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Abstract

The αvβ3 integrin is known to be highly up-regulated during cancer progression and promotes a 

migratory and metastatic phenotype in many types of tumors. We hypothesized that the αvβ3 

integrin is transferred through exosomes and, upon transfer, has the ability to support functional 

aberrations in recipient cells. Here, for the first time, it is demonstrated that αvβ3 is present in 

exosomes released from metastatic PC3 and CWR22Pc prostate cancer cells. Exosomal αvβ3 is 

transferred as a protein from donor to non-tumorigenic and tumorigenic cells since the β3 protein 

or mRNA levels remain unaffected upon transcription and translation inhibition in recipient cells. 

Furthermore, it is shown that upon exosome uptake, de novo expression of αvβ3 increases 

adhesion and migration of recipient cells on αvβ3 ligand, vitronectin. To evaluate the relevance of 

these findings, exosomes were purified from the blood of TRAMP mice carrying tumors where the 

expression of αvβ3 is found higher than in exosomes from wild-type mice. In addition, it is 

demonstrated that αvβ3 is co-expressed with synaptophysin, a biomarker for aggressive 

neuroendocrine prostate cancer.

Implications—Overall this study reveals that the αvβ3 integrin is transferred from tumorigenic 

to non-tumorigenic and cancer cells via exosomes, and its de novo expression in recipient cells 
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promotes cell migration on its ligand. The increased expression of αvβ3 in exosomes from mice 

bearing tumors points to its clinical relevance and potential use as a biomarker.
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Introduction

Prostate cancer is the second leading cause of cancer related deaths among men in the 

United States. According to the NCI, there will be 180,890 estimated new cases and 26,120 

estimated deaths in 2016. Although, there have been continuous advances in the 

understanding of diagnosis and treatment of locally advanced and metastatic prostate cancer, 

the current therapies only provide partial disease stabilization. Androgen receptor (AR) 

targeted therapies are the standard of care for prostate cancer (1) but androgen-independent 

or AR-negative forms of cancer such as the neuroendocrine (NE) cancer are very 

challenging to treat (2–4).

Integrins are transmembrane receptors that comprise an α and a β subunit, known to be 

deregulated as prostate cancer progresses to advanced stages (5, 6). Compelling evidence 

indicates that signals originating from integrin ligand binding orchestrate key mechanisms of 

tumor progression, including cell survival, adhesion, proliferation, gene expression and 

modulation of the migratory/invasive phenotypes (5, 7–9). There is a strong interplay 

between integrins, extracellular cell matrix (ECM), cancer cells and their microenvironment 

as prostate cancer progresses towards a metastatic stage with bone being one of the major 

sites for metastasis (5, 10). Prostate tumors are highly heterogenous (11) making it 

challenging to generate novel treatment strategies and effective drugs. The αvβ3 integrin is 

present at very low levels in normal human prostate but is highly up-regulated in primary 

cultures of epithelial cells from human prostate adenocarcinoma and promotes adhesion and 

invasion of cancer cells to ECM proteins such as vitronectin (VN) (12, 13). The αvβ3 

integrin promotes tumor growth within the bone, plays a role in the formation of osteoblastic 

lesions mediated by prostate cancer cells (14) and is often overexpressed in melanoma and 

metastatic colorectal cancer (15). Given its wide spread distribution in advanced cancer, 

many therapeutic approaches have been used to target αvβ3 such as inhibitory monoclonal 

antibodies (mAbs) and small molecules (16, 17).

Exosomes (Exo) are small (30–150 nm) extracellular vesicles (EV) found in a number of 

biological fluids like blood, urine, amniotic fluid and cell culture media (18, 19). There has 

been debate about the nomenclature for EVs and recently, a new term “ small EVs” has been 

introduced by Kowal et al (20) for EVs that are isolated by high-speed ultracentrifugation 

methods. However, the term Exo will be used for this study until further analysis is 

performed in our laboratory. Exo are enriched in tetraspanins such as CD63 and CD81. 

CD63 is mostly present in the compartments of the endosomal/lysosomal system and binds 

to many adaptor proteins (21). CD63 has been shown to bind to syntenin-1 which plays a 

role in Exo biogenesis (22). CD81 is another tetraspanin which not only has multiple 

binding partners that play a role in interaction with cytoskeletal proteins but it has also been 
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shown to bind to the GTPase Rac, thus regulating tumor cell migration (21). More 

importantly, CD81 is known to regulate outside-in signaling for integrins (23). Exo and 

larger vesicles including oncosomes play a role in cancer progression by horizontally 

transferring bioactive molecules to recipient cells (24). Specifically, transfer of proteins and 

mRNAs to non-tumorigenic and tumorigenic cells has been shown. Regarding Exo transfer 

to non-tumorigenic cells, Mian He et al have demonstrated that hepatocellular carcinoma-

derived Exo transfer pro-tumorigenic RNAs and proteins to immortalized hepatocytes, 

thereby, inducing motility of these cells (25). It has also been reported that prostate cancer 

Exo containing H-ras and K-ras transcripts cause neoplastic reprogramming of adipose stem 

cells in vivo (26) and that Exo purified from breast cancer patient sera are able to induce 

normal epithelial cells to form tumors in a dicer-dependent fashion (27). In contrast, for Exo 

transfer to tumorigenic cells, Tauro et al have shown that Exo obtained from H-ras 

transformed MDCK cells contain integrins which may induce EMT of recipient cells (28). 

