1 and 1.5μM 

Azeliragon) following 30min 1μg/mL TGF-β1. (B) Effect of 1.5μM Azeliragon, 2uM iTGF-βRII and their 

combination on SNAIL1 expression in cells treated 30min with 1μg/mL TGF-β1. Tubulin was used as 

loading control. 

 

We also analyzed the link between RAGE and TGF-β pathways in MDA-MB-231 cells. 

As observed in NMuMG cells, TGF-β1 activates the canonical (SMAD2) and non-

canonical (ERK1/2) pathways of TGF-β in MDA-MB-231 cells (Fig. 45A, line 2). In these 

cells, the iTGF-βRII only inhibits SMAD2 activation (Fig. 45A, line 10). In contrast, FPS-

ZM1 reduces ERK1/2 activation but not SMAD2 (Fig. 45A, line 3). Interestingly, as in 

NMuMG cells, blocking both pathways increase the effect on ERK1/2 suggesting a 

possible synergy between RAGE and TGF-β1 pathways (Fig. 45A, line 9). In these 

experiments, the MEK inhibitor was also used as a positive control of ERK1/2 

inhibition (Fig. 45A, line 6). 

Next, we analyzed SNAIL1 expression in MDA-MB-231 cells stimulated with TGF-β1. 

TGF-β1 treatment increases SNAIL1 expression (Fig. 45B, line 2), although MDA-MB-

231 cells are already mesenchymal and express EMT-TF. SNAIL1 expression was 
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blocked by both RAGE antagonists (Fig 45B, line 4 and 6), as well as with the iTGF-

βRII (Fig. 45C, line 3). Furthermore, as we previously observed in NMuMG cells, a 

possible synergy between the two pathways was detected, because the combination 

of inhibitors of both pathways increases the inhibitory effect on SNAIL1 expression 

(Fig. 45C, line 5 and 7). 

                 A 

 
                 B 

 
                 C 

   
Figure 45. RAGE antagonists block ERK1/2 and SNAIL1 induced by TGF-β1 in MDA-MB-231 cells. 

(A) Analysis of TGF-β1 signaling after incubation O/N with 30μM FPS-ZM1, 2μM iTGF-βRII or 10μM 

MEKi followed by 30min of 1μg/mL TGF-β1. (B) Effect of RAGE antagonists (30μM FPS-ZM1 and 2μM 

Azeliragon) (72h) in SNAIL1 expression. (C) Analysis of the effect of 2μM Azeliragon, 2μM iTGF-βRII 

and their combination on SNAIL1 expression in cells treated 30min with 1μg/mL TGF-β1. Tubulin was 

used as loading control. 
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Therefore, TGF-β1 mediates EMT through SMAD2 and ERK1/2 signaling in breast 

cancer cells promoting the expression of SNAIL1. The combined inhibition of TGF-β 

and RAGE signaling increases the inhibitory effect on ERK1/2 and SNAIL1 expression 

in MDA-MB-231, and also blocks SMAD2 activation in NMuMG cells, suggesting a 

cross-talk between RAGE and TGF-β pathways during tumor cell plasticity. 

4. STUDYING THE LINK BETWEEN RAGE AND TUMOR ACIDOSIS 

Returning to the microenvironmental stresses, we have demonstrated that acute 

acidosis induces breast cancer invasion and migration, and it also increases the 

secretion of RAGE ligands. These ligands are responsible for enhancing the migratory 

potential of breast cancer cells, since the migration is reduced when RAGE is 

inhibited. Therefore, considering that there is a link between acidosis and RAGE, we 

decided to study how the molecular pathway of RAGE is affected by the acidic 

microenvironment and how this affects cell migration and invasion. 

4.1. Acute acidosis induces RAGE oligomerization in the plasma membrane  

To study the acidosis effect on RAGE expression, first MDA-MB-231 cells were 

exposed to acidosis for 24 h. Surprisingly, no differences were detected on either 

RAGE protein (Fig. 46A) or mRNA levels (AGER) (Fig. 46B). However, the IF analysis 

using an Ab against the extracellular domain of RAGE showed a relocation of RAGE 

to the plasma membrane (Fig. 46C) forming some sort of aggregates. Related to that, 

it has been proposed that during ligand binding, RAGE generate dimers or oligomers 

to activate different signaling pathways 147,165. We also observed that cortactin was 

localized in regions near RAGE aggregates (Fig. 46C). Furthermore, a RAGE 

downstream effector, which binds to its intracellular domain, the DIAPH1 

(mammalian diaphanous-1), was also relocated to the plasma membrane in cells 

exposed 24h to acidosis (Fig. 46D).  
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Figure 46. Acidosis induces RAGE aggregates in the plasma membrane in MDA-MB-231 cells. (A) 

Effect of acidosis on the expression of RAGE protein. Two different RAGE antibodies were used, one 

against the intracellular regions (RAGEi) and another against the extracellular domain (RAGEe). 

