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Abstract

:

Simple Summary


Breast cancer is a devastating disorder affecting millions of women worldwide. With improved therapeutics for the primary tumor, the appearance of metastasis has been increasing. Breast cancer frequently metastasizes to the brain, constituting a major hurdle without cure and with a poor survival. It is imperative to better understand the mechanisms involved in malignant cell transposition of the brain microvasculature and parenchymal colonization by deciphering the alterations occurring in the tumor and microvascular cells, as well as the occurrence of intercellular communication during the process. We aimed to profile the process of the formation of breast cancer brain metastasis and the timeline of events governing it. We used a specific mouse model of the disease to perform extensive microscopic analyses. We identified phenotypic changes and the activation of relevant molecular players in tumorigenesis, together with vascular alterations, and the occurrence of crosstalk. Our findings unravel putative therapeutic targets to tackle breast cancer brain metastasis.




Abstract


With breast cancer (BC) therapy improvements, the appearance of brain metastases has been increasing, representing a life-threatening condition. Brain metastasis formation involves BC cell (BCC) extravasation across the blood–brain barrier (BBB) and brain colonization by unclear mechanisms. We aimed to disclose the actors involved in BC brain metastasis formation, focusing on BCCs’ phenotype, growth factor expression, and signaling pathway activation, correlating with BBB alterations and intercellular communication. Hippocampi of female mice inoculated with 4T1 BCCs were examined over time by hematoxylin-eosin, immunohistochemistry and immunofluorescence. Well-established metastases were observed at seven days, increasing thereafter. BCCs entering brain parenchyma presented mesenchymal, migratory, and proliferative features; however, with time, they increasingly expressed epithelial markers, reflecting a mesenchymal–epithelial transition. BCCs also expressed platelet-derived growth factor-B, β4 integrin, and focal adhesion kinase, suggesting autocrine and/or paracrine regulation with adhesion signaling activation, while balance between Rac1 and RhoA was associated with the motility status. Intercellular communication via gap junctions was clear among BCCs, and between BCCs and endothelial cells. Thrombin accumulation, junctional protein impairment, and vesicular proteins increase reflect BBB alterations related with extravasation. Expression of plasmalemma vesicle-associated protein was increased in BCCs, along with augmented vascularization, whereas pericyte contraction indicated mural cells’ activation. Our results provide further understanding of BC brain metastasis formation, disclosing potential therapeutic targets.
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1. Introduction


Breast cancer (BC) represents the leading cause of neoplastic disease in women, with an incidence of more than two million new cases and more than 620,000 deaths estimated in 2018 [1]. The remarkable advances in novel therapies have improved BC patients’ life quality and survival, rendering development of distant organ metastases a major concern. Brain metastases occur in approximately 15% of BC patients [2], with the highest incidences occurring in human epidermal growth receptor (HER) 2-positive and triple-negative (TN) BC (TNBC) [3]. Therefore, BC brain metastases (BCBM) represent a massive and devastating problem, with a survival rate of only 20% one year after diagnosis [4]. To this appalling scenario accounts the fact that the cellular and molecular events occurring during extravasation across the blood–brain barrier (BBB) and brain colonization are still marginally understood, together with the lack of efficient therapies for this secondary tumor.



Establishment of BCBM is a complex process comprising several steps, such as the invasion of the mammary tissue by BC cells (BCCs), their entrance into blood vessels (intravasation), their arrest, attachment and migration across endothelial cells (ECs) of brain microvasculature (extravasation), and the colonization of the brain parenchyma [4]. During these events, BCCs undergo phenotypic changes that determine their metastatic profile. In the primary tumor, BCCs lose epithelial proteins such as lectin and cytokeratin and gain mesenchymal proteins such as vimentin and neuronal (N)-cadherin, a process known as epithelial–mesenchymal transition (EMT), which endows cells with invasive and migratory properties. Once in the brain, they lose the mesenchymal proteins and reacquire the epithelial proteins, known as mesenchymal–epithelial transition (MET), which favors BCBM development [4]. Moreover, BCCs colonizing the brain express vascular endothelial growth factor (VEGF), which is involved in new vessel formation to allow an optimal oxygen supply and access to nutrients, favoring metastasis development [5], as well as other determinant growth factors including platelet-derived growth factor B (PDGF-B) [6].



Development of BCBM involves cytoskeleton-associated alterations and activation of signaling pathways that regulate adhesion, migration, and invasion. For instance, focal adhesion kinase (FAK) has a central role in adhesion, survival, proliferation, invasion, angiogenesis, and metastases formation through the activation of integrin signaling [7], which has been associated with tumor progression, namely in invasive and metastatic processes [8]. In fact, it was demonstrated that the β4 integrin subunit (part of the α6β4 integrin dimer) interacts with FAK, forming β4 integrin/FAK complexes via AKT signaling, which in turn promotes angiogenesis, cancer cell invasion and anchorage-independent growth [9]. Moreover, the Rho family of small GTPases regulates cytoskeleton and actomyosin contractility, playing an important role in motility and tumor cell extravasation [10,11]. The effector myosin light chain kinase (MLCK) mediates perijunctional apical actomyosin ring contraction, leading to cytoskeleton rearrangement that modulates vascular functions associated with new vessel formation [12,13]. However, the involvement of such events in BCBM formation and their temporal interplay remain undetermined.



To successfully extravasate into the brain, tumor cells must face and overcome the protective and complex structure known as the BBB [14]. The BBB microvasculature is characterized by elaborate junctional complexes, including tight and adherens junctions (TJs and AJs, respectively) that act to restrict the permeability across the endothelium, as well as gap junctions (GJs) that mediate intercellular communication [15]. The interaction between malignant cells and brain microvascular ECs (BMECs) was shown to induce a redistribution and reorganization of junctional and cytoskeleton proteins, with junctions’ opening that allows the squeeze of BCCs between two BMECs (paracellular transmigration) and can lead to BBB disruption [16,17]. We have demonstrated that BCCs are incorporated into the endothelium and migrate through the transcellular way [18], pointing to different possible transmigration mechanisms. Brain capillaries are ensheathed by pericytes, which are mural cells with contractile properties that play a crucial role in the regulation of microcirculation and maintenance of BBB permeability [19], but their contribution to extravasation and BCBM formation is poorly explored. We have also shown that pericytes play a crucial role in the development of metastatic brain tumors by directly influencing key steps of disease progression, including the adhesion, migration, and proliferation of TNBC cells [20]. Furthermore, the crosstalk between malignant and brain resident cells was shown to favor brain metastases formation [21]. As such, BCCs communication with brain cells and among them will certainly influence disease progression and spread, thus deserving to be further investigated.



Neovascularization, a complex process involving extracellular matrix (ECM) remodeling, EC migration, proliferation, and re-differentiation into more mature vessels, has been described as one of the mechanisms necessary for optimal tumor growth [22]. Tumor angiogenesis in particular has been associated with increased levels of plasmalemma vesicle-associated protein (PLVAP), being typically induced in ECs of large, well-vascularized tumors [23]. PLVAP forms the diaphragms of caveolae, fenestrae and trans-endothelial channels in ECs, being expressed in pathological conditions associated with compromised barrier function such as cancer [24]. However, the expression of this protein in BCBM remains undetermined.



Being aware of all the unanswered questions regarding BCC extravasation and brain colonization, we aimed to understand and characterize the in vivo profile of BCBM formation. We unraveled malignant cell phenotype alterations and major signaling pathways involved during the process. Cell crosstalk, pericyte activation, and increased vascularization roles for a successful brain colonization were revealed. TJ and AJ alterations, caveolin-1 expression, and blood-borne thrombin accumulation in the brain were also observed, reflecting both paracellular and transcellular alterations along extravasation, and BBB disruption. By establishing the temporal sequence of events in BCBM formation and by identifying the early ones, this study contributes to an in-depth understanding of the disease complexity and points to potential therapeutic targets for modulation to prevent BCBM development.




2. Results


2.1. 4T1 Cell Injection Leads to the Establishment of Hippocampal BCBM with PDGF-B and Ki-67-Positive Cells


To establish the temporal evolution of BCBM development and the actors involved in the process, we took advantage of an established mouse model. The TN 4T1 cells, one of the most aggressive BCCs [25], were inoculated in the common carotid artery to direct the malignant cells to the brain and allow preferential brain metastases formation [26]. Considering that the most prominent metastases development was observed in the cranial hippocampus, this was the brain region analyzed in the present study.



We started by characterizing the metastases development pattern (Figure 1). In line with our previous study [26], well-established BCBMs were observed at seven days and augmented thereafter (Figure 1A), with a circa three-fold increase from 7 to 10 days (Figure 1B). PDGF-B, a growth factor described to be upregulated in brain tumors [27], was predominantly expressed by BCCs located near blood vessels, rather than by BMECs (Figure 1C). Importantly, as early as at five hours after BCC inoculation, PDGF-B-positive cells were already visible, even inside blood vessels before reaching brain parenchyma, which increased over metastasis development (Figure 1D). Aiming to understand if an increased tumor area over time resulted from an increased proliferative capacity of BCCs, we assessed the expression of the proliferation marker, Ki-67, together with the epithelial marker, pan cytokeratin, in order to visualize metastatic lesions. A clear proliferative phenotype (Ki-67-positive cells) was observed at as early as five hours, being particularly evident in pan cytokeratin-positive cells, especially in the periphery of metastases (Figure 1E). Importantly, the number of Ki-67-positive cells significantly increased with time (Figure 1F), reflecting tumor cells’ proliferation during disease progression.




2.2. Malignant Cells Undergo a Mesenchymal–Epithelial Transition (MET)


To establish BCCs’ phenotype along brain metastases development, the expression of mesenchymal (vimentin and N-cadherin) and epithelial markers (pan cytokeratin, tomato lectin and β-catenin) was assessed (Figure 2).



We observed that BCCs entering and colonizing the brain parenchyma express vimentin (Figure 2A), reflecting a mesenchymal phenotype determinant for cell migration. The number of vimentin-positive cells increased throughout metastatic development (Figure 2B), as the malignant cells populating the parenchyma increased. Moreover, the number of cytokeratin-positive cells also increased with metastases development (Figure 2C), indicating that BCCs increasingly express epithelial features. Interestingly, BCCs at the metastasis periphery predominantly express vimentin, compatible with a mesenchymal phenotype that favors further cell migration and spread. For an in-depth analysis, malignant cells were classified into three groups, according to their phenotype: vimentin-positive/cytokeratin-negative, vimentin-positive/cytokeratin-positive, and vimentin-negative/cytokeratin-positive (Figure 2D). The semi-quantitative analysis showed that the vimentin-positive/cytokeratin-negative cells was the smallest population, whereas the vimentin-positive/cytokeratin-positive cells comprised the largest one. Moreover, the vimentin-positive/cytokeratin-positive phenotype increased from three to seven days and continued to increase afterwards. An augment of vimentin-negative/cytokeratin-positive cells was also observed, although not as marked as that of vimentin-positive/cytokeratin-positive phenotype (Figure 2E).