Exo containing different tumor-derived integrins have also been shown to prepare a fertile 

microenvironment for organ-specific cancer metastasis (29). We have recently demonstrated 

that the αvβ6 integrin is expressed in Exo from prostate cancer cells and is transferred via 

Exo; however, only transfer of the αvβ6 integrin among cancer cells was shown (30).

It is evident that Exo play a major role in cell-cell communication and several studies have 

shown that Exo promote cancer progression (27, 29, 30). The protein content of Exo is of 

great interest and in this study, we investigated whether the αvβ3 integrin is expressed in 

Exo from prostate cancer cells and is transferred from tumorigenic to non-tumorigenic cells.

We demonstrate for the first time that exosomal αvβ3 integrin is transferred from 

tumorigenic to non-tumorigenic and cancer cells leading to functional changes in recipient 

cells such as increase in cell adhesion and migration. We also show higher αvβ3 expression 

in Exo from tumor-bearing mice indicating that αvβ3 integrin is a potential biomarker for 

prostate cancer.

Materials and Methods

Cell Lines

PC3, C4–2B, BPH-1 cell lines and culture conditions have been previously described (31). 

CWR22Pc cells were cultured as previously described (32).

Antibodies

The following antibodies (Abs) were used for immunoblotting (IB): mouse mAbs to CD63 

(#ab 8219), CD81 (#ab 23505), or rabbit polyclonal Abs (pAbs) to FLOTILLIN-1 (FLOT-1) 

(#ab 41927) from Abcam; mouse mAb to ubiquitin (sc-8017) or rabbit pAbs to ERK (#sc 

93), AKT (#sc 8312), CALNEXIN (CANX) (#sc 11397), rat mAb to CD9 (#sc 18869) from 

Santa Cruz; rabbit pAb to ACTIN (#A2066) from Sigma and rabbit pAb to 

SYNAPTOPHYSIN (SYN) (#180130) from Invitrogen; rabbit pAb serum against the 

cytoplasmic domain of human β3 has been described (12). A rabbit mAb against β3 (#ab 

75872) from Abcam was used in immunofluorescence (IF). The AP3 mAb against β3 

(ATCC) was used for FACS analysis. A mouse anti-human αvβ3 integrin (VN receptor) 
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mAb LM609 (#MAB1976) from Millipore and an isotype negative control Ab were used in 

adhesion and migration assays.

Exosome Isolation and Analysis

Exo were isolated from culture supernatant (SN) collected 48 hours after starvation by 

differential ultracentrifugation (19). Briefly, the SN was spun down at 10,000 x g at 4°C for 

35 minutes. The SN was collected in a fresh ultracentrifuge tube without disturbing the 

pellet. The collected SN was then spun at 100,000 x g at 4°C for 1 hour, the pellet was 

washed in PBS followed by a second spin at 100,000 x g for 1 hour at 4°C. The final Exo 

pellet was resuspended in PBS. Proteins were extracted from Exo and lysates were prepared. 

Equal amounts of proteins were separated by SDS-PAGE and analyzed by IB as described 

before (30). Chemiluminescence kits from Thermo scientific and Bioexpress were used for 

visualization. Most of the pelleting material at 10,000 x g has been shown to have a mean 

size of 200 nm by Nanoparticle Tracking Analysis (NTA) by Kowal et al (20). We also 

performed NTA analysis on the 10,000 x g pellet and saw similar results (data not shown) 

suggesting that microvesicles were removed.

Nanoparticle Tracking Analysis

NTA was used to determine the size distribution and concentration of Exo released from 

both PC3 and CWR22Pc cells. Exo from plasma of tumor-bearing TRAMP and wild-type 

Non-TRAMP mice were also analyzed. Exo were resuspended in PBS and diluted 1:1000. 

The samples were loaded in the instrument manually and analysis performed according to 

the manufacturer’s instructions using the NTA software (NS300, Malvern Instruments, MA). 

The temperature for all experiments was 25°C.

Sucrose Gradient

Exo analysis was performed using a 0.25 M (top) – 2.0 M (bottom) continuous sucrose 

gradient as described before (19). A dual piston gradient maker (Jule Biotechnologies, Inc) 

was used. Briefly, the Exo pellet was resuspended in 2.5 M sucrose, loaded at the bottom of 

the ultracentrifuge tube and centrifuged overnight at 210,000 x g at 4°C (Sorvall, SW41, 

Swinging – bucket Ultracentrifuge rotor). One mL fractions were collected and resuspended 

in 20 mM HEPES solution. This was followed by centrifugation at 110,000 x g at 4°C for 1 

hour (TLA-100.2 rotor). The final Exo pellet was resuspended in RIPA buffer. The density 

of each fraction was determined using refractive index with ABBE-3L refractometer (Fisher 

Scientific).

Analysis of Exosome-mediated αvβ3 transfer via FACS and Immunoblotting

BPH-1 and C4-2B cells were serum-starved for 24 hours and then incubated with 20 μg/mL 

of PC3 Exo. After 24 hours, the cells were trypsinized, washed with PBS and subsequently 

stained with the AP-3 Ab specific to β3. Samples were then incubated with Alexa 488 rabbit 

anti-mouse Ab (Molecular Probes), washed in PBS and the data were analyzed using the 

FACS Calibur flow cytometer (BD Biosciences). The β3 subunit transfer to BPH-1 and 

C4-2B recipient cells was also analyzed through IB. In some experiments, the recipient cells 
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that were incubated with PC3 Exo for 24 hours were also subjected to acid wash treatment 

before cell lysis as described previously (30).