Tubulin was used as loading control. (B) Analysis of the mRNA levels of AGER in cells subjected 24h 

to acidic conditions. (C) IF staining of cells exposed 24h at pH 6.5. Staining against the extracellular 

domain of RAGE was done without permeabilization. Then the same samples were permeabilized to 

stain the cortactin (red). (D) Staining of DIAPH1 protein (red) of MDA-MB-231 cells subjected to 

acidosis 24h. Hoechst stains the nucleus in blue. 

 

The IF results prompted us to study in more detail RAGE oligomerization in cells 

subjected to acidic conditions. We performed western blot under non-reducing 

conditions (without adding DTT to the protein lysates), to avoid the disruption of 

disulfide bonds. Under these conditions, we observed an increase in the upper band 

(>250kDa) that corresponds to RAGE oligomers. Cells exposed 24h to acidic 

conditions increase RAGE oligomerization (Fig. 47A, line 2), which correlates with the 

increase in RAGE aggregates observed in the plasma membrane by IF (Fig. 46C). 

Interestingly, although 24h of Azeliragon treatment does not affect the RAGE 

oligomerization induced by acidosis (Fig. 47A, line 4), a decrease in RAGE oligomers 

formation was observed after 72h Azeliragon treatment (Fig. 47A, line 6). This could 

be related with the fact that pMET induced by Azeliragon starts at 72h, not before. 

However, FPS-ZM1 does not inhibit RAGE oligomerization induced by acidosis (Fig. 

47B, line 2). This could be explained because the two antagonists bind to different 

regions of RAGE V-domain 128. Additionally, less RAGE oligomers were generated in 

knockdown RAGE cells (Fig. 47C). 

Therefore, the results suggest that acidosis induces RAGE oligomerization in the 

plasma membrane near cortactin, which is inhibited by Azeliragon but not FPS-ZM1.  
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B                                                                             C 

          

Figure 47. Acidosis induces RAGE oligomerization. Non-reducing conditions were used to detect 

RAGE aggregates in MDA-MB-231 cells exposed 24h to acidosis with or without RAGE antagonists.  

(A) Cells were pre-treated or not 48h with 2μM Azeliragon and then were subjected 24h to acidic 

conditions. (B) Detection of RAGE oligomers in MDA-MB-231 cells previously treated 48h with 30μM 

FPS-ZM1 or 2μM Azeliragon following 24h acidosis maintaining RAGE antagonists’ treatment. (C) 

RAGE oligomerization in knockdown RAGE cells. Tubulin and actin were used as loading control.  
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4.2. The RAGE-ERK1/2-SNAIL1 pathway is required for the tumor cell invasion 

induced by acute acidosis 

Previous results (in chapter 3) demonstrated that RAGE inhibition reduces SNAIL1 

expression causing a MET in MDA-MB-231 cells, and reducing their migratory and 

invasive capacities. After establishing that acidosis induces RAGE relocation on the 

plasma membrane and increases cell invasion, we decided to test whether under 

acidic conditions SNAIL1 is involved in the increase of cell motility through RAGE. To 

do that, we measured the mRNA and protein levels of SNAIL1 in MDA-MB-231 cells 

exposed at pH 6.5 for short periods of time. As observed in figure 48, SNAIL1 was 

overexpressed at both protein and mRNA (SNAI1) levels in acidic conditions (Fig. 48A 

and 48B). We also detected an increase of the nuclear foci of SNAIL1 when cells were 

exposed for 24h to pH 6.5 (Fig. 48C). Noteworthy, SNAIL1 overexpression correlates 

with cortactin phosphorylation, which indicates that cortactin is activated in the 

invadopodia (Fig. 48D). Therefore, the results suggest that acute acidosis increases 

migration and invasion through SNAIL1 up-regulation. 
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After connecting the acidic microenvironment to SNAIL1 expression, we decided to 

study whether RAGE was involved in this process. First, we investigated the effect of 

acidosis in RAGE signaling pathways. The results showed that acidosis mostly 

activates ERK1/2 (Fig. 49A, line 4).  