Analysis of N-cadherin revealed its clear expression in resident brain cells, as well as in well-established BCBM at 7 and 10 days (Figure 2F). To assess N-cadherin expression in malignant cells, while assuring that parenchymal cells were not considered, N-cadherin labelling intensity was assessed in well-established metastases identified by the epithelial marker tomato lectin. As shown in Figure 2C, cells within lesions express the mesenchymal marker, of which the intensity decreases as disease progresses (p < 0.05 between 7 and 10 days). These results point to a reduction in mesenchymal features in larger metastasis, accompanied by the appearance of tomato lectin-positive cells that reinforce the development of epithelial characteristics by malignant cells. Parallelly, we observed that early metastatic cells (three days) express β-catenin, which presents a preferential membrane localization as metastases develop (Figure 2H), a reflex of epithelial characteristic acquisition.



These results indicate an upregulation of epithelial markers in BCCs as metastases development progresses, suggesting the occurrence of MET, although some mesenchymal features are still maintained.




2.3. Adhesion and Migration-Associated Signaling Molecules Are Involved in BCBM Formation


To establish the role of adhesion, invasion and migration-associated molecules in the metastatic process, we inspected the brain parenchyma for the presence of FAK and β4 integrin, as well as of Ras-related C3 botulinum toxin substrate 1 (Rac1), Ras homolog gene family member A (RhoA) and MLCK (Figure 3).



Regarding adhesion and integrin signaling, we observed that BCCs express both FAK and β4 integrin (Figure 3A), and that FAK and β4 integrin-positive cells increased in metastases from 7 to 10 days (Figure 3B), pointing to a possible signaling involving these two proteins in BCBM formation. Importantly, FAK expression was notorious in blood vessels at seven days, stressing its role at BBB endothelial level in metastases formation. This kinase has also been described in neural development and function [28], which corroborates our observations of FAK expression in brain cells resembling the morphology of neurons’ cell bodies in the control.



Actors in cell migration and the cytoskeleton remodeling network were also evaluated. We observed that the expression of the protein involved in mesenchymal-like migration, Rac1, appeared in metastasizing BCCs extravasating into the parenchyma and in established metastases (Figure 3C), of which the immunoreactivity per metastases area decreased after metastasis establishment (Figure 3D). Parallelly, RhoA expression was evident in well-established metastases (Figure 3E), an expression that significantly increased at 10 days (Figure 3F), reflecting a Rac1/RhoA balance. Interestingly, RhoA nuclear translocation was observed as a late event (Figure 3E, 10 days). MLCK expression was also quite evident in metastatic BCCs (three days onwards) in the vicinity of BMECs and still inside blood vessels (Figure 3G), pointing to a role of cytoskeleton contraction via MLCK in the establishment of BCBM.




2.4. Cellular Crosstalk in BCBM Occurs via Gap Junctions


In order to understand the possible crosstalk between BCCs and brain resident cells along BCBM development, we inspected the expression of connexin 43 (Cx43), further characterizing the cell types expressing this junctional protein based on the epithelial marker tomato lectin and the astrocytic marker glial fibrillary acidic protein (GFAP) (Figure 4).



Double labelling for Cx43 and tomato lectin showed Cx43 expression not only in the normal brain parenchyma (control), but also along metastases development (Figure 4A). Cx43 was observed in contact areas between BMECs and BCCs, namely vimentin-positive and cytokeratin-positive malignant cells, which have migrated across blood vessels, as well as between adjacent BCCs in well-established metastases. Semi-quantitative analysis of Cx43 intensity in blood vessels-associated areas and in well-established metastases showed that it peaks at seven days (Figure 4B,C, respectively).



Hippocampal sections observation also revealed a widespread parenchymal Cx43 presence, suggesting its expression by astrocytes, known to be connected to each other by GJ composed of connexins such as Cx43 [29]. We observed a higher Cx43 expression in GFAP-expressing cells localized further from metastases than those closer to the tumor (Figure 4D). Moreover, a colocalization between these two proteins was observed, which peaked at seven days (Figure 4E), pointing to astrocyte recruitment and increased GJ immunoreactivity upon BCCs extravasation.




2.5. Establishment of BCBM Leads to Increased Vascularization and BBB Disruption


To evaluate whether extravasation of BCCs into the brain and establishment of metastases are associated with increased vascularization and BBB disruption, we assessed the expression of claudin-5, β-catenin, caveolin-1, and thrombin (Figure 5).



Claudin-5-labelled sections allowed microvessels’ density visualization along metastases development (Figure 5A), which revealed an increase in vascularization, peaking at seven days (Figure 5B). This result points to the association of hypervascularization with brain colonization by BCCs. As expected, claudin-5 presented a normal distribution forming a continuous line at the cell–cell contacts in controls; however, as the metastatic disease progressed, this TJ protein showed an irregular and discontinuous distribution (Figure 5A). A significant decrease in claudin-5 immunoreactivity over time was observed, with the lowest expression occurring at seven days, tending to recover afterwards (Figure 5C). In accordance with such observations, the immunolabelling of the AJ protein β-catenin presented a dotted pattern at three days concomitant with extravasating cells (Figure 5D). This translated into a significant decrease in β-catenin intensity per vessel area from five hours to three and seven days after BCCs injection, with a partial recovery at 10 days (Figure 5E), similarly to claudin-5.



Regarding transcellular permeability alterations, we observed that the transcytosis associated-protein, caveolin-1, was expressed at the microvasculature in the controls, being upregulated in blood vessels associated with metastases development (Figure 5F). Accordingly, a sustained increase in caveolin-1 immunoreactivity per vessel was observed from 3 to 7–10 days post-inoculation of BCCs (Figure 5G).



We also investigated if the paracellular and transcellular permeability alterations were accompanied by the entrance of thrombin into the brain parenchyma, an indicator of BBB disruption [30]. Small thrombin deposits were already evident at three days post-tumor cell injection, and an increase in deposit size was observed from three to seven days, further increasing until 10 days, especially in the proximity of metastatic lesions (Figure 5H). Accordingly, a progressive increase in the number of thrombin deposits was observed (Figure 5I).



Altogether, these findings suggest increased BBB permeability, with both TJ and AJ disruption, as well as vesicular transport activation during BCCs’ extravasation and metastases establishment. Although some recovery of the junctional proteins’ expression occurred, it was not enough to prevent the thrombin accumulation in brain parenchyma during the enlargement of metastases.




2.6. Pericytes Are Involved in the Formation of BCBMs


To ascertain mural cells’ (pericytes and smooth muscle cells) role regarding brain BCCs extravasation and BCBM formation, their specific markers, α-smooth muscle actin (α-SMA) and MLCK, were evaluated (Figure 6).



We observed the expression of α-SMA, a protein required for mural cells’ contraction [31], namely around blood vessels and near metastatic cells (Figure 6A). We further observed a significant increase in α-SMA immunoreactivity per µm2 of mural cells over time (Figure 6B), suggesting an increased contractility of the blood vessels during metastases development. Comparable to α-SMA, we observed a perivascular expression of MLCK (Figure 6C), known to be expressed by pericytes [32]. Semi-quantitative analysis of MLCK immunoreactivity revealed a sustained increase by exposure to malignant cells, especially in close vicinity to well-stablished metastases, from seven days onwards (Figure 6D).



These results demonstrate that, during BCC extravasation, the expression of α-SMA and MLCK increased in mural cells, highlighting the involvement of smooth muscle cells and/or pericytes’ activation and contractility in BCBM formation.




2.7. PLVAP Expression Occurs in BCBM


The expression of PLVAP, a membrane EC-specific protein expressed in large tumors with implications in new vessel formation [23], was also inspected (Figure 7). Surprisingly, PLVAP staining was not only observed in isolated brain microvasculature, but also in BCBM, specially at the cell contour in well-established metastases (Figure 7A). To confirm this observation, immunolabelling for PLVAP was performed in mixed cultures of 4T1 TN BCCs and b.End5, a BMEC cell line, under shear stress to better mimic the in vivo conditions. Interestingly, a clear expression of this protein was observed not only in BMECs but also in BCCs (Figure 7B). To the best of our knowledge, this is the first study reporting the expression of PLVAP in non-ECs.



Overall, these results point to the importance of new vessel formation in BCBM development and reveal PLVAP in malignant cells as a new actor.





3. Discussion


BCBM is an intricate and complex disease, which has been under-investigated despite its high incidence and poor patients’ outcome. It is believed that the interaction between metastatic cells and BMECs plays an important role in the formation of BCBM [18], involving BCCs adhesion to the brain vasculature, their transmigration, and tumor-associated vascular development [5,16,33]. However, the concerted events governing in vivo BCBM formation are still insufficiently understood. Using a robust and reproducible animal model of preferential formation of metastases in the brain [18,26,34], we disclosed the temporal profile of BCBM formation and relevant players involved in BCC extravasation. Moreover, we unveiled the role of adhesion and migration signaling pathways activation, MET, cellular crosstalk, mural cells’ activation, as well as routes of BBB hyperpermeability and increased vascularization towards a successful brain colonization (Figure 8).



The detection of well-established BCBM seven days after BCCs inoculation corroborates our previous work [26]. Here, we further observed Ki-67-positive BCCs already at five hours, which is in line with our previous observations of intravascularly localized proliferating (EdU-positive) tumor cells before proceeding to extravasation [34]. At later timepoints, Ki-67-positive cells were especially seen in the border of the lesions, suggesting a higher proliferative capacity of these cells comparatively to the core of the metastasis. Ki-67 is expressed in the nucleus during different phases of the cell cycle [35], and was shown to be significantly higher in brain metastases than in the primary breast tumors, being prognostically discriminant for survival in BCBM patients with either HER2 overexpression or TNBC [35,36,37]. Accordingly, we observed an increase in Ki-67-positive TN BCCs over time, reflecting augmented cell proliferation and disease severity.



Metastatic BCCs also exhibited PDGF-B expression, a growth factor described to support blood vessels’ maturity, functionality, and, consequently, tumor growth [6,38]. Its upregulation and pathway activation were shown to occur in highly invasive glioma cells [39], as well as during EMT and metastases formation [40]. Moreover, another study has identified PDGF-B expression as a prognostic marker for brain metastases, but not metastases to other sites [41]. In the present study, PDGF-B-positive BCCs were preferentially located in proximity to blood vessels, thus assuring proper oxygen and nutrient supplies, essential for their proliferation. Similarly, the observed expression of this growth factor may constitute a mechanism of autocrine and/or paracrine regulation of cell survival and proliferation [40,41], which highlights PDGF-B as a key player in the brain colonization of TNBC. Its receptor, PDGFRβ, is primarily expressed in pericytes; therefore, PDGF–PDGFR interaction might constitute another mechanism of the pro-metastatic effect of brain pericytes, in addition to the secretion of ECM proteins and insulin-like growth factor 2 [20].