Analysis of Exosome-mediated αvβ3 transfer upon Actinomycin D or Cycloheximide 
treatment

BPH-1 and C4-2B cells were serum starved for 24 hours. C4-2B cells were either treated 

with Actinomycin D (Act D) (10 μg/mL) (Acros Organics) or Cycloheximide (CHX) (10 

μg/mL) (33) (Sigma) followed by incubation with or without PC3 Exo (15 μg/mL). BPH-1 

cells were treated with CHX (1 μg/mL) (34) followed by incubation with or without PC3 

Exo (18 μg/mL). After 24 hours, cells were lysed and analyzed by IB as described above.

Quantitative Real Time PCR

Quantitative Real Time PCR (qRT-PCR) analysis was performed as described earlier (35). 

The following primers were used: β3 F 5′-ACTTCTCCTGTGTCCGCTACAAG-3′ and β3 

R 5′-GGTGTCAGTACGCGTGGTACA-3′ (36) or GAPDH F 5′-

GGGAAGGTGAAGGTCGGAGT-3′ and GAPDH R 5′-

GTTCTCAGCCTTGACGGTGC-3′. GAPDH was used as a housekeeping gene for 

normalization. Each reaction was carried out at least in triplicates and the fold differences in 

the β3 expression were determined relative to GAPDH. Delta graph software was used to 

plot the data.

Immunofluorescence and Confocal Microscopy

Analysis of membrane protrusive events—BPH-1 cells were allowed to attach on 

VN coated glass coverslips for 1 hour in media without FBS. C4-2B cells were allowed to 

attach on VN for 1 hour in complete media followed by starvation for 1 hour. Cells were 

then subjected to incubation with or without PC3 Exo (20 μg/mL) for 2 hours. Cells were 

processed for IF as previously described (30). Cells were incubated with Alexa Fluor 488 

Phalloidin (ThermoFisher Scientific) for 30 minutes to stain for F-Actin. The slides were 

analyzed using an inverted confocal microscope (LSM510, Carl Zeiss). A minimum of 50 

cells was counted for both cell lines in each conditions to analyze membrane protrusions.

PKH26 labeled Exosome uptake and β3 expression—PC3 Exo were labeled with 

PKH26 dye as previously described (30). BPH-1 and C4-2B cells were serum starved 

followed by incubation with or without labeled PC3 Exo (40 μg/mL). After 24 hours, cells 

were stained using the same IF protocol as described above except that the cells were not 

permeabilized. Cells were incubated with mouse mAb specific to β3 for 1 hour followed by 

Alexa 488 rabbit anti-mouse Ab incubation for 1 hour at RT. The secondary Ab alone was 

used as a control for non-specific binding. Intensity analysis for β3 expression was 

performed on at least 35 cells in each condition using Image J software, and the ratio of β3 

expression intensities was calculated.

Adhesion and Migration Assays

The top and bottom of Transwell chambers (12μm pore diameter, Millipore) were coated 

with VN (10 μg/mL) overnight at 4°C. BPH-1 and C4-2B cells were incubated with or 
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without PC3 Exo (20 μg/mL). After 24 hours, recipient cells were trypsinized and either 

treated with GRGDSPK (RGD) (1 mg/mL) or GRGESP (RGE) peptides (Gibco BRL) (1 

mg/mL) for 30 minutes at 4°C. For experiments using αvβ3 integrin blocking Ab, cells were 

incubated with LM609 Ab (15 μg/mL) or isotype control Ab (15 μg/mL) for 1 hour at 4°C 

following a 24 hours incubation with Exo. Cells were then seeded on VN coated Transwell 

chambers for 16 hours. After fixation with 3.7% paraformaldehyde, the cells attached on top 

and bottom of the filter were stained with DAPI (Sigma). Cell adhered to the top and bottom 

of the filter were counted and then the cells that were attached on the top of the filter were 

removed using a cotton swab. Cells that had migrated to the bottom of the filter were then 

counted (37). Migration results were analyzed as described previously (30). VN was purified 

from plasma by affinitity chromatography.

Generation of TRAMP mice

TRAMP mice, expressing SV40 large T antigen in the prostatic epithelium were generated 

and characterized as described before (38). All mice were maintained under specific 

pathogen-free conditions. Care and handling of animals was in compliance with IACUC 

experimental protocols.

Exosome Isolation from Mouse Plasma

TRAMP (n=5) and Non-TRAMP wild-type (n=5) mice (age range from 32.5 – 37.5 weeks) 

were subjected to intracardiac puncture immediately after euthanasia for blood withdrawal. 

The blood withdrawn from these mice was collected in 3.8% Na-citrate and spun down to 

obtain plasma. The plasma samples were processed for isolation of Exo using ExoQuick™ 

as per the manufacturer’s instructions (Systems Biosciences). Quantitative analysis of 

plasma-derived Exo was performed by determining protein concentration using BCA assay 

followed by IB to detect expression of the αvβ3 integrin and exosomal markers such as CD9 

and FLOT-1.

