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Figure 1. Astrocytes internalize breast cancer-derived extracellular vesicles (EVs) through the Cdc42-

dependent clathrin-independent carrier/GPI-AP-enriched compartment (CLIC/GEEC) pathway. (A) 

Electron microscopy images of EVs isolated from parental and brain-seeking MDA-MB-231 breast 

cancer cells (P-EV and Br-EV, respectively). The square shows magnification of the selected area. (B) 

Flow cytometry quantification of TdTomato-labeled EV (TdTom-EV) uptake by astrocytes treated 

with chemical inhibitors of endocytosis pathways (mean ± SD; three independent experiments). 

Statistical analysis was performed using unpaired two-tailed Student’s t-test (** p ≤ 0.01; *** p ≤ 0.001). 

(C) Representative fluorescence microscopy images of the colocalization of TdTom-EVs (red) with 

GFP-fused glycosylphosphatidylinositol (GPI) (green) in astrocytes from three independent 

experiments. White arrows show the colocalization of the TdTomato and GFP signals. Scale bar, 25 

µm. 

To elucidate the mechanisms underlying the uptake of breast cancer-derived EVs by astrocytes, 

we first explored the possibility of the involvement of specific endocytosis mechanism(s) in this 

uptake. Endocytic pathways such as macropinocytosis, clathrin-dependent and caveolin-dependent 

endocytosis have been commonly reported to be involved in the uptake of EVs by different cell types 

[17]. We used chemical inhibitors of the different endocytosis pathways, including EIPA, 

chropromazine, and filipin to evaluate the effect of macropinocytosis, clathrin-dependent, and 

caveolin-dependent endocytosis, respectively. Interestingly, none of these inhibitors could inhibit the 

uptake of EVs (1010 particle/ well in a 12-well plate) following a 3 h incubation period, demonstrating 

that these common pathways were not involved in the uptake of EVs by astrocytes (Figure 1B). This 

finding was also in contrast to our previous findings demonstrating the involvement of 

macropinocytosis and clathrin-dependent endocytosis in the uptake of Br-EVs by brain endothelial 

cells [11] and emphasizes the cell-type dependency of EV uptake mechanisms. 

We next explored the role of clathrin/caveolin-independent pathways in EV uptake, focusing on 

rac1 and Cdc42, two major players in this process [18]. We found that a Cdc42/Rac1 GTPase Inhibitor, 

ML141, significantly decreased the uptake of both types of EVs by astrocytes, whereas a specific Rac1 

inhibitor, CAS 1177865-17-6, had no effect on their uptake, suggesting that Cdc42, but not Rac1, is 

involved in the uptake of breast cancer-derived EVs (Figure 1B). 

Cdc42 is known to be involved in the endocytosis of glycosylphosphatidylinositol-anchored 

proteins (GPI-Aps) via the clathrin-independent carrier/GPI-AP-enriched compartments 

(CLIC/GEEC) pathway [19]. To evaluate whether EV uptake by astrocytes occurs through the Cdc42-
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dependent CLIC/GEEC pathway, we transfected astrocytes with a GFP-fused GPI construct [18]. 

High spatiotemporal resolution microscopy demonstrated the colocalization of TdTomato-labeled 

EVs with GPI (Figure 1C), confirming that the breast cancer-derived EVs share the endocytic pathway 

with GPI-APs. 

Taken together, these findings demonstrated that the uptake of breast cancer-derived EVs by 

astrocytes is mediated through the non-canonical Cdc42-dependent CLIC/GEEC endocytosis 

pathway. 