Then, we studied whether RAGE antagonists could inhibit the signaling, as well as 

SNAIL1 over-expression induced by acidosis. The results demonstrated that both 

RAGE antagonists (FPS-ZM1 and Azeliragon) reduce ERK1/2 phosphorylation during 

acidosis (Fig. 49A, line 5 and 6). However, the increase observed in NF-kB 

phosphorylation is not inhibited by RAGE antagonists. In addition, RAGE inhibition 

           C 

                    
 
                                        D 

 
Figure 48. Acidosis increases SNAIL1 expression in MDA-MB-231 cells. (A) Expression of SNAIL1 in 

cells exposed 24h, 16h and 6h to acidosis. Quantification of SNAIL1 protein from different 

experiments of cells exposed 24h to pH 6.5. (B) Analysis of SNAI1 mRNA expression in cells subjected 

24h to acidic conditions. (C) Representative images of SNAIL1 immunofluorescence after 24h 

acidosis. (D) Detection of SNAIL1 and phosphor-cortactin expression from cells exposed 24h to 

acidosis. Results shown are the means for at least three independent experiments. Statistical 

analyses were done using unpaired t-test. **p<0.01 and ***p<0.001 
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with RAGE antagonists (Fig. 49B) or knockdown RAGE (Fig. 49C) reduce SNAIL1 

expression induced by acidosis. Therefore, the RAGE-ERK1/2 signaling pathway is 

involved in SNAIL1 overexpression induced by acute acidosis.  

                                A 

                                     
 
B                                                                                                   

       
 
                                        C 

 
 

Figure 49. Acidosis activates ERK1/2 pathway inhibited by RAGE antagonists. (A) Effect of acute 

acidosis (2h) with or without RAGE antagonists (30μM FPS-ZM1 for 20min and 2μM Azeliragon for 

1h) on RAGE pathway in MDA-MB-231 cells. (B) SNAIL1 expression in MDA-MB-231 cells pre-treated 

48h with Azeliragon (left) or 30μM FPS-ZM1 (right) and then exposed 24h to acidosis keeping the 

RAGE antagonist’ treatment. (C) Expression of SNAIL1 in shRAGE cells subjected 24h to pH 6.5. 

Tubulin was used as loading control. 

 

SNAIL1 is an EMT-TF that plays a key role during EMT. We detected SNAIL1 

overexpression in acidic conditions, whereas RAGE antagonists either at neutral and 

acidic conditions down-regulated it. Then, we decided to study the effect of RAGE 

antagonists on EMT under acidic conditions. We observed an increase of β-catenin 
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in the plasma membrane in cells treated with the two RAGE antagonists (Fig. 50A). 

This effect was maintained in acidic conditions (Fig. 50B) after treatment with the 

antagonists. Furthermore, IF analysis reinforced the results obtained previously by 

WB, confirming that RAGE antagonists inhibit RAGE oligomerization in the plasma 

membrane induced by acidic conditions (Fig. 50B). Although we previously did not 

detect a decrease in RAGE oligomerization with FPS-ZM1 by western blot (Fig. 47B), 

we did observe an effect by IF. This could be explained by the fact we used a different 

Ab in the WB and IF analyses, since one antibody recognizes the intracellular domain 

whereas the other recognizes the extracellular domain. Therefore, RAGE antagonists 

block the effects induced by acidosis and promote a partial MET. 
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Figure 50. RAGE antagonists block the effect of acidosis inducing a partial MET. Representative 

images of β-catenin (red) and extracellular RAGE expression (green)in MDA-MB-231 cells (A) Cells 

were treated for 72h with 30μM FPS-ZM1 or 2μM Azeliragon. (B) Cells were pre-treated for 48h with 

both RAGE antagonists and then exposed 24h to acidosis keeping the antagonist treatment. Arrows 

indicate β-catenin expression and RAGE aggregates expression in the plasma membrane. For this 

purpose, RAGE staining was performed without permeabilization following permeabilization for β-

catenin staining. 

 

Finally, we decided to study whether RAGE plays a role in cell invasion induced by 

acidic conditions. Our previous results demonstrate that acidosis induces RAGE 

oligomerization in the plasma membrane and increases RAGE signaling pathway 

inducing SNAIL1 overexpression. These effects are blocked when RAGE is inhibited. 