Upregulation of mesenchymal markers such as vimentin has been associated to tumor progression and increased invasiveness [42]. Vimentin is an intermediate cytoskeleton filament protein, which contributes to cell motility through EMT-related transcription factor regulation [43]. BCCs entering brain parenchyma express vimentin, a feature that indicates a migratory and invasive phenotype. Another mesenchymal marker is N-cadherin, a transmembrane adhesion molecule normally found in neural, mesenchymal, and connective tissue cells, which is associated with invasion and migration processes and is highly expressed in human malignancies [44,45]. In initial timepoints, BCCs were N-cadherin-negative, becoming positive after extravasation [18]. We found that a decrease in the number of N-cadherin-positive metastatic cells occurs at the later stages (10 days) of BCBM formation, which was accompanied by the appearance of epithelial markers, such as tomato lectin, β-catenin, and cytokeratin. Indeed, BCCs already expressed β-catenin in early stages, an expression that was maintained throughout time with progressive positioning in the membrane. These observations indicate the reepithelization of BCCs, known as MET, a mechanism that may promote their adaption and survival in the brain microenvironment [4]. Interestingly, malignant cells that were positive only for cytokeratin occupied the core of the metastases, whereas vimentin-positive (whether negative or positive for cytokeratin) were positioned at the periphery, indicating the retaining of migratory/invasive mesenchymal characteristics of marginal BCCs. By expressing both markers, it appears that BCCs can maintain their phenotypic plasticity, suggesting that BCCs may undergo a total or partial MET accordingly with their needs, a phenomenon already observed in BCBM patients [46].



Besides MET, mechanisms of adhesion, invasion, and migration are also determinant for a successful secondary organ colonization [47]. Previous studies have demonstrated high FAK mRNA levels, as well as a higher FAK immunoreactivity in TNBC cells than in non-TNBC and in normal breast tissues [48,49]. Accordingly, our results revealed FAK expression in BMECs and metastatic BCCs, suggesting the activation of signaling pathways involved in tumor invasion and migration. In fact, during tumorigenesis, FAK increase is often associated with the upregulation of integrins [50]. Thus, we further analyzed the expression of β4 integrin, found in several cancers [8], and correlated with tumor progression and poor patient survival [51]. We found that BCCs co-express FAK and β4 integrin at advanced stages of tumorigenesis, suggesting the formation of FAK/β4 integrin complexes that may lead to downstream signaling activation [52] responsible for motility and cytoskeleton contraction.



The equilibrium between Rac1-mediated membrane protrusion and RhoA-mediated contractility is crucial for the spatiotemporal coordination of cytoskeletal dynamics in moving cells [10], controlling the formation of focal adhesion complexes and lamellipodia, responsible for cell attachment and movement [53]. Indeed, Rac1 is linked with tumor cell migration, while RhoA is associated with tumor growth and metastasis formation [54,55]. Moreover, alterations in RhoA subcellular localization towards the nuclei in oxidative or inflammatory damage have been reported [55,56]. Therefore, the observed Rac1 decrease and RhoA increase in well-established metastases, with RhoA nuclear translocation at advanced stages, suggest decreased BCCs motility with metastasis enlargement and the existence of extensive brain damage. Interestingly, the increase in β4 integrin co-labelling with FAK (from 7 to 10 days) appears after the early expression of Rac1 (three days) and concomitant with the later decrease in Rac1 and increase in RhoA expression (from 7 to 10 days), reflecting the MET suffered by BCCs. Concomitant with such alterations was the observation of MLCK-positive BCCs three days after 4T1 cell injection, preferentially in the vicinity of blood vessels and later in well-established metastases, supporting the occurrence of cytoskeleton changes. MLCK’s role in tumor cell motility and invasiveness has been not only reported in vitro but also in lung cancer patients who showed disease recurrence and distant metastases [12,13]. Accordingly, the observed MLCK expression in extravasating BCCs appears to be determinant in cell motility, especially in BCCs close to microvessels.



Analysis of Cx43 revealed its expression in the contact areas between BCCs and BMECs with an increasing intensity until seven days, an observation in line with the time range described for the BCC extravasation to the brain [57]. These findings suggest that Cx43 upregulation in tumor cell–EC contact areas may be involved in the attachment and extravasation processes, suggesting intercellular communication to be less necessary afterwards during tumor growth, as observed by the Cx43 decrease at 10 days. Accordingly, the study of lung metastases revealed a higher Cx43 expression in vessels containing cancer cells comparably with vessels with no malignant cells [58], and a reduction in metastasis formation by using a GJ inhibitor that decreased the communication between malignant cells and brain endothelium in a Cx43-dependent manner [59]. Our findings indicate that the formation of GJ enriched with Cx43 between BCCs and ECs could facilitate the intercellular communication required for BCCs adhesion and transmigration into the brain. Furthermore, they revealed an increase in Cx43 expression in BCCs in well-established metastases, which had never been described before in BCBM. Therefore, it appears that BCCs communicate between them and may transfer essential molecules through GJ channels in order to survive and grow after leaving the circulation.



Cx43 is also relevant for other brain cells, being widely expressed in adult astrocytes and upregulated in reactive astrocytes [29,60]. Inflammation is associated with cancer initiation and progression by supplying bioactive molecules to the tumor microenvironment, including growth and survival factors that limit cell death [61]. At later stages, astrocytes share a bidirectional communication with tumor cells, helping to support tumor growth [62]. Likewise, we observed an increased colocalization between Cx43 and GFAP during BCC extravasation into the brain, mainly in non-peritumoral astrocytes This result suggests that, when BCCs colonize the brain, reactive astrocytes expressing Cx43 are recruited, which may promote BCCs proliferation and survival [63], via Cx43-mediated crosstalk.



By which pathways BCCs can extravasate into the brain is a question not yet fully clarified; it is unknown whether the passage of tumor cells leaves the BBB intact, and occurs by a paracellular route [16] or by the transcellular pathway [18]. We observed that TJs and AJs decreased expression, particularly in blood vessels with extravasating cells, pointing to an increased BBB paracellular permeability. Parallelly, an increase in blood-borne thrombin deposits was observed, notably in metastases-surrounding areas, suggesting BBB disruption during colonization of the brain by BCCs. Interestingly, at 10 days, a recovery of both β-catenin and claudin-5 immunoreactivity was observed, suggesting a possible reorganization of endothelial junctions and subsequent BBB integrity restoration. Caveolin-1 expression increased as BCBMs were formed, especially in BMECs feeding metastatic lesions. It is known that internalization mechanisms into BMECs can occur via caveolae, although it is still unclear whether caveolae comprise endocytic transport carriers themselves, or if they indirectly induce transcytosis through membrane fluidity modulation [64]. Furthermore, upon thrombin stimulation, it was shown that caveolin-1 leads to BBB junction reorganization and opening, determinant in barrier function [65]. Our current results indicate that the involvement of transcellular pathway activation in BCC extravasation cannot be discarded.



Pericytes have been widely studied in the context of their capacity to stabilize BBB properties and blood vessel structure, and their role towards brain metastasis development cannot be ignored. We have shown that pericytes play a crucial role in the development of metastatic brain tumors by secreting ECM proteins, which enhanced the adhesion of TN BCCs, and by secreting insulin-like growth factor 2, which had a pro-proliferative effect [20]. Alterations in mural cells contractility indicators during BCBM formation were observed, where both α-SMA and MLCK increased over time. The protein α-SMA is required for contraction within pericytes, explaining how blood vessels can change their diameter in response to environmental alterations [31]. This phenomenon may occur in our system, in which augmented mural cells’ marker expression was observed with metastatic development. Another possibility would be that exosomes secreted by BCCs might signal pericytes to become cancer-associated fibroblasts, which also express α-SMA, a mechanism observed in gastric cancer [66]. Besides α-SMA, Rho GTPases and Rho-associated protein kinase (ROCK) also regulate pericyte shape and increase contractility [32,67], in part by regulating the myosin light chain phosphorylation via MLCK, a protein whose expression increased in mural cells after seven days of BCC injections. As such, we may hypothesize that, at later stages, there is increased blood vessel contractility through actin and myosin modulation, in order to prevent the entrance of more BCCs into the brain parenchyma and as a mechanism to restore BBB impermeability (as observed by the increase in TJ and AJ at 10 days).



By analyzing claudin-5 labelling, we observed an increased vascularization at seven days, which reflects BCCs’ necessity for oxygen and nutrient supplies for the development of larger brain metastases [17]. PLVAP is upregulated in ECs of well-vascularized tumors [68,69], which has been associated with increased tumor angiogenesis [23], whereas its downregulation prevented the development of pancreatic adenocarcinoma in xenografts [70]. Unexpectedly, we observed that PLVAP was clearly expressed by BCCs and in well-established BCBM, especially close to brain vessels. This observation was confirmed by the analysis of the protein expression in 4T1 cells in mixed cultures with BMECs. Interestingly, one report showed that quiescent metastatic melanoma cells in intravascular niches were negative for melanoma markers, and acquired EC features such as the expression of cluster of differentiation 31 (CD31) [71], a protein known to colocalize with PLVAP [23]. Therefore, our observations suggest that during BCBM formation, BCCs may acquire endothelial features that allow them to adapt and proliferate in the brain microenvironment, comprising a possible mechanism of cell transdifferentiation with clinical relevance. To the best of our knowledge, this is the first study reporting such phenomena in BCBM formation that deserve to be further studied.



Collectively, our work supports the evidence of known mechanisms in tumor progression but also provides a glimpse regarding earlier and late events in BCBM formation. Moreover, it sheds light onto new stages, such as BCC communication within lesions and cell transdifferentiation, as well as the involvement of PLVAP as a new actor. Nevertheless, our observations should be validated in the future using animal models taking advantage of brain-seeking BCCs, such as MDA-MB-231 BR, metastasizing with 100% frequency to the brain, and having progressively emerged as an established preclinical model of BCBM [72].