2.2. Br-EVs Are Enriched in Interacting Partners of the CLIC/GEEC Cargo 

The endocytosis of EVs by different cell types is defined by the composition of surface proteins 

on EVs and their interaction with receptors and ligands on the cell membrane [20]. To identify the 

composition of proteins on breast cancer-derived EVs, we first performed quantitative mass 

spectrometry using the isobaric tag for relative and absolute quantitation (iTRAQ) technique on the 

two types of breast cancer-derived EVs. Among a total of 126 proteins detected with > 95% 

confidence, 27 proteins were significantly (p ≤ 0.05) differentially expressed (14 upregulated, 13 

downregulated) in Br-EVs compared to P-EVs (Figure 2A). Enrichment analysis using the FunRich 

software [21] demonstrated that the majority of these proteins belonged to receptor activity and cell 

adhesion categories (Figure 2B), supporting our hypothesis of their involvement in the specific 

interaction between breast cancer-derived EVs and astrocytes. We validated and quantified the 

surface localization of these proteins on P- and Br-EVs through staining of the intact EVs (Figure 2C). 

To this end, TdTomato P-EVs and Br-EVs (1010 particles in 100 µL PBS) were incubated with 5 µg/mL 

of fluorescent-conjugated antibodies for a 2 h incubation, following which EVs were washed through 

ultracentrifugation and fluorescence was measured using a plate reader. 

 

 

Figure 2. Br-EVs are enriched in interacting partners of the clathrin-independent carrier/GPI-AP-

enriched compartments (CLIC/GEEC) cargo. (A) Heatmap visualization of quantitative proteomics 

analyses demonstrating the significantly differentially expressed proteins (p ≤ 0.05) in Br-EVs vs. P-

EVs (red demonstrates upregulation in Br-EVs). (B) Functional enrichment analysis of proteins 

upregulated in P-EVs (blue) and Br-EVs (orange). (C) Quantification of surface localization of 

membrane-associated proteins upregulated in Br-EVs, CD63 serves as positive control (mean ± SD; 
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three independent experiments). Statistical analysis was performed using unpaired two-tailed 

Student’s t-test (* p ≤ 0.05). 

Interestingly, a number of the surface proteins upregulated in Br-EVs have been previously 

identified as cargoes associated with the CLIC/GEEC pathway. While GPI-APs are the most studied 

cargo of the CLIC/GEEC pathway, a variety of other proteins, predominantly adhesion factors, have 

also been identified as the cargo of this endocytosis route. These include integrin β1, galectin 3, CD44, 

and CD98 [22–24]. Moreover, it has been shown that ICAM1 binding to integrins can induce 

nucleation and colocalization of integrin clusters and GPI-APs [24]. We demonstrated that Br-EVs 

were significantly enriched in Ecto-5′-nucleotidase (5NTD, also known as CD73), a well-known GPI-

interacting protein, and also exhibited a higher expression trend for urokinase plasminogen activator 

receptor (uPAR, another GPI-interacting protein) [25,26], as well as integrin β1 and integrin α2. Both 

types of EVs had similar expression of ICAM1 on their surface (Figure 2C). CD63 is an EV-associated 

transmembrane protein that is known to be largely present on the surface of EVs and was used as a 

positive control in this experiment. Interestingly, we found that the level of CD63 was significantly 

higher in Br-EVs. Tetraspanins are known to associate with integrins on the membrane [27] and, 

therefore, elevated levels of CD63 on Br-EVs could be a potential explanation for the enrichment of 

integrins in these EVs. Together, these findings identify a combination of surface proteins 

upregulated in Br-EVs that have the potential to interact with GPI-AP clusters. These results are 

consistent with our previous findings, demonstrating a preferential uptake of Br-EVs compared to P-

EVs by astrocytes in vitro [11]. Moreover, the enrichment of Br-EVs in surface proteins that can 

facilitate their internalization by astrocytes provides a potential explanation as to why Br-EVs but not 

P-EVs have the ability to promote brain metastasis, as previously reported by our group and others 

[11,14]. 

2.3. Br-EVs Decrease the Astrocyte Expression of TIMP-2 

We next studied the functional consequences of EV uptake by astrocytes in vivo. We 

hypothesized that upon transcytosis through the brain endothelium, breast cancer-derived EVs can 

change the behavior of astrocytes to prepare a microenvironment supportive of tumor cell growth. It 

is widely acknowledged that matrix metalloproteinases (MMPs) and their endogenous inhibitors, the 

tissue inhibitors of MMPs (TIMPs), can contribute to tumor progression and metastasis [28–31]. 