Immunofluorescence of TRAMP tissues

Prostates were dissected from TRAMP mice and the tissues were preserved in formalin and 

embedded in paraffin. Antigen retrieval was performed on these samples by incubation in 10 

mM Na-citrate buffer (pH 6.0) for 23 minutes at 95°C. The sections were blocked for 1 hour 

at RT with PBS/5% BSA. Staining with β3 Ab (Abcam), SYN Ab (Invitrogen) or non-

immune rabbit IgG was performed by incubation of tissue samples with primary Abs (1:100) 

for 1 hour at RT, followed by incubation with Alexa Fluor 488-goat anti rabbit Ab (1:250) 

(Molecular Probes) for 20 minutes at RT. Nuclei were counterstained using DAPI. After 

three washes, coverslips were mounted on the sections and analyzed by confocal microscopy 

as described above.

Statistical Analysis

Statistical significance between datasets was calculated using Excel (Microsoft) software. 

Chi square tests and Student’s t-tests (2 sided) were performed. P value of < 0.05 was 

considered statistically significant.
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Results

The αvβ3 integrin is expressed in exosomes released from prostate cancer cells

We investigated whether the αvβ3 integrin, an ECM receptor known to be up-regulated in 

prostate cancer (12, 13), is present in Exo secreted by different prostate cancer cells. In our 

experimental design, we cultured PC3 and CWR22Pc cells and isolated Exo from their 

supernatants by ultracentrifugation; our IB analysis shows that the αvβ3 integrin is expressed 

in both PC3- (Fig. 1A left panel) and CWR22Pc- (Fig. 1B left panel) derived Exo. Each Exo 

preparation was characterized by detection of CD63 and CD81, exosomal markers, that 

appear enriched in Exo lysates compared to total cell lysates (TCL). In contrast, CANX, an 

endoplasmic reticulum protein, is not detected in these Exo preparations (Figs. 1A and 1B 

left panels). The size distribution of both PC3- and CWR22Pc-derived Exo was determined 

using NTA. The majority of the Exo from both cell lines was in the accepted size range for 

Exo with peaks for particle size between 120–150 nm (18) for PC3 Exo (Fig. 1A right panel) 
and 70–120 nm (18) for CWR22Pc Exo (Fig. 1B Right panel). Since CWR22Pc are AR 

positive and PC3 are AR negative cells, we conclude that the expression of the αvβ3 integrin 

in Exo is not affected by the presence or absence of AR. To further characterize the fidelity 

and purity of Exo, a continuous sucrose gradient was performed to analyze the Exo released 

from CWR22Pc cells. The data show that the β3 integrin subunit expression is enriched at 

the expected density range between 1.13 to 1.19 g/mL (18). Expression of CD63, CD81 and 

FLOT-1 but not CANX, is also enriched in the same fractions as the β3 integrin subunit (Fig. 

1C). This analysis was also performed using Exo from PC3 cells and similar results are 

observed; expression of the αv subunit is enriched in the same fractions as the β3 integrin 

subunit along with exosomal markers CD63 and CD81 (data not shown). Our results show 

that the αvβ3 integrin is expressed in Exo secreted by PC3 and CWR22Pc prostate cancer 

cells.

Exosomal transfer of αvβ3 integrin occurs from tumorigenic prostate cells to either non-
tumorigenic or tumorigenic prostate epithelial cells

We focused our attention on whether Exo derived from prostate cancer cells that contain the 

αvβ3 integrin have the ability to transfer αvβ3 to non-tumorigenic BPH-1 cells or other 

tumorigenic cells such as C4-2B. After incubating PC3 Exo with BPH-1 cells for 24 hours, 

we observe using IB analysis that there is a significant increase in the αvβ3 integrin levels 

(Fig. 2A). In contrast, in cells incubated with PBS (vehicle) alone, there is no detectable 

αvβ3 expression. AKT and ACTIN are used as loading controls. Similarly, we observe an 

increase in αvβ3 integrin level in C4-2B cells treated with Exo (Fig. 2B). To exclude any 

possibility of Exo being bound externally on the surface of the recipient cells, we subjected 

the BPH-1 cells to acid wash treatment upon 24 hour incubation with PC3 Exo. No change 

in αvβ3 expression is observed after acid wash (Fig. 2C). Using FACS analysis, we showed 

that αvβ3 is found on the surface of C4-2B cells when treated with PC3 Exo in comparison 

to cells treated with vehicle (Fig. 2D). We next explored whether the αvβ3 integrin is 

transferred as a protein or mRNA. We performed qRT-PCR on C4-2B cells either treated 

with PC3 Exo or vehicle. The results reveal no change in mRNA levels of the β3 integrin 

subunit upon PC3 Exo treatment (Fig. 2E) and suggest that the αvβ3 integrin is not 

transferred as mRNA. To further exclude the possibility that exosomal β3 mRNA would 
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transfer or cytokines may induce transcription and translation of αvβ3 in the recipient cells, 

C4-2B cells were treated with either a transcription inhibitor Act D or a protein biosynthesis 

inhibitor CHX before incubation with PC3 Exo. IB analysis shows that αvβ3 integrin levels 

remain unaffected by Act D or CHX treatment of C4-2B cells (Fig. 2F Upper Panel). Act D 

and CHX activity at the used concentrations was confirmed by evaluating their effect on 

ubiquitin expression levels (data not shown). Similarly, no change in αvβ3 expression is 

observed in BPH-1 cells upon CHX treatment (Fig. 2F Lower Panel). This shows that αvβ3 

integrin is transferred as a protein via Exo. BPH-1 cells were not subjected to Act D since a 

concentration as low as 0.1μg/mL was toxic to these cells. Overall, these data demonstrate 

that extracellular αvβ3 integrin is transferred from PC3 Exo to non-tumorigenic as well as 

tumorigenic cells and localizes at the surface of the recipient cells.