4. Materials and Methods


4.1. Cell Culture and Mouse Model of BCBM


A mouse model of BCBM, relying on the inoculation of murine mammary carcinoma TN 4T1 cells in the carotid arteries of Balb/c mice was used. The 4T1 cells were maintained in RPMI 1640 medium (PAN Biotech, Aidenbach, Germany) supplemented with ultra-glutamine I (Lonza, Basel, Switzerland) and 5% heat-inactivated fetal bovine serum (FBS, PAN Biotech) in a 5% CO2 atmosphere at 37 °C. BCCs (1 × 106 4T1 cells in 200 µL of Ringer-HEPES) were xenografted, under isoflurane anesthesia, in the right common carotid arteries of 7–8-week-old female Balb/c mice (Charles River Laboratories, Wilmington, MA, USA). Control mice were inoculated with Ringer-HEPES. Mice were housed and bred in the animal facility of the Biological Research Centre, Szeged, Hungary. Brains were harvested 5 h, 3 days, 7 days, and 10 days post-inoculation.



All animal experimentation was performed by certified team members at the Biological Research Centre, according to the recommendations of the Declaration of Helsinki and Tokyo and were performed according to the EU Directive 2010/63/EU on the protection of animals used for experimental and other scientific purposes. The protocol was reviewed and approved by the Regional Animal Health and Food Control Station of Csongrád County (license numbers: XVI./2980/2012 and XVI./764/2018).



As an in vitro model that mimics the BCBM development, mixed cultures of mouse Balb/c brain endothelioma cell line, b.End5, and 4T1 cells were used. b.End5 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Life Technologies, New York, NY, USA) supplemented with 10% FBS, 1% non-essential amino acids (Biochrom AG, Berlin, Germany), 2 mM L-glutamine (Biochrom), 1mM sodium pyruvate (Biochrom) and 1% antibiotic-antimycotic solution (Sigma Aldrich, St. Louis, MO, USA). b.End5 cells (5 × 104 cells/mL) were plated onto glass coverslips covered with rat tail collagen I (Corning, NY, USA) at 50 µg/mL, and after 48 h, laminar non-pulsatile physiologic shear stress (1.5 dyn/cm2) was applied for 24 h. In order to distinguish both cell populations, 4T1 cells were labelled with CellTracker™ Red CMTPX Dye (2.5 µM; Thermo Fisher Scientific, Waltham, MA, USA), and then plated (1 × 105 cells/mL) in DMEM on top of b.End5 monolayers. Mixed cultures were kept on shear stress conditions for 24 h, timepoint after which cells were fixed with 4% (w/v) paraformaldehyde (PFA, Sigma-Aldrich, St. Louis, MO, USA) in phosphate-buffered saline (PBS) for 20 min at room temperature.




4.2. Collection of Brains


Anesthetized mice were perfused with PBS, followed by tissue fixation with 4% PFA in PBS. Brains were harvested, post-fixed overnight in 4% PFA in PBS at 4 °C and kept in PBS containing 0.1% sodium azide. Cranial hippocampus (coronal sections at −1.82 mm Bregma coordinate), the most affected brain region in terms of BCBM formation in this animal model [26], were paraffin embedded and cut into 4 μm-thick sections.




4.3. Hematoxylin-Eosin Staining, Immunohistochemistry and Immunofluorescence


Hippocampal tissue sections were subjected to hematoxylin-eosin (HE) staining, immunohistochemistry (IHC) analysis of PDGF-B (growth factor), or immunofluorescence (IF) of: Ki-67 (proliferation marker); N-cadherin and vimentin (mesenchymal markers); cytokeratin and tomato lectin (epithelial markers); FAK and β4 integrin (adhesion-associated proteins); Rac1 and RhoA (invasion and migration-associated proteins); MLCK (cytoskeleton remodeling-associated protein); α-SMA (pericyte marker); β-catenin, claudin-5 and Cx43 (AJ, TJ, and GJ markers, respectively); caveolin-1 (caveolae protein); GFAP (astrocyte marker); thrombin (BBB disruption indicator) and PLVAP (EC-specific protein). PLVAP was further assessed in mixed cultures of b.End5 and 4T1 cells.



Tissue sections were deparaffinized and rehydrated, and HE staining was performed [26]. For IHC analysis, inhibition of endogenous peroxidase (3% hydrogen peroxide solution), heat-mediated antigen recovery (10 mM citrate buffer, pH 6.0) and blocking (3% bovine serum albumin, BSA, containing 0.5% Triton X-100) were performed prior to incubation with the primary antibody, anti-PDGF-B (1:75); afterwards, sections were developed using SuperPicture™ Polymer Detection Kit (Invitrogen, Paisley, UK), and mounted with Quick-D Mounting Medium (Klinipath, Netherlands). For IF analysis of tissue sections, antigen retrieval, permeabilization and blocking conditions, as well as antibodies’ details and dilutions are summarized in Table 1. For IF analysis of fixed cells, a permeabilization with 0.5% Triton X-100 for 5 min followed by blocking with 3% BSA for 60 min at room temperature was performed. Cells were incubated overnight at 4 °C with anti-PLVAP (1:50) and thereafter with the corresponding secondary antibody, IgG-FITC (1:100) for 60 min at room temperature, in the dark. Both primary and secondary antibodies (indicated in Table 1) were diluted in corresponding blocking solutions. Nuclei were counterstained with Hoechst 33342 (1:1000, Thermo Fisher Scientific, Waltham, MA, USA) followed by mounting with SlowFade® Diamond Antifade Mountant (Thermo Fisher Scientific, Waltham, MA, USA). Negative controls with the omission of primary antibodies were performed to exclude nonspecific binding or cross reactivity.




4.4. Image Acquisition


Images of HE and PDGF-B staining were acquired using an Olympus BX51 wide-field epifluorescence microscope coupled to a TIS DFK 1.9MP Sony CCD color camera. Images of IF staining of Ki-67, cytokeratin, vimentin, Rac1, MLCK, claudin-5, β-catenin, thrombin and PLVAP were acquired using a confocal microscope (Leica TCS SPE), equipped with 488, 532, and 635 nm lasers, a Leica DFC365 FX 1.4MP CCD camera and Leica HCX PL APO objectives. Images of α-SMA, N-cadherin, tomato lectin, Cx43, GFAP, FAK, β4 integrin, RhoA, and caveolin-1 staining were acquired using an epifluorescence microscope (Olympus BX60) equipped with an Olympus U-RFL-T Mercury lamp, a Hamamatsu Orca R2 cooled monochromatic CCD camera, and Olympus UPlanApo objectives. Ten fields per section at each timepoint were acquired and analyzed.




4.5. Data Analysis


Metastasis appearance and development were analyzed based on the evaluation of HE staining, where total tumor area was determined by the delimitation of each metastasis per field, and results expressed as tumor area (μm2). Rac1 and RhoA immunoreactivities in brain metastases were assessed based on the delimitation of each metastasis, measuring its mean intensity and normalizing by the area; for N-cadherin and Cx43, the mean intensity was measured and normalized by cell number. Cx43 immunoreactivity near blood vessels was also analyzed by measuring its mean intensity. Counts of the number of positive cells per field was performed for PDGF-B, Ki-67, vimentin (cells with round-shape morphology only), cytokeratin, FAK and β4 integrin staining. For claudin-5, β-catenin and caveolin-1, each blood vessel was delimited, the vascular immunoreactivity of the protein measured, and the results expressed by the mean intensity per μm2 of blood vessel; an equivalent approach for α-SMA and MLCK was performed, where the results were expressed by the mean intensity per μm2 of mural cell. For microvascular density evaluation, the area of claudin-5-positive blood vessels per field was measured [73], being expressed as the total area of blood vessels per μm2 of brain tissue. Thrombin entrance into the brain parenchyma [30] was performed by counting the total number of thrombin deposits per section. All the referred data analyses were conducted using ImageJ software 1.29x software (National Institutes of Health, USA). GJs in astrocytes were evaluated through colocalization between Cx43 and GFAP using Icy software (Institute Pasteur and France Bioimaging, France).




4.6. Statistical Analysis


Results obtained were analyzed using GraphPad Prism® 6.0 (GraphPad Software, San Diego, CA, USA) and are expressed as mean ± SEM. One-way ANOVA and the Dunnett post hoc test were used to compare parameters evolution over time of 4T1 cell-injected mice, and between 4T1 cell-injected and vehicle-injected mice at each timepoint. p-values less than 0.05 were considered statistically significant.





5. Conclusions


Overall, our findings demonstrate that TN BCCs extravasation occurs early in time, inducing BBB and brain parenchyma alterations. PDGF-B appears to be an actor in early and sustained BCCs proliferation, with signaling cascades induced by β4 integrin/FAK signaling, and involving Rac1/RhoA, as well as MLCK, presenting a determinant role in BCCs adhesion, migration, and cytoskeleton contractility. The hub role of the GJ protein Cx43 in cell communication when metastases are established was observed, either among BCCs or with BMECs. BBB disruption with paracellular and transcellular pathways alterations may reflect BCC transmigration by both routes, whereas pericyte contraction indicates mural cells’ activation. Importantly, during brain colonization, BCCs undergo MET and transdifferentiation, namely by acquiring endothelial features such as PLVAP. By picturing the different steps, molecular players, and cellular crosstalk during the process of BCBM development, this study helps to solidify the current understanding and points to targets for modulation in order to counteract BCBM.







Author Contributions


Conceptualization, M.A.B.; methodology, S.G., T.C.-S., R.V., K.M. and J.H.; validation, I.W. and I.K.; formal analysis, I.F., S.G., T.C.-S. and R.V.; investigation, I.F., S.G., T.C.-S. and R.V.; resources, R.M. and M.V.; data curation I.F. and I.W.; writing—original draft preparation, I.F.; writing—review and editing, I.F., S.G., T.C.-S., R.V., K.M., J.H., R.M., M.V., I.W., I.K. and M.A.B.; visualization, I.F. and M.A.B.; supervision, M.A.B.; project administration, M.A.B.; funding acquisition, I.W., I.K. and M.A.B. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by the Portuguese Foundation for Science and Technology (Fundação para a Ciência e a Tecnologia, I.P., FCT), Portugal, grant numbers PTDC/MED-ONC/29402/2017, UIDB/04138/2020 and UIDP/04138/2020, and 441.00 HUNGRIA, and by the National Research, Development and Innovation Office (NKFIH, Hungary), grant numbers FK-124114, K-135425, K-135475, GINOP-2.3.2-15-2016-00020 and GINOP-2.3.2-15-2016-00034; the Executive Unit for Financing Higher Education, Research, Development and Innovation (UEFISCDI, Romania), grant numbers PN-III-P1-1.1-TE-2019-1302 and PN-III-P4-ID-PCE-2020-1529; the New National Excellence Program of the Ministry for Innovation and Technology, grant number ÚNKP-20-4-SZTE-138.




Institutional Review Board Statement


All animal experimentation was performed by certified team members at the Biological Research Centre, according to the recommendations of the Declaration of Helsinki and Tokyo and were performed according to the EU Directive 2010/63/EU on the protection of animals used for experimental and other scientific purposes. The protocol was reviewed and approved by the Regional Animal Health and Food Control Station of Csongrád County (license numbers: XVI./2980/2012 and XVI./764/2018).