Through modulating the ECM, these enzymes and their inhibitors can trigger different signaling 

pathways and promote the tumor-supporting microenvironment [5,32]. Several studies have 

demonstrated a prominent role for MMPs and TIMPs in preparation of a niche for tumor cell growth 

in the brain [33–37]. While these studies predominantly focus on tumor cell-derived MMPs and 

TIMPs, astrocyte-conditioned media were shown to modulate the tumor cell expression of MMPs. 

Moreover, astrocyte-derived MMP-2 and MMP-9 have also been shown to promote tumor cell 

invasion in breast cancer brain metastasis [38]. Accordingly, we postulated that Br-EVs can alter the 

expression of MMPs and TIMPs produced by astrocytes to facilitate brain metastasis. To address this 

hypothesis, we performed retro-orbital injections of P-EVs and Br-EVs (3 µg in 100 µL PBS per 

injection) in mice every two days for a total of 10 injections, following which the mice were sacrificed 

to analyze the brain tissue (Figure 3A). Retro-orbital injection is considered to be a superior route of 

administration for continuous injections by our institution’s IACUC and is commonly used for the 

injection of EVs into the circulation [6,39]. Using mouse-specific enzyme-linked immunosorbent 

assays (ELISA), we analyzed the expression of a number of MMPs and TIMPs that are known to be 

involved in ECM remodeling in brain tissue [40], including MMP-2, MMP-9, MMP-14, TIMP-1, and 

TIMP-2 in mouse brain tissue homogenates (Figure 3B, Figure S2A–D). Interestingly, we found that 

TIMP-2, the endogenous inhibitor of MMP activity [41], was exclusively and significantly decreased 

by brain metastasis-promoting Br-EVs, whereas this effect was not seen with P-EVs (Figure 3B). 

We investigated whether astrocytes could be the source of the Br-EV-driven decrease in brain 

TIMP-2. We treated human BBB cells, endothelial cells, pericytes, and astrocytes, with P-EVs and Br-

EVs in vitro (48 h incubation with 25 µg EVs) and evaluated TIMP-2 expression using a human-
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specific TIMP-2 ELISA. EV treatment did not affect the expression of TIMP-2 in brain endothelial cells 

(Figure 3C) but decreased the expression of TIMP-2 in astrocytes (Figure 3C). Moreover, Br-EVs were 

able to increase the migration of astrocytes, which is consistent with the observed decrease in TIMP-

2 expression and a subsequent increase in ECM modulation (Figure S2E). This finding is consistent 

with our hypothesis that Br-EVs can change the behavior of astrocytes. Interestingly, both P-EVs and 

Br-EVs were able to induce TIMP-2 downregulation in vitro whereas, in vivo, this effect was exclusive 

to Br-EVs. These findings prompted the hypothesis that both EVs have the inherent ability to 

downregulate TIMP-2 in astrocytes, with Br-EVs being able to reach the astrocytes more efficiently 

in vivo. Our results with respect to the enrichment of Br-EVs in GPI-interacting proteins (Figure 2), 

along with our previous findings on the ability of Br-EVs to facilitate their transcytosis across the BBB 

[11], support this hypothesis. 

 

Figure 3. Br-EVs decrease the astrocyte expression of the tissue inhibitor of matrix metalloproteinases-

2 (TIMP-2). (A) Schematic showing the EV functional study design. (B) Average concentration of 

TIMP-2 in brain tissue homogenates measured by a mouse TIMP-2 enzyme-linked immunosorbent 

assay (ELISA) (mean ± SD; n = six mice per group). Statistical analysis was performed using the Mann–

Whitney test. (C) Average fold change in concentration of TIMP-2 in conditioned media of brain 