Higher αvβ3 integrin expression and increased membrane protrusions are observed in 
recipient cells upon exosome internalization

Based on the IB data shown in Figure 2 which confirmed exosomal transfer of αvβ3 integrin 

among cells, we performed IF experiments to show PC3 Exo internalization and changes in 

αvβ3 integrin expression in recipient cells. BPH-1 cells were seeded on VN coated 

coverslips followed by incubation with PKH26 labeled PC3 Exo for 24 hours after which the 

cells were processed for IF. We show that there is Exo internalization in the recipient cells 

(Fig. 3A Upper middle and right panels). Z-stack analysis was also performed to confirm 

Exo uptake (data not shown). We also show an increase in αvβ3 integrin level in BPH-1 cells 

upon Exo uptake (Fig. 3A Lower middle and right panels). αvβ3 integrin expression was 

below the level of detection in the Exo alone, however, it was increased 2.6 fold in cells that 

were incubated with PC3 Exo as evaluated by Image intensity analysis. Similar results were 

observed using C4-2B cells (data not shown). This further validates our results that the αvβ3 

integrin is horizontally transferred between prostate cancer cells and non-tumorigenic cells. 

We then sought to investigate if Exo internalization led to any changes in recipient cells such 

as increased cell spreading and filopodia formation. Therefore, we incubated BPH-1 cells 

that were seeded on VN coated coverslips with PC3 Exo for 2 hours and processed samples 

for IF by staining for F-Actin filaments. We observe membrane protrusions in 81% of 

BPH-1 cells that were treated with Exo (Fig. 3B). About 31% of the cells that were treated 

with vehicle developed membrane protrusions. The experiment was also conducted in C4-2B 

cells and similar results were observed (data not shown). Overall, these data confirm that 

αvβ3 integrin is transferred to recipient cells via Exo. Our results also indicate that cells 

become more motile with increased membrane protrusions upon Exo internalization.

αvβ3 integrin transferred through exosomes supports αvβ3-dependent adhesion and 
migration of non-tumorigenic cells

We next investigated whether the transferred αvβ3 integrin is functionally active. It is known 

that the αvβ3 integrin plays a role in prostate cancer cell migration (12) and modulates bone 

metastatic growth by mediating adhesion and migration of cancer cells to the bone (14). We 

asked whether non-tumorigenic cells are able to acquire an αvβ3-specific phenotype by 

measuring cell adhesion and migration on VN which is a substrate for this integrin. To test 

this hypothesis, BPH-1 cells were incubated with either PC3 Exo or vehicle. After 24 hours, 

these cells were incubated with GRGDSPK (RGD) peptide or GRGESP (RGE) control 
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peptide before seeding the cells onto VN coated filters. RGD peptides have been used 

extensively in other studies to block the αvβ3 integrin function (39) and have been shown to 

enhance therapeutic efficacy in treating prostate cancer bone metastasis (40). We observe 

that there is a significant increase in adhesion when BPH-1 cells (Fig. 4A) were treated with 

Exo compared to cells treated with vehicle. Recipient cells that were preincubated with Exo 

and then RGD, were affected at a higher extent than control RGE-treated cells. These results 

show that RGD is able to block binding of the αvβ3 integrin that has been transferred from 

Exo, to its ligand VN. Representative images of BPH-1 cells attached to VN in the Exo 

treatment conditions described above are shown in Fig. 4B. Migration assays were also 

performed using the same treatment conditions. We observe that a higher number of BPH-1 

cells incubated with PC3 Exo migrate to the bottom of the filter compared to cells treated 

with vehicle alone (Fig. 4C). Representative images of migrated BPH-1 cells are shown in 

Fig. 4D. In order to further establish that the increase in cell adhesion and migration of 

recipient BPH-1 cells is αvβ3 integrin specific, we treated BPH-1 cells with LM609 Ab (an 

αvβ3 integrin inhibitory Ab) for 1 hour after a 24 hour incubation with Exo and then the 

cells were seeded onto VN coated filters. We observe that there is a 50% reduction in cell 

attachment (Fig. 5A) and a 50% reduction in cell migration (Fig. 5C) when cells that were 

pretreated with Exo are incubated with LM609 Ab. Adhesion and migration are not 

significantly affected when BPH-1 cells that were pretreated with Exo are incubated with 

isotype negative control Ab. Representative images of adhered and migrated BPH-1 cells in 

the treatment conditions described above are shown in Fig 5B and 5D. Overall, these data 

show that the increase in cell adhesion and migration is dependent on the αvβ3 integrin that 

is transferred through Exo.

αvβ3 integrin transferred through exosomes leads to increase in migration of tumorigenic 
C4-2B cells

Migration assays were performed using C4-2B cells under the same treatment conditions 

described for BPH-1 cells. A similar trend in cell migration increase was observed when 

C4-2B cells were incubated with PC3 Exo (Fig. 6A). Likewise, there is a significant 

decrease in cell migration of C4-2B cells treated with PC3 exo and RGD versus cells treated 

with Exo and RGE. Migration assays were also performed using LM609 Ab as previously 

described. There is a significant decrease in cell migration when cells were treated with Exo 

and αvβ3 integrin blocking Ab versus cells treated with Exo and negative control Ab (Fig. 