Although we detected an increase in cortactin phosphorylation in acidosis, we did 

not know whether RAGE was involved in cell invasion caused by acidosis. To study 

that, we analyzed cell invasiveness by transwell assay in MDA-MB-231 cells 

subjected to acidosis treated with or without RAGE antagonist. As previously 

observed, acidosis increases cell invasion but this effect was significantly reduced by 

RAGE antagonist’ treatment (Fig. 51).  
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Figure 51. Acidosis increases cell invasion which is impaired by RAGE antagonist. MDA-MB-231 

cells were pre-treated for 48h with 30μM FPS-ZM1 before doing transwell invasion assay 24h with 

or without acidosis. Statistical analyses were done using two-way ANOVA. *p<0.05 

 

Altogether, these results revealed that acute acidosis induces RAGE oligomerization 

in the plasma membrane, an important step to activate the RAGE-ERK1/2-SNAIL1 

pathway involved in cell migration and invasion. Besides, blocking RAGE 

oligomerization with RAGE antagonists reduce cell invasiveness by reversing the 

EMT.  

 

5. CHARACTERIZING THE EFFECT OF AZELIRAGON DURING TUMORIGENESIS 

Our in vitro results demonstrate that RAGE has a role in tumor cell invasion, and 

RAGE inhibition reduces cell aggressiveness inducing a partial MET in MDA-MB-231 

cells. To validate the role of RAGE in vivo, MDA-MB-231 cells expressing the 

luciferase gen were orthotopically injected in the mammary fat pad of NOD-SCID 

mice treated with the vehicle or Azeliragon at 5mg/kg (see Materials and Methods 

section). We decided to use Azeliragon instead of FPS-ZM1, because although in 2D-

culture there were no apparent differences among them related with cell invasion 

and EMT reversion, in 3D-culture the effect of Azeliragon in reducing tumoroids 

protrusions was higher than FPS-ZM1. Furthermore, Azeliragon is more soluble and 

its working concentration is lower, which is better for in vivo experiments. During 

the experiment, mice were treated 6 days a week with Azeliragon (5mg/kg) or 

vehicle and tumor volume and body weight were measured once a week. The 
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analysis in the primary tumor growth showed no statistical differences between 

Azeliragon and vehicle groups (Fig. 52A, B). Tumor volume results correlated well 

with our previous analysis on cell proliferation in vitro (Fig. 40), where no differences 

were detected on cell proliferation with Azeliragon treatment. 

A                                                                           B 

               
Figure 52. Tumorigenesis is not affected by Azeliragon. (A) Analysis of the primary tumor volume 

of mice xenograft after 5mg/kg Azeliragon treatment. (B) Body weight analysis of mice xenograft 

treated with 5mg/kg Azeliragon. 

 

After the primary tumor was resected, treatment was kept until the experimental 

end point. During this time, metastases were controlled every week by luciferase 

signaling. Twelve days after the resection of the primary tumor, all mice of the 

vehicle group expressed bioluminescence signaling, whereas only two mice of the 

Azeliragon group expressed bioluminescence (Fig. 53).  
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                                         Vehicle                                           Azeliragon 5mg/kg 

 
 

Figure 53. Azeliragon reduces metastases in vivo. Luciferase expression after 12 days of the primary 

tumor excision in mice treated with Azeliragon (right) or vehicle (left). Images acquired from the top 

(upper panel) or from the lateral (lower panel) perspective of mice xenograft. 

 

Finally, when mice were sacrificed, metastases at different organs were quantified 

by bioluminescence imaging. The results showed a decreased relative luciferase 

units (RLU) in most of the organs of animals treated with Azeliragon (Fig. 54A). Even 

when the differences were not significant because the number of mice were too 

small, there was a tendency in the reduction of luciferase intensity in the organs from 

mice of the Azeliragon group. For example, in lung tissue, 4 of 5 animals of the 

Azeliragon group have lower levels of RLU compared to the vehicle group (Fig. 54B), 

presenting a smaller number of metastatic foci when they were analyzed by 

hematoxylin and eosin staining (Fig. 54B). Furthermore, the number of organs with 

metastases per mice was reduced with Azeliragon treatment (Fig. 54C). These 

differences were clearly reflected by an increase in the animal survival of the 

Azeliragon group (Fig. 54D). Although these results are encouraging, experiments 

should be repeated with more animals per group to improve the results and obtain 

better statistics.  
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C                                                         D 

                      
 

Figure 54. Azeliragon reduces metastases formation and increases survival rate in vivo. (A) Ex vivo 
relative luciferase units (RLU) of different organs from mice treated with Azeliragon compared to the 
vehicle. (B) (left) Table showing the RLU of lung tissue, and (right) a representative image of a 
hematoxylin and eosin staining of lung tissue from the vehicle and Azeliragon group. (C) Mean of the 
number of metastatic organs per mice. (D) Percentage survival of mice treated with 5mg/kg 
Azeliragon. Statistical significance of the animal survival was calculated using the Long-Rang (Mantel-
Cox) test. P-value (p) is represented in the figure. 