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.




Acknowledgments


We acknowledge Faculty of Sciences of the University of Lisbon’s Microscopy Facility, a node of the Portuguese Platform of BioImaging, reference PPBI-POCI-01-0145-FEDER-022122. We also acknowledge the excellent technical assistance with imaging acquisition from Luís Marques and Telmo Nunes.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA-Cancer J. Clin. 2018, 68, 394–424. [Google Scholar] [CrossRef] [PubMed]

	



Branco, V.; Pimentel, J.; Brito, M.A.; Carvalho, C. Thioredoxin, Glutathione and Related Molecules in Tumors of the Nervous System. Curr. Med. Chem. 2020, 27, 1878–1900. [Google Scholar] [CrossRef]

	



Niwińska, A.; Murawska, M.; Pogoda, K. Breast cancer brain metastases: Differences in survival depending on biological subtype, RPA RTOG prognostic class and systemic treatment after whole-brain radiotherapy (WBRT). Ann. Oncol. 2010, 21, 942–948. [Google Scholar] [CrossRef]

	



Custodio-Santos, T.; Videira, M.; Brito, M.A. Brain metastasization of breast cancer. BBA Rev. Cancer 2017, 1868, 132–147. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, C.; Yang, H.; Shi, H.; Wang, X.; Chen, X.; Yuan, Y.; Lin, S.; Wei, Y. Distinct contributions of angiogenesis and vascular co-option during the initiation of primary microtumors and micrometastases. Carcinogenesis 2011, 32, 1143–1150. [Google Scholar] [CrossRef]

	



Wang, J.-C.; Li, G.-Y.; Wang, B.; Han, S.-X.; Sun, X.; Jiang, Y.-N.; Shen, Y.-W.; Zhou, C.; Feng, J.; Lu, S.-Y.; et al. Metformin inhibits metastatic breast cancer progression and improves chemosensitivity by inducing vessel normalization via PDGF-B downregulation. J. Exp. Clin. Cancer Res. 2019, 38, 235. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, J.; Guan, J.L. Signal transduction by focal adhesion kinase in cancer. Cancer Metastasis Rev. 2009, 28, 35–49. [Google Scholar] [CrossRef]

	



Stewart, R.L.; O’Connor, K.L. Clinical significance of the integrin alpha6beta4 in human malignancies. Lab. Investig. 2015, 95, 976–986. [Google Scholar] [CrossRef] [PubMed]

	



Tai, Y.L.; Chen, L.C.; Shen, T.L. Emerging roles of focal adhesion kinase in cancer. Biomed. Res. Int. 2015, 2015, 690690. [Google Scholar] [CrossRef] [PubMed]

	



Huveneers, S.; Danen, E.H.J. Adhesion signaling–crosstalk between integrins, Src and Rho. J. Cell Sci. 2009, 122, 1059. [Google Scholar] [CrossRef] [PubMed]

	



Wilhelm, I.; Fazakas, C.; Molnár, J.; Haskó, J.; Végh, A.G.; Cervenak, L.; Nagyőszi, P.; Nyúl-Tóth, A.; Farkas, A.E.; Bauer, H.; et al. Role of Rho/ROCK signaling in the interaction of melanoma cells with the blood-brain barrier. Pigment. Cell Melanoma Res. 2014, 27, 113–123. [Google Scholar] [CrossRef]

	



Tohtong, R.; Phattarasakul, K.; Jiraviriyakul, A.; Sutthiphongchai, T. Dependence of metastatic cancer cell invasion on MLCK-catalyzed phosphorylation of myosin regulatory light chain. Prostate Cancer Prostatic Dis. 2003, 6, 212–216. [Google Scholar] [CrossRef] [PubMed]

	



Minamiya, Y.; Nakagawa, T.; Saito, H.; Matsuzaki, I.; Taguchi, K.; Ito, M.; Ogawa, J. Increased Expression of Myosin Light Chain Kinase mRNA Is Related to Metastasis in Non-Small Cell Lung Cancer. Tumor Biol. 2005, 26, 153–157. [Google Scholar] [CrossRef] [PubMed]

	



Wilhelm, I.; Molnar, J.; Fazakas, C.; Hasko, J.; Krizbai, I.A. Role of the blood-brain barrier in the formation of brain metastases. Int. J. Mol. Sci. 2013, 14, 1383–1411. [Google Scholar] [CrossRef] [PubMed]

	



Cardoso, F.L.; Brites, D.; Brito, M.A. Looking at the blood-brain barrier: Molecular anatomy and possible investigation approaches. Brain Res. Rev. 2010, 64, 328–363. [Google Scholar] [CrossRef]

	



Fan, J.; Fu, B.M. Quantification of malignant breast cancer cell MDA-MB-231 transmigration across brain and lung microvascular endothelium. Ann. Biomed. Eng. 2016, 44, 2189–2201. [Google Scholar] [CrossRef]

	



Avraham, H.K.; Jiang, S.; Fu, Y.; Nakshatri, H.; Ovadia, H.; Avraham, S. Angiopoietin-2 mediates blood-brain barrier impairment and colonization of triple-negative breast cancer cells in brain. J. Pathol. 2014, 232, 369–381. [Google Scholar] [CrossRef]

	



Herman, H.; Fazakas, C.; Haskó, J.; Molnár, K.; Mészáros, Á.; Nyúl-Tóth, Á.; Szabó, G.; Erdélyi, F.; Ardelean, A.; Hermenean, A.; et al. Paracellular and transcellular migration of metastatic cells through the cerebral endothelium. J. Cell Mol. Med. 2019, 23, 2619–2631. [Google Scholar] [CrossRef] [PubMed]

	



Hall, C.N.; Reynell, C.; Gesslein, B.; Hamilton, N.B.; Mishra, A.; Sutherland, B.A.; O’Farrell, F.M.; Buchan, A.M.; Lauritzen, M.; Attwell, D. Capillary pericytes regulate cerebral blood flow in health and disease. Nature 2014, 508, 55–60. [Google Scholar] [CrossRef]

	



Molnár, K.; Mészáros, Á.; Fazakas, C.; Kozma, M.; Győri, F.; Reisz, Z.; Tiszlavicz, L.; Farkas, A.E.; Nyúl-Tóth, Á.; Haskó, J.; et al. Pericyte-secreted IGF2 promotes breast cancer brain metastasis formation. Mol. Oncol. 2020, 14, 2040–2057. [Google Scholar] [CrossRef]

	



Gong, X.; Hou, Z.; Endsley, M.P.; Gronseth, E.I.; Rarick, K.R.; Jorns, J.M.; Yang, Q.; Du, Z.; Yan, K.; Bordas, M.L.; et al. Interaction of tumor cells and astrocytes promotes breast cancer brain metastases through TGF-β2/ANGPTL4 axes. NPJ Precis. Oncol. 2019, 3, 24. [Google Scholar] [CrossRef] [PubMed]

	



Saaristo, A.; Karpanen, T.; Alitalo, K. Mechanisms of angiogenesis and their use in the inhibition of tumor growth and metastasis. Oncogene 2000, 19, 6122–6129. [Google Scholar] [CrossRef]

	



Carson-Walter, E.B.; Hampton, J.; Shue, E.; Geynisman, D.M.; Pillai, P.K.; Sathanoori, R.; Madden, S.L.; Hamilton, R.L.; Walter, K.A. Plasmalemmal Vesicle Associated Protein-1 Is a Novel Marker Implicated in Brain Tumor Angiogenesis. Clin. Cancer Res. 2005, 11, 7643. [Google Scholar] [CrossRef] [PubMed]

	



Bosma, E.K.; van Noorden, C.J.F.; Schlingemann, R.O.; Klaassen, I. The role of plasmalemma vesicle-associated protein in pathological breakdown of blood-brain and blood-retinal barriers: Potential novel therapeutic target for cerebral edema and diabetic macular edema. Fluids Barriers CNS 2018, 15, 24. [Google Scholar] [CrossRef] [PubMed]

	



Tao, K.; Fang, M.; Alroy, J.; Sahagian, G.G. Imagable 4T1 model for the study of late stage breast cancer. BMC Cancer 2008, 8, 228. [Google Scholar] [CrossRef] [PubMed]

	



Sereno, M.; Haskó, J.; Molnár, K.; Medina, S.J.; Reisz, Z.; Malhó, R.; Videira, M.; Tiszlavicz, L.; Booth, S.A.; Wilhelm, I.; et al. Downregulation of circulating miR 802-5p and miR 194-5p and upregulation of brain MEF2C along breast cancer brain metastasization. Mol. Oncol. 2020, 14, 520–538. [Google Scholar] [CrossRef] [PubMed]

	



Lindberg, N.; Holland, E.C. PDGF in gliomas: More than just a growth factor? Upsala J. Med. Sci. 2012, 117, 92–98. [Google Scholar] [CrossRef] [PubMed]

	



Xiong, W.C.; Mei, L. Roles of FAK family kinases in nervous system. Front. Biosci. 2003, 8, s676–s682. [Google Scholar] [CrossRef]

	



Theodoric, N.; Bechberger, J.F.; Naus, C.C.; Sin, W.C. Role of gap junction protein connexin43 in astrogliosis induced by brain injury. PLoS ONE 2012, 7, e47311. [Google Scholar] [CrossRef]

	



Janota, C.S.; Brites, D.; Lemere, C.A.; Brito, M.A. Glio-vascular changes during ageing in wild-type and Alzheimer’s disease-like APP/PS1 mice. Brain Res. 2015, 1620, 153–168. [Google Scholar] [CrossRef]

	



Alarcon-Martinez, L.; Yilmaz-Ozcan, S.; Yemisci, M.; Schallek, J.; Kılıç, K.; Can, A.; Di Polo, A.; Dalkara, T. Capillary pericytes express α-smooth muscle actin, which requires prevention of filamentous-actin depolymerization for detection. Elife 2018, 7, e34861. [Google Scholar] [CrossRef] [PubMed]

	



Durham, J.T.; Surks, H.K.; Dulmovits, B.M.; Herman, I.M. Pericyte contractility controls endothelial cell cycle progression and sprouting: Insights into angiogenic switch mechanics. Am. J. Physiol. Cell Physiol. 2014, 307, C878–C892. [Google Scholar] [CrossRef] [PubMed]

	



Arshad, F.; Wang, L.; Sy, C.; Avraham, S.; Avraham, H.K. Blood-Brain Barrier Integrity and Breast Cancer Metastasis to the Brain. Pathol. Res. Int 2011, 2011, 920509. [Google Scholar] [CrossRef] [PubMed]

	