6B). These results demonstrate that PC3 cells are able to propagate their migratory 

phenotype by transferring αvβ3 integrin to recipient cells via Exo.

Increased αvβ3 integrin expression is observed in exosomes derived from plasma of 
tumor-bearing mice

Based on the observations made thus far, we next sought to investigate whether the αvβ3 

integrin is expressed in Exo derived from plasma of mice carrying tumors and whether there 

are any differences in its expression pattern compared to wild-type mice. We first performed 

NTA analysis on Exo from TRAMP and Non-TRAMP mice to show that we could obtain 

Exo that were within the accepted size range from both groups of mice (Fig. 7A). We then 

analyzed these Exo via IB and demonstrated that αvβ3 integrin is present in Exo from 

murine plasma and that there is a significant increase in αvβ3 in Exo from tumor-bearing 
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TRAMP (Fig. 7B) compared to Exo from non-tumor bearing mice. Increased expression of 

CD9, an exosomal marker (Fig. 7B) in Exo obtained from tumor-bearing TRAMP mice 

compared to wild-type mice is also shown, whereas a different marker FLOT-1 is not 

changed.

We also observe co-expression of αvβ3 integrin and SYN in the prostate tissues from 

TRAMP mice (Fig. 7C). Based on this observation, we investigated if exosomal transfer of 

the αvβ3 integrin between prostate cancer cells leads to induction of NE phenotype. After a 

24 hour incubation with PC3 Exo, SYN expression levels were unaffected compared to 

C4-2B cells treated with vehicle alone (Fig. 7D).

Discussion

In this study, our novel findings show that the exosomal αvβ3 integrin is transferred from 

tumorigenic cells to non-tumorigenic as well as cancer cells and is functionally active in 

recipient cells upon Exo uptake. We also show for the first time that αvβ3 expression is 

higher in Exo from plasma of tumor-bearing mice compared to Exo from wild-type mice. 

These results provide new insights into cancer cell communication with the surrounding 

environment.

The αvβ3 integrin is a key player in prostate cancer progression (12, 15). Given its unique 

functions, this integrin provides specificity in response to environmental cues and upon 

transfer, increases cell motility. Our study shows that the αvβ3 integrin is expressed in Exo 

released from prostate cancer cells. We have demonstrated that Exo uptake promotes 

membrane protrusions, transfers αvβ3 integrin which relocalizes to the cell surface of the 

recipient cells and is functionally active. Although we observe a robust increase in αvβ3 

expression in our IB analysis in BPH-1 cells upon Exo incubation (Fig. 2A and C), a lower 

level of αvβ3 in the recipient cells was detected by FACS analysis. This suggests a 

possibility that either only a small amount of the integrin is loaded into the cells via Exo or 

even though a larger amount of exosomal αvβ3 integrin transfer may occur, only a portion of 

the αvβ3 receptor is exposed at the plasma membrane of the recipient cells.

It is well established now that Exo uptake by recipient cells may occur in different ways 

such as through filopodia clathrin-dependent endocytosis, macropinocytosis, caveolin-

mediated and receptor-mediated internalization (41, 42). The αvβ3 integrin in dendritic cells 

has been shown to play a role in exosome uptake (43). This suggests a possibility that αvβ3 

in Exo may also play a role in its uptake in recipient cells but further studies need to be 

performed to figure out the exact mechanism of Exo internalization and subcellular αvβ3 

localization. It has also been recently shown that filopodia play a role in facilitating the Exo 

entry into the recipient cells by either filopodia grabbing, surfing or pulling (41). Since we 

observe increased membrane protrusion formation in our recipient cells upon Exo 

incubation, it is possible that Exo are captured by the membrane protrusions that develop, 

facilitating Exo uptake. It also remains to be tested whether αvβ3 travels as a unit in the Exo 

or β3 is transferred by itself through Exo, ultimately being able to heterodimerize with the 

αv subunit in the recipient cells to become functional. Further studies beyond the scope of 
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this report will need to be performed to understand these and other aspects of this process in 

greater detail.

Our study also shows that the αvβ3 integrin is transferred through Exo from prostate cancer 

cells to non-tumorigenic or cancer cells and leads to a functional increase in adhesion and 

migration of recipient cells on an αvβ3 integrin ligand, VN. Recently, it has been shown that 

Exo from sera of breast cancer patients have the ability to induce tumorigenic properties to 

normal epithelial cells and lead to formation of tumors (27). Our findings are in agreement 

with these studies suggesting that cancer cell-derived Exo not only have the ability to 

communicate with other cancer cells but are also able to transfer cargo proteins to non-

tumorigenic cells inducing them to migrate and develop other cancer-related phenotypes.