 

In summary, although Azeliragon does not affect primary tumor proliferation, it 

reduces metastasis incidence increasing overall survival in vivo. 
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In a tumor, the levels of oxygen are reduced due to the high proliferative rate of 

tumor cells and resulting poor blood perfusion. Under hypoxia, tumor cells switch 

their metabolism towards glycolysis. Due to the high glycolytic rate, the extracellular 

pH in tumors become more acidic than in healthy tissues. These microenvironmental 

stress conditions, which are known to promote tumorigenesis 83,236, are also 

associated to an increase in unconventional protein secretion 84,116,117. In our studies, 

we confirmed that breast cancer cells become more invasive when exposed to 

hypoxia, acidosis or glucose starvation. Furthermore, acidosis promotes the 

secretion of selected unconventionally secreted proteins such as the family of High-

mobility group (HMG). 

Microenvironmental stress can fluctuate from acute to chronic, and from moderate 

to severe depending on stress duration and severity. In our work, we compared 

invasiveness between chronic and acute stresses conditions in breast cancer cells. 

The results demonstrated that acute stress promote cell invasion, whereas chronic 

stress reduce it. Additionally, chronic stressed cells increase cytoplasmic vacuoles, 

which has also been reported in cells adapted to extracellular stress conditions. 

These cells up-regulate autophagic and lysosomal activity as survival mechanisms 237–

240. In some of these studies, the authors correlate the increased lysosomal and 

autophagic activity with an increase in cell invasion and proliferation. We did not 

observe this correlation, although the experimental conditions that we used to 

generate the stressed subpopulation were somehow different. In their case, to 

generate for example acid adapted cells, cells were passaged directly into low pH 

and maintained for 2-3 months until cells regained their original proliferative rate. 

Instead, in our case cells were gradually conditioned, but once they reach the final 

pH conditions, we started the phenotypic experiments, without waiting for a cell 

proliferation recovery.  

The acute microenvironmental stresses studied in this thesis are hypoxia, acidosis 

and glucose starvation, which increase cell migration and invasion in different cell 

lines (MDA-MB-231, MCF-7 and MCF10A). We have particularly focused on acute 
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acidosis, which induces quite a dramatic change in the secretome. Under acidic 

conditions, we detected an over-secretion of the unconventional secreted HMGs 

proteins. When secreted, HMGs proteins interact with cell surface receptors, 

including RAGE, toll-like receptors-4 (TLR-4) and −2 (TLR-2), CD24/Siglec-10 and 

CXCR4 241–244. In secretomes obtained from cells undergoing acute acidosis, we also 

detected other RAGE-ligands such as S100 proteins, although they were not 

significantly over-secreted. In the last year, Sadeghi et al., described that acid 

adapted cells over-secrete S100s proteins, which induce EMT and tumorigenesis 86. 

Although in our cells we did not detect the over-secretion of S100s proteins, maybe 

because of different experimental conditions used, these results reinforce our 

hypothesis that RAGE ligands are over-secreted under tumor microenvironmental 

stresses, and could have a role in breast tumor aggressiveness.  

Acute acidosis strongly increases the phosphorylation of ERK1/2 and the expression 

of SNAIL1 in TNBC cells. These changes are reversed when RAGE expression is 

ablated or when cells are treated with RAGE antagonists. In support to our results, 

other investigators also described that extracellular acidosis induces ERK1/2 

activation in different cancer cells 41,245 (Riemann et al., 2011; Chen et al., 2016). 

Given the heterogeneity of tumor cells, it is likely that different types of tumor cells 

may have different intracellular signaling pathways regulated in response to acidosis. 

For example, other studies have reported the activation of AKT, NF-kB or p38 under 

acidic conditions 40,41,246.  