Haskó, J.; Fazakas, C.; Molnár, K.; Mészáros, Á.; Patai, R.; Szabó, G.; Erdélyi, F.; Nyúl-Tóth, Á.; Győri, F.; Kozma, M.; et al. Response of the neurovascular unit to brain metastatic breast cancer cells. Acta Neuropathol. Commun. 2019, 7, 133. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, X.; Chen, L.; Huang, B.; Wang, Y.; Ji, L.; Wu, J.; Di, G.; Liu, G.; Yu, K.; Shao, Z.; et al. The prognostic and predictive potential of Ki-67 in triple-negative breast cancer. Sci. Rep. 2020, 10, 225. [Google Scholar] [CrossRef] [PubMed]

	



Omoto, Y.; Kurosumi, M.; Hozumi, Y.; Oba, H.; Kawanowa, K.; Takei, H.; Yasuda, Y. Immunohistochemical assessment of primary breast tumors and metachronous brain metastases, with particular regard to differences in the expression of biological markers and prognosis. Exp. Ther. Med. 2010, 1, 561–567. [Google Scholar] [CrossRef] [PubMed]

	



Sartori, D.; Bari, M.; Pappagallo, G.L.; Rosetti, F.; Zambenedetti, P.; Spatafora, S.; Vinante, O. Brain metastases in breast cancer and Ki67 expression. J. Clin. Oncol. 2011, 29, e21018. [Google Scholar] [CrossRef]

	



Lev, D.C.; Kim, S.J.; Onn, A.; Stone, V.; Nam, D.-H.; Yazici, S.; Fidler, I.J.; Price, J.E. Inhibition of Platelet-Derived Growth Factor Receptor Signaling Restricts the Growth of Human Breast Cancer in the Bone of Nude Mice. Clin. Cancer Res. 2005, 11, 306. [Google Scholar]

	



Chen, Y.; Wang, Z.; Dai, X.; Fei, X.; Shen, Y.; Zhang, M.; Wang, A.; Li, X.; Wang, Z.; Huang, Q.; et al. Glioma initiating cells contribute to malignant transformation of host glial cells during tumor tissue remodeling via PDGF signaling. Cancer Lett. 2015, 365, 174–181. [Google Scholar] [CrossRef] [PubMed]

	



Jechlinger, M.; Sommer, A.; Moriggl, R.; Seither, P.; Kraut, N.; Capodiecci, P.; Donovan, M.; Cordon-Cardo, C.; Beug, H.; Grünert, S. Autocrine PDGFR signaling promotes mammary cancer metastasis. J. Clin. Investig. 2006, 116, 1561–1570. [Google Scholar] [CrossRef]

	



Thies, K.A.; Hammer, A.M.; Hildreth, B.E.; Steck, S.A.; Spehar, J.M.; Kladney, R.D.; Geisler, J.A.; Das, M.; Russell, L.O.; Bey, J.F.; et al. Stromal Platelet–Derived Growth Factor Receptor-β Signaling Promotes Breast Cancer Metastasis in the Brain. Cancer Res. 2021. [Google Scholar] [CrossRef]

	



Calaf, G.M.; Balajee, A.S.; Montalvo-Villagra, M.T.; Leon, M.; Daniela, N.M.; Alvarez, R.G.; Roy, D.; Narayan, G.; Abarca-Quinones, J. Vimentin and Notch as biomarkers for breast cancer progression. Oncol. Lett. 2014, 7, 721–727. [Google Scholar] [CrossRef]

	



Herrmann, H.; Häner, M.; Brettel, M.; Müller, S.A.; Goldie, K.N.; Fedtke, B.; Lustig, A.; Franke, W.W.; Aebi, U. Structure and Assembly Properties of the Intermediate Filament Protein Vimentin: The Role of its Head, Rod and Tail Domains. J. Mol. Biol. 1996, 264, 933–953. [Google Scholar] [CrossRef]

	



Cao, Z.Q.; Wang, Z.; Leng, P. Aberrant N-cadherin expression in cancer. Biomed. Pharmacother. 2019, 118, 109320. [Google Scholar] [CrossRef] [PubMed]

	



Loh, C.-Y.; Chai, J.Y.; Tang, T.F.; Wong, W.F.; Sethi, G.; Shanmugam, M.K.; Chong, P.P.; Looi, C.Y. The E-Cadherin and N-Cadherin Switch in Epithelial-to-Mesenchymal Transition: Signaling, Therapeutic Implications, and Challenges. Cells 2019, 8, 1118. [Google Scholar] [CrossRef]

	



Chao, Y.; Wu, Q.; Acquafondata, M.; Dhir, R.; Wells, A. Partial mesenchymal to epithelial reverting transition in breast and prostate cancer metastases. Cancer Microenviron 2012, 5, 19–28. [Google Scholar] [CrossRef]

	



Reymond, N.; d’Agua, B.B.; Ridley, A.J. Crossing the endothelial barrier during metastasis. Nat. Rev. Cancer 2013, 13, 858–870. [Google Scholar] [CrossRef] [PubMed]

	



Alexopoulou, A.N.; Ho-Yen, C.M.; Papalazarou, V.; Elia, G.; Jones, J.L.; Hodivala-Dilke, K. Tumour-associated endothelial-FAK correlated with molecular sub-type and prognostic factors in invasive breast cancer. BMC Cancer 2014, 14, 237. [Google Scholar] [CrossRef] [PubMed]

	



Rigiracciolo, D.C.; Santolla, M.F.; Lappano, R.; Vivacqua, A.; Cirillo, F.; Galli, G.R.; Talia, M.; Muglia, L.; Pellegrino, M.; Nohata, N.; et al. Focal adhesion kinase (FAK) activation by estrogens involves GPER in triple-negative breast cancer cells. J. Exp. Clin. Cancer Res. 2019, 38, 58. [Google Scholar] [CrossRef] [PubMed]

	



Ungefroren, H.; Sebens, S.; Seidl, D.; Lehnert, H.; Hass, R. Interaction of tumor cells with the microenvironment. Cell Commun. Signal. 2011, 9, 18. [Google Scholar] [CrossRef]

	



Villegas-Pineda, J.C.; Garibay-Cerdenares, O.L.; Hernandez-Ramirez, V.I.; Gallardo-Rincon, D.; Cantu de Leon, D.; Perez-Montiel-Gomez, M.D.; Talamas-Rohana, P. Integrins and haptoglobin: Molecules overexpressed in ovarian cancer. Pathol. Res. Pract. 2015, 211, 973–981. [Google Scholar] [CrossRef]

	



Tai, Y.-L.; Chu, P.-Y.; Lai, I.-R.; Wang, M.-Y.; Tseng, H.-Y.; Guan, J.-L.; Liou, J.-Y.; Shen, T.-L. An EGFR/Src-dependent β4 integrin/FAK complex contributes to malignancy of breast cancer. Sci. Rep. 2015, 5, 16408. [Google Scholar] [CrossRef]

	



Nobes, C.D.; Hall, A. Rho, rac, and cdc42 GTPases regulate the assembly of multimolecular focal complexes associated with actin stress fibers, lamellipodia, and filopodia. Cell 1995, 81, 53–62. [Google Scholar] [CrossRef]

	



Kamai, T.; Yamanishi, T.; Shirataki, H.; Takagi, K.; Asami, H.; Ito, Y.; Yoshida, K.-I. Overexpression of RhoA, Rac1, and Cdc42 GTPases Is Associated with Progression in Testicular Cancer. Clin. Cancer Res. 2004, 10, 4799. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Tao, Y.; Xu, J.; Chen, M. RhoA protein is generally distributed in the nuclei of cancer cells. Oncol. Rep. 2010, 24, 1005–1009. [Google Scholar] [PubMed]

	



Dubash, A.D.; Guilluy, C.; Srougi, M.C.; Boulter, E.; Burridge, K.; García-Mata, R. The small GTPase RhoA localizes to the nucleus and is activated by Net1 and DNA damage signals. PLoS ONE 2011, 6, e17380. [Google Scholar] [CrossRef] [PubMed]

	



Lorger, M.; Felding-Habermann, B. Capturing changes in the brain microenvironment during initial steps of breast cancer brain metastasis. Am. J. Pathol. 2010, 176, 2958–2971. [Google Scholar] [CrossRef] [PubMed]

	



Elzarrad, M.K.; Haroon, A.; Willecke, K.; Dobrowolski, R.; Gillespie, M.N.; Al-Mehdi, A.B. Connexin-43 upregulation in micrometastases and tumor vasculature and its role in tumor cell attachment to pulmonary endothelium. BMC Med. 2008, 6, 20. [Google Scholar] [CrossRef]

	



Stoletov, K.; Strnadel, J.; Zardouzian, E.; Momiyama, M.; Park, F.D.; Kelber, J.A.; Pizzo, D.P.; Hoffman, R.; VandenBerg, S.R.; Klemke, R.L. Role of connexins in metastatic breast cancer and melanoma brain colonization. J. Cell Sci. 2013, 126, 904–913. [Google Scholar] [CrossRef]

	



Rivera-Zengotita, M.; Yachnis, A.T. Gliosis versus glioma?: Don’t grade until you know. Adv. Anat. Pathol. 2012, 19, 239–249. [Google Scholar] [CrossRef]

	



Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [Google Scholar] [CrossRef]

	



Wilhelm, I.; Fazakas, C.; Molnár, K.; Végh, A.G.; Haskó, J.; Krizbai, I.A. Foe or Friend? Janus-faces of the Neurovascular Unit in the Formation of Brain Metastases. J Cereb Blood Flow Metab. 2018, 38, 563–587. [Google Scholar] [CrossRef] [PubMed]

	



Lin, Q.; Balasubramanian, K.; Fan, D.; Kim, S.J.; Guo, L.; Wang, H.; Bar-Eli, M.; Aldape, K.D.; Fidler, I.J. Reactive astrocytes protect melanoma cells from chemotherapy by sequestering intracellular calcium through gap junction communication channels. Neoplasia 2010, 12, 748–754. [Google Scholar] [CrossRef] [PubMed]

	



Villaseñor, R.; Lampe, J.; Schwaninger, M.; Collin, L. Intracellular transport and regulation of transcytosis across the blood–brain barrier. Cell Mol. Life Sci. 2019, 76, 1081–1092. [Google Scholar] [CrossRef]

	



Kronstein, R.; Seebach, J.; Grossklaus, S.; Minten, C.; Engelhardt, B.; Drab, M.; Liebner, S.; Arsenijevic, Y.; Taha, A.A.; Afanasieva, T.; et al. Caveolin-1 opens endothelial cell junctions by targeting catenins. Cardiovasc. Res. 2012, 93, 130–140. [Google Scholar] [CrossRef]

	