We have shown in our study for the first time that the αvβ3 integrin is found in Exo from 

plasma of mice bearing prostate tumors and is expressed at a higher level in comparison to 

Exo from wild-type mice. We also provide the first evidence that the αvβ3 integrin is highly 

expressed in the tissues of TRAMP mice with NE phenotype. The αvβ3 integrin is known to 

play a role in the formation of osteoblastic lesions in prostate cancer (14), and inhibition of 

αvβ3 substantially reduces bone destruction, tumor burden (44), adhesion and migration on 

components of the bone matrix (45). Our results suggest that Exo may transfer αvβ3 with its 

adhesive and migratory abilities to ligand-rich metastatic sites such as the bone, thereby, 

may offer an alternative and synergistic manner to express αvβ3. Further studies to 

investigate the fate of lesions in the bones of mice carrying prostate tumors upon transfer of 

the αvβ3 integrin will be conducted. Higher expression of the αvβ3 integrin in our tumor 

models implicates it as a possible biomarker but patient studies need to be performed for 

further validation. As an example, an integrin, α3β1 has been detected in urine Exo of 

metastatic prostate cancer patients and found at higher levels in these patients as compared 

with benign prostate hyperplasia patients (46).

Tetraspanins are known to be enriched in Exo and play an important role in Exo biogenesis 

as well as Exo targeting and uptake by recipient cells (21). CD9 is considered an exosomal 

marker and has been shown to play a role in integrin internalization as well as protein 

sorting into EVs (21). We observe that there is a significant increase in the expression of 

CD9 in Exo from plasma and sera of tumor-bearing mice compared to Exo from wild-type 

mice. It is possible that formation of a subset of CD9 enriched Exo occurs that also have 

enriched αvβ3 integrin. CD9 has also been shown to incorporate junctional adhesion 

molecule-A (JAM-A) in a complex with the αvβ3 integrin in endothelial cells resulting in 

endothelial cell migration upon basic fibroblast growth factor stimulation (47). A possible 

interaction between JAM-A and the αvβ3 integrin in Exo may play a role in the regulation of 

cell migration of recipient cells upon Exo transfer of αvβ3. Further exploration of this 

possible interaction between these three molecules in prostate cancer epithelial cells and Exo 

released by these cells may give insights into the mechanism and properties of the αvβ3 

integrin both in Exo and recipient cells.

Finally, integrins are known to interact with multiple cytokine receptors to activate various 

signaling pathways. The αvβ3 integrin has been shown to directly bind with IGFIR (48) and 

PDGF receptor (49) and it is involved in both signaling pathways. Our lab has recently 
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shown that the αvβ3 integrin does not bind to TGFβ receptor type II (TβRII) in prostate 

cancer cells (50). However, it does not rule out the possibility that this interaction may occur 

in Exo given that Exo cargo composition and interaction with other molecules may be 

different in the entire cell as compared to Exo. Further studies will be performed to 

investigate if TβRII and the αvβ3 integrin interact with each other in Exo and are able to 

activate downstream signaling pathways upon delivery to recipient cells.

Overall, we have shown that the αvβ3 integrin is transferred from tumorigenic to non-

tumorigenic cells as well as cancer cells via Exo and its de novo expression in recipient cells 

promotes cell migration through interaction with its ligands. The increased expression of the 

αvβ3 integrin in Exo from mice bearing tumors points to its clinical relevance and potential 

use as a biomarker for prostate cancer.
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Figure 1. 
The αvβ3 integrin is expressed in exosomes released by prostate cancer cells. A, Left Panel: 
Exo from PC3 cells were purified via ultracentrifugation; 5 μg of Exo lysate and TCL were 

loaded on 12.5% SDS-PAGE gel. IB analysis shows expression of β3, CANX and exosomal 

markers CD63 and CD81. A representative preparation of Exo out of multiple Exo 

preparations is shown. Right panel: Nanoparticle size distribution analysis for PC3-derived 

Exo (n=5). B, Left panel: IB analysis of Exo released from CWR22Pc cells. β3, CANX and 

CD81 expression is shown. 10 μg protein were loaded. A representative Exo preparation out 

of multiple Exo preparations is shown. Right panel: Nanoparticle size distribution analysis 

for CWR22Pc-derived Exo (n=2). A representative preparation is shown for both A and B, 

Right panels. C, Sucrose gradient analysis of Exo secreted by CWR22Pc cells was 

performed as described in the Materials and Methods. Expression of β3, CD63, CD81, 

FLOT-1 and CANX is shown. The expected density range for Exo is 1.13–1.19 g/mL.
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Figure 2. 
Exosome-mediated transfer of the αvβ3 integrin between non-tumorigenic and tumorigenic 

cells. A, Purified Exo (20 μg/mL) secreted from PC3 cells were incubated with BPH-1 cells. 

After 24 hours, expression levels of the αvβ3 integrin were analyzed through IB. BPH-1 

cells treated with vehicle were used as a negative control. AKT and ACTIN were used as 

loading controls. A representative IB out of 3 experiments is shown. B, C4-2B cells were 

incubated with PC3 Exo and αvβ3 integrin expression was analyzed after 24 hours. AKT 

and ERK were used as loading controls. A representative IB out of 4 experiments is shown. 