Our results show that acute acidosis induces RAGE oligomers in the plasma 

membrane of breast cancer cells. These oligomers co-localize with cortactin in the 

invasive front of the plasma membrane and their formation is inhibited by RAGE 

antagonists and RAGE ablation. Therefore, RAGE oligomerization might be a required 

step for the signaling transduction mediated by RAGE. In fact, Zong et al. 

demonstrate that RAGE dimerization is essential for ligand recognition and RAGE 

pathway activation, and Xie J, et al. suggest that RAGE activation generates 

oligomers 141,247. Therefore, we hypothesize that the RAGE-oligomers could reside in 
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the aggregates we detected in acidosis, which are linked to the activation of RAGE 

signaling. A possible explanation for these aggregates came from a recent report that 

linked the recruitment of RAGE into lipid rafts during inflammation 248. Lipid rafts are 

cholesterol-enriched microdomains implicated in different physiological cellular 

processes including protein membrane trafficking and signal transduction 249,250. 

Since lipid rafts are localized in invadopodia 251, the RAGE-oligomers in the plasma 

membrane could be RAGE being recruited into lipid rafts during cell 

migration/invasion. 

Overall, our results suggest that acute acidosis induces an over-secretion or a 

stabilization of HMG proteins that activate ERK1/2 and increase SNAIL1 expression 

by the activation of RAGE through its oligomerization, promoting breast cancer cell 

migration and invasion. Despite we do not know whether there is a specific ligand 

responsible to enhance cell invasion in acidic conditions, RAGE antagonists interfere 

with RAGE oligomers formation in the plasma membrane reducing cell migration and 

invasion induced by acute acidosis. 

RAGE-engagement by its ligands, activate multiple signaling pathways, some of them 

involved in cell migration and proliferation 204,208. Existing literature suggest a large 

complexity of RAGE signaling pathway activation depending on cell type, the type of 

ligand and its concentration as well as RAGE oligomerization capacity 143,208. In this 

thesis, after stimulating breast cancer cells with different RAGE ligands, we detected 

that NF-kB is activated by different S100 proteins and HMGA1, while ERK1/2 is 

induced by different HMGs proteins and methylglyoxal (MGO). However, RAGE-

ligand activation is blocked with RAGE antagonists. Previous studies also detected 

ERK1/2 activation by MGO and AGEs, promoting cell migration, invasion and 

metastasis formation 129,158,168. In the literature, S100 and HMGs proteins are 

associated to different RAGE-mediated pathways, especially NF-kB 150,200,232, and 

ERK1/2 189,212,252, both of them pushing for tumor growth and metastasis. Moreover, 

in our studies, those ligands, as well as acidosis, induce cortactin relocation to the 

plasma membrane promoting cell motility. By contrast, cortactin is translocated 
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from the invadopodia to the cytoplasm in MDA-MB-231 and BT549 cells when RAGE 

activation is suppressed, reducing their migratory capacity. Cortactin participates in 

the cytoskeletal rearrangement that forms lamellipodia and invadopodia, playing an 

important role in cell migration and invasion 220,253,254.  

RAGE activation has been previously related to cellular plasticity. In the kidneys, 

RAGE mediates the fibrosis that leads to renal disease 229. RAGE is also associated to 

fibrosis in the lens epithelial cells inducing secondary cataracts 230,255, and in the lungs 

contributing to pulmonary fibrosis 231,256. Although RAGE is not well studied in cancer, 

its activation has been associated to an increase in cell migration, invasion and EMT 

in some tumor cell types. For example, HMGB1 in pancreatic cancer and S100A8/A9 

in breast cancer, have been reported to induce EMT through the RAGE-NF-kB 

signaling pathway 200,232. EMT is a dynamic process in which epithelial cells undergo 

phenotypic changes. Epithelial cells lose their apical-basal polarity and cell-cell 

adhesions to allow them to gain motility, enhancing tumor invasion and metastasis 

dissemination 45. Interestingly, in our work, both RAGE antagonists and the ablation 

of RAGE expression decreases the phosphorylation of ERK1/2 followed by SNAIL1 

down-regulation, in different TNBC cells. The decrease in SNAIL1 expression, is 

accompanied by a shift in β-catenin and ZO-1 expression and relocation to the 

plasma membrane. The results highlight the importance of the RAGE-ERK1/2 

signaling in TNBC cells to induce EMP.  