Ning, X.; Zhang, H.; Wang, C.; Song, X. Exosomes Released by Gastric Cancer Cells Induce Transition of Pericytes Into Cancer-Associated Fibroblasts. Med. Sci. Monit. 2018, 24, 2350–2359. [Google Scholar] [CrossRef]

	



Kutcher, M.E.; Kolyada, A.Y.; Surks, H.K.; Herman, I.M. Pericyte Rho GTPase mediates both pericyte contractile phenotype and capillary endothelial growth state. Am. J. Pathol. 2007, 171, 693–701. [Google Scholar] [CrossRef] [PubMed]

	



Madden, S.L.; Cook, B.P.; Nacht, M.; Weber, W.D.; Callahan, M.R.; Jiang, Y.; Dufault, M.R.; Zhang, X.; Zhang, W.; Walter-Yohrling, J.; et al. Vascular gene expression in nonneoplastic and malignant brain. Am. J. Pathol. 2004, 165, 601–608. [Google Scholar] [CrossRef]

	



Strickland, L.A.; Jubb, A.M.; Hongo, J.-A.; Zhong, F.; Burwick, J.; Fu, L.; Frantz, G.D.; Koeppen, H. Plasmalemmal vesicle-associated protein (PLVAP) is expressed by tumour endothelium and is upregulated by vascular endothelial growth factor-A (VEGF). J. Pathol. 2005, 206, 466–475. [Google Scholar] [CrossRef] [PubMed]

	



Deharvengt, S.J.; Tse, D.; Sideleva, O.; McGarry, C.; Gunn, J.R.; Longnecker, D.S.; Carriere, C.; Stan, R.V. PV1 down-regulation via shRNA inhibits the growth of pancreatic adenocarcinoma xenografts. J. Cell Mol. Med. 2012, 16, 2690–2700. [Google Scholar] [CrossRef]

	



Li, X.; Karras, P.; Torres, R.; Rambow, F.; van den Oord, J.; Marine, J.-C.; Kos, L. Disseminated Melanoma Cells Transdifferentiate into Endothelial Cells in Intravascular Niches at Metastatic Sites. Cell Rep. 2020, 31, 107765. [Google Scholar] [CrossRef] [PubMed]

	



Yoneda, T.; Williams, P.J.; Hiraga, T.; Niewolna, M.; Nishimura, R. A Bone-Seeking Clone Exhibits Different Biological Properties from the MDA-MB-231 Parental Human Breast Cancer Cells and a Brain-Seeking Clone In Vivo and In Vitro. J. Bone Miner. Res. 2001, 16, 1486–1495. [Google Scholar] [CrossRef] [PubMed]

	



Brito, M.A.; Pereira, P.; Barroso, C.; Aronica, E.; Brites, D. New autopsy findings in different brain regions of a preterm neonate with kernicterus: Neurovascular alterations and up-regulation of efflux transporters. Pediatr. Neurol. 2013, 49, 431–438. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 13 00910 g001 550] 





Figure 1. Injection of triple negative (TN) breast cancer cells (BCCs) leads to a time-dependent formation of metastases with PDGF-B and Ki-67-positive cells. Either 4T1 cells or vehicle (controls) were inoculated in the carotid arteries of female Balb/c mice and hippocampal sections were analyzed after 5 h (h), 3, 7 and 10 days (d). (A) The pattern of breast cancer brain metastases formation assessed by hematoxylin-eosin (HE) staining revealed well-established metastases from 7 d onwards (black arrows). Scale bar: 40 µm. Magnification of the areas within the squares is shown. (B) Semi-quantitative analysis of the tumor area revealed an increase over time. (C) PDGF-B expression was observed in BCCs (brownish staining) inside blood vessels (arrows), in scattered cells (arrowheads) or in metastases surrounding blood vessels (asterisks). Scale bar: 20 µm. (D) Quantification of the number of PDGF-B-positive cells revealed an increase over time. (E) Ki-67-positive (yellow) BCCs were observed in cytokeratin (cytok)-positive (red) metastases. Scale bar: 20 µm. (F) Quantification of the number of Ki-67-positive cells revealed an increase over time. Statistical differences are denoted as * p < 0.05, *** p < 0.001 vs. control, and # p < 0.05, ## p < 0.01, ### p < 0.001 between indicated groups. Data are mean ± SEM, n = 6. 
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Figure 2. Breast cancer cells (BCCs) undergo a mesenchymal to epithelial transition. The 4T1 cells or vehicle (control) were inoculated in the carotid arteries of female Balb/c mice and hippocampal sections were analyzed after 5 h (h), 3, 7 and 10 days (d). (A) Double labelling with vimentin (vim, yellow, mesenchymal) and cytokeratin (cytok, red, epithelial) showed vimentin-positive cells entering brain parenchyma, leading to the formation of vimentin-positive and cytokeratin-positive metastases. Scale bar: 20 µm. Semi-quantitative analysis of vimentin-positive and cytokeratin-positive cells (B,C, respectively) revealed an increase in both markers in well-established metastases. (D) Different tumor cell subpopulation phenotypes were observed: vimentin-positive/cytokeratin-negative (vim+/cytok-), vimentin-positive/cytokeratin-positive (vim+/cytok+), and vimentin-negative/cytokeratin-positive (vim-/cytok+). Scale bar: 20 µm. (E) Quantitative analysis of the cell subpopulations per field revealed that most cells express both markers. (F) Double labelling with N-cadherin (N-cad, red, mesenchymal) and tomato lectin (green, epithelial) showed brain-resident N-cadherin-positive cells, lectin-positive blood vessels, as well as N-cadherin-positive BCCs in lectin-positive metastases. Scale bar: 20 µm. (G) Semi-quantitative analysis of N-cadherin in metastases revealed a significant decrease at 10 d. (H) β-catenin (β-cat, yellow) expression was observed in metastatic cells (3 d, arrowhead) and in well-established metastases (7 and 10 d, asterisk). Scale bar: 20 µm. Statistical differences are denoted as # p < 0.05 and ### p < 0.001 between indicated groups. Data are mean ± SEM, n ≥ 3. 
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Figure 3. Adhesion and migration-associated signaling molecules are expressed in breast cancer (BC) brain metastases. The 4T1 cells or vehicle (controls) were inoculated in the carotid arteries of female Balb/c mice and hippocampal sections were analyzed after 5 h (h), 3, 7 and 10 days (d). (A) Double labelling with focal adhesion kinase (FAK, green) and β4 integrin (β4 int, red) showed brain-resident FAK-positive cells, FAK-positive blood vessels feeding metastases (arrow) and co-labelling of FAK and β4 integrin in metastatic lesions (asterisks). Scale bar: 20 µm. (B) Quantification of co-labelled FAK and β4 integrin (FAK + β4 integrin)-positive cells per field revealed an increase from 7 to 10 d. (C) Ras-related C3 botulinum toxin substrate 1 (Rac1)-positive (yellow) BC cells were observed in lectin-positive (green) brain metastasis, which peaked at 7 d (magnified sections). Scale bar: 20 µm. (D) Semi-quantitative analysis revealed that Rac1 decreases from 7 to 10 d. (E) RhoA-positive (red) BC cells were observed in well-established metastasis, with malignant cells presenting nuclear translocation at 10 d (arrows). Nuclei (blue) were counterstained with Hoechst 33342. Scale bar: 20 µm. (F) Semi-quantitative analysis of RhoA immunoreactivity revealed a significant increase at 10 d. (G) Myosin light chain kinase (MLCK) (yellow) expression was observed in BC cells inside claudin-5-positive (red) blood vessels (arrows) and in formed metastases surrounding blood vessels (asterisks). Scale bar: 20 µm. Statistical differences are denoted as # p < 0.05, ### p < 0.001 between indicated groups. Data are mean ± SEM, n ≥ 3. 
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Figure 4. Cell crosstalk in breast cancer (BC) brain metastases occurs via gap junctions. The 4T1 cells or vehicle (controls) were inoculated in the carotid arteries of female Balb/c mice and hippocampal sections were analyzed after 5 h (h), 3, 7 and 10 days (d). (A) Double labelling of connexin 43 (Cx43, red) and the epithelial marker tomato lectin (green) showed that Cx43 is expressed in contact areas between endothelial cells and BC cells (arrows), in the vicinity of vimentin (yellow)- and cytokeratin (purple)-positive BC cells, as well as between adjacent BC cells (asterisks and magnified squares). Nuclei (blue) were counterstained with Hoechst 33342. Scale bar: 20 µm. Semi-quantitative analysis of Cx43 immunoreactivity per vessel (B) and per metastasis (C) revealed a peak at 7 d. (D) Double labelling of Cx43 (red) and the astrocyte marker glial fibrillary acidic protein (GFAP, green) showed the expression of this gap junction protein in contact areas among astrocytes (magnified squares) and between astrocytes and BC cells (arrows) but more distant from metastatic lesions (asterisk). Nuclei (blue) were counterstained with Hoechst 33342. Scale bar: 20 µm. (E) Semi-quantitative analysis of Cx43–GFAP colocalization revealed a peak at 7 d. Statistical differences are denoted as * p < 0.05 vs. control and # p < 0.05, ## p < 0.01 between indicated groups. Data are mean ± SEM, n = 3. 
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Figure 5. Establishment of breast cancer (BC) brain metastases lead to increased vascularization and blood–brain barrier disruption. The 4T1 cells or vehicle (controls) were inoculated in the carotid arteries of female Balb/c mice and hippocampal sections were analyzed after 5 h (h), 3, 7 and 10 days (d). (A) Claudin-5 (red) expression was observed at the brain microvasculature, where discontinuous labelling was observed at 7 d (squares with a representative transversal cut of a blood vessel). Scale bar: 20 µm. Semi-quantitative analysis revealed (B) increased vascularization and (C) decreased claudin-5 immunoreactivity per vessel. (D) β-catenin (β-cat, yellow) expression was observed at the brain microvasculature, diminishing at 3 and 7 d (squares with a representative transversal cut of a blood vessel). Nuclei (blue) were counterstained with Hoechst 33342. Scale bar: 20 µm. (E) Semi-quantitative analysis revealed a decrease in β-catenin immunoreactivity per vessel. (F) Vesicular transport protein caveolin-1 (Cav-1, red) expression was observed at the brain microvasculature, especially in blood vessels close to BC cells (arrows) and in well-established metastasis (asterisks). Nuclei (blue) were counterstained with Hoechst 33342. Scale bar: 20 µm. (G) Semi-quantitative analysis revealed an increase in caveolin-1 immunoreactivity per vessel. (H) Blood-borne thrombin (red) deposits were observed in the brain parenchyma, in the vicinity of metastases, increasing in size with time (magnified sections). Nuclei (blue) were counterstained with Hoechst 33342. Scale bar: 20 µm. (I) Semi-quantitative analysis revealed an increase in the number of thrombin deposits. Statistical differences are denoted as * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control and # p < 0.05, ## p < 0.01, ### p < 0.001 between indicated groups. Data are mean ± SEM, n = 6. 
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Figure 6. Formation of breast cancer brain metastases involves mural cells activation. The 4T1 cells or vehicle (controls) were inoculated in the carotid arteries of female Balb/c mice and hippocampal sections were analyzed after 5 h (h), 3, 7 and 10 days (d). (A) α-smooth muscle actin (α-SMA, green) protein expression was observed in mural cells, surrounding blood vessels. Scale bar: 20 µm. (B) Semi-quantitative analysis revealed a significant increase in α-SMA immunoreactivity per mural cell with time. (C) Myosin light chain kinase (MLCK, yellow) protein expression was observed in mural cells, surrounding claudin-5 positive (red) blood vessels. Scale bar: 20 µm. (D) Semi-quantitative analysis revealed a sustained increase in MLCK immunoreactivity per mural cell, from 7 d onwards. Metastatic lesions are indicated with asterisk. Nuclei (blue) were counterstained with Hoechst 33342. Statistical differences are denoted as * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control and # p < 0.05, ### p < 0.001 between indicated groups. Data are mean ± SEM, n ≥ 4. 
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Figure 7. Plasmalemma vesicle-associated protein (PLVAP) expression occurs in breast cancer (BC) brain metastases formation. The 4T1 cells or vehicle (controls) were inoculated in the carotid arteries of female Balb/c mice and hippocampal sections were analyzed after 5 h (h), 3, 7 and 10 days (d). (A) Endothelial cells-specific protein PLVAP was observed in isolated metastatic BC cells and in well-established metastasis close to blood vessels. Scale bar: 20 µm (B) Triple negative BC cells in mixed culture with brain microvascular endothelial cells express PLVAP. Confluent monolayers of b.End5 cells (endothelioma cell line) were exposed to laminar non-pulsatile physiologic shear stress (1.5 dyn/cm2) achieved by orbital rotation for 24 h and then exposed to 4T1-cells labelled with CellTracker™ Red CMTPX (4T1-CTred, red), for distinction of both cell types, and a 24 h incubation was performed. Mixed cultures were immunolabelled for PLVAP (green). Magnified sections show PLVAP expression of each cell type. Nuclei (blue) were counterstained with Hoechst 33342. Scale bar: 10 µm. 
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Figure 8. Schematic representation of major events involved in breast cancer (BC) brain metastases formation. BC cells (BCCs) entering brain parenchyma presented mesenchymal, migratory, and proliferative features; however, with time, they increasingly express epithelial markers, reflecting a mesenchymal–epithelial transition (MET). Malignant cells expressed platelet-derived growth factor B (PDGF-B), as well as β4 integrin and focal adhesion kinase (FAK), suggesting autocrine and/or paracrine regulation mechanisms with integrin and adhesion signaling activation. Decreasing Rac1 and increasing RhoA expression are in line with decreased motility with metastasis development. Gap junctions (GJ)’ formation was clear among tumor, between tumor and brain endothelial cells, or in astrocytes, highlighting intercellular communication role during disease progression. Concomitant BBB disruption, with junctional protein impairment and increased transcytosis support paracellular and transcellular alterations with extravasation. Plasmalemma vesicle-associated protein (PLVAP) expression by BCCs, together with increased vascularization, were also observed. 
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Table 1. Summary of the experimental conditions and antibodies used for IF analysis.
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	Marker
	Antigen