C, BPH-1 cells were incubated with PC3 Exo (20 μg/mL) for 24 hours. The cells were 

washed with acid wash buffer twice followed by IB analysis. Expression of αvβ3 was 

analyzed (n=2). ERK was used as loading control. D, FACS analysis of C4-2B cells 

incubated with PC3 Exo for 24 hours. C4-2B cells were incubated with AP-3, a mAb 

specific to β3 or non-specific mIgG (negative control) (n=4). E, Quantification of mRNA 

levels of β3 integrin by qRT-PCR; mRNA was isolated after incubation of C4-2B recipient 

cells with PC3 Exo for 24 hours. β3 mRNA expression is normalized to GAPDH, P≤0.02 

(n=3). F, C4-2B cells were treated with Act D (10 μg/mL) or CHX (10 μg/mL) followed by 

incubation with PC3 Exo (15 μg/mL) for 24 hours. BPH-1 cells were treated with CHX (1 

μg/mL) and incubated with PC3 Exo (18 μg/mL) for 24 hours. αvβ3 integrin expression is 

shown (n=2). ERK was used as a loading control.
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Figure 3. 
Increased αvβ3 and membrane protrusions are observed upon Exosome transfer. A, BPH-1 

cells were allowed to attach on VN-coated coverslips. Cells were then incubated with 

PKH26 labeled PC3 Exo (40 μg/mL) for 24 hours (+ PC3 Exo) or vehicle alone (− PC3 

Exo). Cells were then fixed and incubated with AP3, a mAb to β3, followed by FITC-tagged 

anti-mouse secondary Ab (lower panels β3 integrin”) or with secondary Ab alone (upper 

panels “− “). PKH26-Exo signal was readily detected in confocal images taken through the 

interior of the recipient cells (upper panels, + PC3 Exo). A maximum projection image at 

higher enlargement (bottom right) revealed the presence of increased β3 integrin and 

PKH26-Exo signal. B, BPH-1 cells were seeded on VN-coated coverslips and attached for 

one hour in FBS depleted media. Cells were then incubated with PC3 Exo (20 μg/mL) for 2 

hours and processed for IF as described in the Materials and Methods. F-Actin staining is 

shown in green.
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Figure 4. 
Transfer of αvβ3 positive exosomes increases adhesion and migration of non-tumorigenic 

BPH-1 cells. A, BPH-1 cells that were incubated with or without PC3 Exo (20 μg/mL) were 

treated with GRGDSPK (RGD) (1 mg/mL) or GRGESP (RGE) (1 mg/mL) peptide before 

being added onto the filter coated with αvβ3 ligand, VN (10 μg/mL). Cells were washed, 

fixed and stained with DAPI; pictures of 10–15 random fields were taken. BSA was used as 

a non-specific substrate for cell attachment. The average number of attached cells was 

determined. Error bars depict SEM for 2 independent experiments **, P<0.01 compared 

with controls. B, Representative images of control and PC3 Exo treated BPH-1 cells 

attached to VN were stained with DAPI are shown. C, Migration assay of BPH-1 cells either 

incubated with αvβ3 positive PC3 Exo or vehicle alone. Cells were seeded for 16 hours on 

BSA (1%) or VN (10 μg/mL) and cell migration was evaluated as described under Materials 

and Methods. Cells that migrated to the bottom of the filter were counted and the average 

number of cells per field was determined. Error bars depict SEM for 2 independent 

experiments. **, P<0.01. D, Representative images of control and PC3 Exo-treated BPH-1 

cells stained with DAPI in various conditions are shown.
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Figure 5. 
αvβ3 integrin blocking antibody inhibits adhesion and migration of recipient BPH-1 cells. A, 

Cell adhesion and migration assays were performed by incubating recipient cells with 

LM609 Ab for 1 hour after 24 hours incubation with PC3 Exo (20 μg/mL). Cells were 

incubated on VN-coated filters for 16 hours followed by washing, fixing and staining with 

DAPI. An isotype Ab was used as a negative control. A, Cell adhesion was evaluated by 

counting the average number of cells per field. Error bars depict SEM for 2 independent 

experiments. **, P<0.01 compared with controls. B, Representative images of control and 

PC3 Exo treated cells stained with DAPI are shown. C, The migrated cells were counted and 

the average cell number per field was determined. Error bars depict SEM for 2 independent 

experiments. **, P<0.01 D, Representative images of migrated cells.
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Figure 6. 
Gain of function in prostate cancer C4-2B cells upon transfer of exosomal αvβ3. A, Cell 

migration assays were performed using C4-2B cells as shown in Figure 4. The average 

number of cells per field was counted. Error bars depict SEM for 2 independent 

experiments. **, P<0.01. B, Cells were treated with LM609 Ab for 1 hour after 24 hours of 

Exo incubation and analysis was performed after 16 hours. An isotype Ab was used as a 

negative control. The migrated cells were counted and the average cell number per field was 

determined. Error bars depict SEM for 2 independent experiments. *, P<0.05, **, P<0.01
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Figure 7. 
Increased αvβ3 integrin expression in exosomes from plasma of mice carrying prostate 

tumors. A, NTA analysis for Exo from plasma of tumor bearing TRAMP mice (n=3) and 

wild-type Non-TRAMP mice (n=2). B, IB evaluation of expression of the αvβ3 integrin in 

Exo purified using ExoQuick™ from plasma of 5 TRAMP versus 5 Non-TRAMP wild-type 

mice; αvβ3 integrin levels in 3 out of 5 specimens are shown. The levels of αvβ3 and 

FLOT-1 were evaluated in reducing conditions while CD9 was evaluated in non-reducing 

conditions. CD9 results were obtained from a different gel using the same mouse Exo 

samples. C, IF was utilized to analyze the expression of SYN and αvβ3 in serial sections of 

TRAMP prostate tumor tissues (n=24 biological replicates and 1 technical replicate/

biological replicate). Staining with non-immune rabbit IgG was used as a negative control. 

Nuclei were stained with DAPI. D, Expression levels of SYN after 24 hours incubation of 

C4-2B cells with PC3 Exo (n=4). CANX was used a loading control.
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