Two different RAGE antagonists (FPS-ZM1 and Azeliragon) which bind to different 

regions of the V-domain were used to block RAGE signaling pathway. RAGE 

antagonists have been previously used to block the receptor in inflammatory 

diseases 176,177,230,257. Since most of studies with FPS-ZM1 and Azeliragon have been 

done in Alzheimer’s disease, little is known about the effect of RAGE antagonists in 

cancer. Furthermore, previous results obtained in cancer are related with cell 

proliferation and migration 139,258, while few studies analyze the effect on cell 

invasion, and none of them observe an effect on cell morphology, reversing the EMT 

phenotype. 
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In this thesis, we found that RAGE antagonists down-regulate SNAIL1 in breast 

cancer cell lines triggering a partial MET. Nevertheless, we did not observe an 

increase of E-cadherin expression in MDA-MB-231 cells treated with RAGE 

antagonists. MDA-MB-231 have a strong mesenchymal phenotype and they might 

not be able to re-express and localize E-Cadherin in the plasma membrane. Besides, 

other cadherins could be involved in the MET process. P-cadherin has been reported 

to maintain epithelial tissue 259. Furthermore, P-cadherin down-regulation has been 

correlated with melanoma and hepatocellular carcinoma progression 260,261. Despite 

the lack of E-cadherin up-regulation, other epithelial markers including β-catenin, 

ZO-1 and claudin-1 were over-expressed and located to the plasma membrane 

increasing cell adhesions. Furthermore, the localization of β-catenin to the plasma 

membrane implies its binding to a cadherin, perhaps P-cadherin or even N-cadherin. 

In the last decade, some studies started to link RAGE and TGF-β pathways. Most of 

these studies were done in fibrosis developed in patients with diabetic complications 

229,262,263. In diabetes there is an increase in AGEs which play a role in EMT. Usually, 

the TGF-β pathway is considered a responsible mediator in tissue fibrosis, such as 

renal, pulmonary and hepatic fibrosis, by activating the SMAD signaling pathway 264–

266. However, it is reported that AGEs also trigger diabetic fibrosis by activating SMAD 

pathway independently of TGF-β 262. Moreover, AGEs enhance CTGF via RAGE-

ERK1/2/p38-SMAD3 pathway in renal fibrosis 263. In our studies, we observed an 

increase in SNAIL1 expression upon TGF-β1 treatment in both MDA-MB-231 and 

NMuMG cells, which promotes EMT through the SMAD (SMAD2) and non-SMAD 

(ERK1/2) pathways. The induction of EMT mediated by TGF-β1-ERK1/2 pathway has 

been previously reported in NMuMG cells, although in this report they did not 

analyze the expression of any EMT-TF 267. In our study, although both RAGE 

antagonists block SNAIL1 expression induced by TGF-β1, the effect on SNAIL1 was 

even higher when both pathways were inhibited at the same time. These results 

suggest a possible synergy between RAGE and TGF-β pathways to reinforce EMT. 

Indeed, FPS-ZM1 reduces both ERK1/2 and SMAD2 signaling in NMuMG cells treated 
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with TGF-β1, suggesting a possible interaction between the two pathways. Along this 

line, a study investigating fibrosis in lens epithelial cells also uncovered a link 

between RAGE and TGF-β pathway, by observing a decrease in phospho-SMAD2 

when RAGE was inhibited 230,255. Although the crosstalk between RAGE and TGF-β 

pathways has not been well studied in cancer, a recent study proposed that the TGF-

β1-mediated EMT is regulated by the HMGB1-RAGE pathway in hypopharyngeal 

carcinoma cells 268. 

SNAIL1 represses the expression of E-cadherin by binding directly to the E-box motif 

of the E-cadherin promoter 269,270. Since E-cadherin plays a role in cell adhesion, the 

down-regulation of E-cadherin involves the loss of cell adhesions and an increase in 

cell mobility. Moreover, in cancer, SNAIL1 expression induces the epithelial-

mesenchymal transition increasing cell invasion. SNAIL1 inhibition reverses EMT 

reducing cell invasiveness, and could have therapeutic implications 71. EMT plays a 

key role in tumor progression and metastasis dissemination, and is an attractive 

therapeutic target for cancer. However, controversial opinions emerged after some 

studies showed that EMT reversion is important for macrometastasis formation. It is 

thought that the mesenchymal phenotype is required to invade and escape from the 

primary tumor and extravasate to a secondary site, although EMT reversion is also 

important to acquire epithelial characteristics for metastatic outgrowth 271–273. 