Retrieval
	Permeabilization
	Blocking
	Primary

Antibody
	Secondary

Antibody





	α-SMA
	10 mM citrate

buffer pH 6.0
	0.5% Triton

X-100
	3% BSA +

0.5% Triton-X 100
	α-SMA (1:100)

Abcam,

#ab5694, Rabbit Pc
	Alexa Fluor® 488 (1:500)

Thermo Fisher Scientific,

#A-11034, Goat anti-Rabbit



	β-catenin
	10 mM citrate

buffer pH 6.0
	0.5% Triton

X-100
	10% GS +

0.5% Triton-X 100
	β-catenin (1:20)

Thermo Fisher Scientific

#71-2700, Rabbit Pc
	Alexa Fluor® 555 (1:100)

Thermo Fisher Scientific,

#A-21428, Goat anti-Rabbit



	β4 integrin
	10 mM citrate

buffer pH 6.0
	0.5% Triton

X-100
	3% BSA +

0.5% Triton-X 100
	β4 integrin (1:250)

Santa Cruz Biotechnology

#SC-514426, Mouse Mc
	Alexa Fluor® 488 (1:500)

Thermo Fisher Scientific,

#A-11001, Goat anti-Mouse



	Caveolin-1
	10 mM citrate

buffer pH 6.0
	0.01% saponin
	3% BSA +

0.01% saponin
	Caveolin-1 (1:250)

Cell Signalling

#3238, Rabbit Pc
	Alexa Fluor® 555 (1:500)

Thermo Fisher Scientific,

#A-21428, Goat anti-Rabbit



	Claudin-5
	10 mM citrate

buffer pH 6.0
	0.5% Triton

X-100
	3% BSA +

0.5% Triton-X 100
	Claudin-5 (1:500)

Thermo Fisher Scientific

#35-2500, Mouse Mc
	Alexa Fluor® 647 (1:500)

Thermo Fisher Scientific,

#A-21235, Goat anti-Mouse



	Cx43
	10 mM citrate

buffer pH 6.0
	0.5% Triton

X-100
	10% BSA +

0.5% Triton-X 100
	Cx43 (1:50)

Thermo Fisher Scientific

#35-5000, Mouse Mc



Cx43 (1:50)

Abcam

#ab11370, Rabbit Pc
	Alexa Fluor® 647 (1:500)

Thermo Fisher Scientific,

#A-21235, Goat anti-Mouse



Alexa Fluor® 555 (1:500)

Thermo Fisher Scientific,

#A-21428, Goat anti-Rabbit



	FAK
	10 mM citrate

buffer pH 6.0
	0.5% Triton

X-100
	3% BSA +

0.5% Triton-X 100
	FAK (1:250)

Abcam

#ab131435, Rabbit Pc
	Alexa Fluor® 555 (1:500)

Thermo Fisher Scientific,

#A-21428 Goat anti-Rabbit



	GFAP
	10 mM citrate

buffer pH 6.0
	0.5% Triton

X-100
	3% BSA +

0.5% Triton-X 100
	GFAP (1:100)

Sigma-Aldrich

#G3893, Mouse Mc
	Alexa Fluor® 488 (1:500)

Thermo Fisher Scientific,

#A-11001, Goat anti-Mouse



	Ki-67
	10 mM citrate

buffer pH 6.0
	0.5% Triton

X-100
	3% BSA +

0.5% Triton-X 100
	Ki-67 (1:100)

Thermo Fisher Scientific

#PA5-19462, Rabbit
	Alexa Fluor® 555 (1:500)

Thermo Fisher Scientific,

#A-21428 Goat anti-Rabbit



	MLCK
	10 mM citrate

buffer pH 6.0
	0.5% Triton

X-100
	3% BSA +

0.5% Triton-X 100
	MLCK (1:50)

Thermo Fisher Scientific

#PA5-15177, Rabbit Pc
	Alexa Fluor® 555 (1:500)

Thermo Fisher Scientific,

#A-21428, Goat anti-Rabbit



	N-cadherin
	10 mM citrate

buffer pH 6.0
	0.5% Triton

X-100
	3% BSA +

0.5% Triton-X 100
	N-cadherin (1:100) Thermo Fisher Scientific

#PA5-19486, Rabbit Pc
	Alexa Fluor® 555 (1:500)

Thermo Fisher Scientific,

#A-21428, Goat anti-Rabbit



	Pan

cytokeratin
	10 mM citrate

buffer pH 6.0
	0.5% Triton

X-100
	3% BSA +

0.5% Triton-X 100
	Pan Cytokeratin (1:100)

Thermo Fisher Scientific

#MA5-12231, Mouse Mc
	Alexa Fluor® 647 (1:500)

Thermo Fisher Scientific,

#A-21235, Goat anti-Mouse



	PLVAP
	10 mM citrate

buffer pH 6.0
	0.5% Triton

X-100
	3% BSA +

0.5% Triton-X 100
	PLVAP (1:20)

Santa Cruz Biotechnology

#sc-50168, Goat Pc
	IgG-FITC (1:100)

Santa Cruz Biotechnology,

#sc-2024, Donkey anti-Goat



	Rac1
	10 mM citrate

buffer pH 6.0
	0.5% Triton

X-100
	5% GS in 3% BSA +

0.5% Triton-X 100
	Rac1 (1:25)

Thermo Fisher Scientific

#PA1-091, Rabbit Pc
	Alexa Fluor® 555 (1:100)

Thermo Fisher Scientific,

#A-21428, Goat anti-Rabbit



	RhoA
	10 mM Tris-borate

EDTA buffer pH 8.0
	0.5% Triton

X-100
	10% BSA +

0.5% Triton-X 100
	RhoA (1:10)

Thermo Fisher Scientific

#OSR00266W, Rabbit Pc
	Alexa Fluor® 555 (1:100)

Thermo Fisher Scientific,

#A-21428, Goat anti-Rabbit



	Thrombin
	10 mM Tris-borate

EDTA buffer pH 8.0
	-
	3% BSA
	Thrombin (1:200)

Santa Cruz Biotechnology

#sc-271449, Mouse Mc
	Alexa Fluor® 647 (1:500)

Thermo Fisher Scientific,

#A-21235, Goat anti-Mouse



	Tomato lectin
	10 mM citrate

buffer pH 6.0
	0.5% Triton

X-100
	3%BSA +

0.5% Triton-X 100
	-
	Tomato lectin (1:500)

Vector Laboratories

#FL-1171



	Vimentin
	10 mM citrate

buffer pH 6.0
	0.5% Triton

X-100
	3%BSA +

0.5% Triton-X 100
	Vimentin (1:100)

Thermo Fisher Scientific

#PA5-27231, Rabbit Pc
	Alexa Fluor® 555 (1:500)

Thermo Fisher Scientific,

#A-21428, Goat anti-Rabbit







α-SMA, α-smooth muscle actin; Cx43, connexin 43; BSA, bovine serum albumin; FAK, focal adhesion kinase; GFAP, glial fibrillary acidic protein; GS, goat serum; Mc, monoclonal; N-cadherin, neuronal cadherin; PLVAP, plasmalemma vesicle-associated protein; Pc, polyclonal; Rac1, Ras-related C3 botulinum toxin substrate 1; RhoA, Ras homolog gene family member A.
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