However, when it comes to proliferation our results are mixed. The ablation of RAGE 

expression increases cell proliferation. By contrast, Azeliragon does not affect cell 

proliferation, whereas FPS-ZM1 antagonist reduces cell proliferation compared to 

non-treated cells. More research is needed to understand how three different 

interventions (knockdown and two drugs against RAGE) that induce a pMET reducing 

cell migration and invasion, can induce such a disparity of effects on cell 

proliferation. Additionally, it is described that EMT confers therapeutic resistance 274–

278  Therefore, inhibition or reversion of mesenchymal transition is still considered a 

potential therapeutic treatment for cancer.  
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Here we investigated the impact of RAGE on tumor progression and metastasis 

formation in TNBC cells. We validated that RAGE drive EMT and tumor cell invasion 

in mesenchymal TNBC cells, while RAGE inhibition reduces cell invasiveness by 

reverting EMT. In 3D culture, we observed that breast cancer cells lose their 

branching phenotype when RAGE is blocked using RAGE antagonists or RAGE 

ablation, associated with a decrease in cell migration and invasion. 

Despite RAGE has a role during embryonic development, RAGE null mice are viable, 

fertile and present a phenotype similar to wild-type mice 279,280, although they are 

more active and more sensitive to auditory stimuli 281. Previous studies in cancer with 

RAGE knockout or knockdown mice, observe an increase in overall survival and a 

decrease in tumor progression 140,282,283. In our in vivo experiment, MDA-MB-231 cells 

were orthotopically implanted in NOD-SCID mice and treated with or without 

Azeliragon. Since RAGE plays a role in many pathological disorders, it has become an 

attractive therapeutic target for the development of inhibitors. Azeliragon is a small-

molecule RAGE inhibitor that was initially used in Alzheimer’s disease. It has been 

used in phase III clinical trials in mild to moderate Alzheimer’s disease slowing 

cognitive decline, although it did not meet the primary endpoint of the trial 177,284,285. 

These studies established that Azeliragon has no toxic side effects. In our in vivo 

study, the results revealed that Azeliragon reduces the capacity of MDA-MB-231 cells 

to generate metastasis. Furthermore, mice treated with Azeliragon have an overall 

survival rate longer than vehicle group although no differences were detected in the 

primary tumor growth. Similar results were obtained by Kwak et al. in mice treated 

with FPS-ZM1 140. Overall, the results suggest that RAGE antagonists could offer a 

safe therapeutic approach to target EMT and therapeutic resistance in breast cancer. 

In conclusion, RAGE is a key mediator of breast cancer metastasis by promoting EMT. 

RAGE ligands activate NF-kB or ERK1/2 signaling pathway increasing cell invasion and 

migration. However, RAGE antagonists block RAGE signaling reducing SNAIL1 

expression reversing the mesenchymal phenotype. Furthermore, RAGE antagonists 

reduce the capacity of breast cancer cells to generate metastasis increasing overall 
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survival in vivo models. Therefore, RAGE could be a potential therapeutic target for 

breast cancer. 
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1. Tumor microenvironmental stress increases the migration and invasion of BC 

cells. Moreover, acute acidosis increases the secretion of RAGE ligands in BC 

cells.  

 

2. RAGE drives EMT in mesenchymal TNBC cells through ERK1/2-SNAIL1 pathway, 

and mediates cell migration and invasion.  

 

3. The inhibition and down-regulation of RAGE reverses EMT inducing a partial 

mesenchymal-epithelial transition (pMET) in TNBC cells, and decreases tumor 

cell adhesion, migration and invasion.  

 

4. Acute acidosis induces the oligomerization of RAGE in the plasma membrane 

of TNBC cells, which correlates with cell migration and invasion. 

 

5. Acute acidosis activates the RAGE-ERK1/2-SNAIL1 pathway and promotes 

breast cancer invasion. Furthermore, RAGE antagonists impair the acidosis 

effects by reversing EMT. 

 

6. There is a cross-talk between RAGE and TGF-β pathways in the mediation of 

EMT through SMAD2/ERK1/2 and SNAIL1. Besides, RAGE antagonists interfere 

with the induction of EMT by TGF-β1. 

 

7. RAGE antagonists impair branching morphogenesis in 3D-culture of TNBC cells. 

Furthermore, Azeliragon treatment of a TNBC in vivo model reduces metastasis 

incidence and increases overall survival.  

 

8. RAGE is a candidate therapeutic target in TNBC. 
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