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Abstract

It is well known that Src tyrosine kinase, insulin-like growth factor 1 receptor (IGF-IR), and focal 

adhesion kinase (FAK) play important roles in prostate cancer (PrCa) development and 

progression. Src, which signals through FAK in response to integrin activation, has been 

implicated in many aspects of tumor biology, such as cell proliferation, metastasis and 

angiogenesis. Furthermore, Src signaling is known to crosstalk with IGF-IR, which also promotes 

tumor growth and angiogenesis. In this study, we demonstrate that c-Src, IGF-IR and FAK are 

packaged into exosomes (Exo), c-Src in particular being highly enriched in Exo from the androgen 

receptor (AR)-positive cell line C4-2B and AR-negative cell lines PC3 and DU145. Furthermore, 

we show that the active phosphorylated form of Src (SrcpY416) is co-expressed in Exo with 

phosphorylated FAK (FAKpY861), a known target site of Src, which enhances proliferation and 

migration. We further demonstrate for the first time exosomal enrichment of G-protein-coupled 

receptor kinase (GRK) 5 and GRK6, both of which regulate Src and IGF-IR signaling and have 

been implicated in cancer. Finally, SrcpY416 and c-Src are both expressed in Exo isolated from the 

plasma of prostate tumor-bearing TRAMP mice, and those same mice have higher levels of 

exosomal c-Src than their wild-type counterparts. In summary, we provide new evidence that 

active signaling molecules relevant to PrCa are enriched in Exo, and this suggests that the Src 

signaling network may provide useful biomarkers detectable by liquid biopsy, and may contribute 

to PrCa progression via Exo.
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Introduction

In the United States, 180,890 new prostate cancer (PrCa) cases are estimated for 2016, 

which is the highest for new diagnoses among different cancer types in American men 

[Siegel et al., 2016]. The aggressive metastatic disease has the poorest prognosis and, given 

the heterogeneous nature of these tumors, is difficult to study [Brocks et al., 2014; Gerlinger 

et al., 2014]. Altered interactions between the tumor, tumor microenvironment and 

extracellular matrix (ECM) promote the ability of cancer cells to migrate and metastasize 

[Alva and Hussain, 2013; Colombo et al., 2014]. Exosomes (Exo) are an important part of 

the tumor microenvironment, contribute to metastasis, and contain signaling molecules 

paramount to cancer progression [Azmi et al., 2013; Quail and Joyce, 2013]. The area of 

research of PrCa exosomal cellular communication in promoting this devastating disease is 

underinvestigated.

Exo are membrane vesicles derived from the intraluminal budding of multivesicular bodies 

and are about 30-150 nm in size [Colombo et al., 2014]. Through fusion with the plasma 

membrane of the cell, Exo are constitutively released into the extracellular environment. Exo 

can be further defined by the specific enrichment of tetraspanins such as CD9, CD63 and 

CD81 and other lipid-raft proteins such as flotillin-1 [Colombo et al., 2014; Thery et al., 

2006]. It is known that most cells secrete Exo [Colombo et al., 2014] and that they are 

mediators of cell-cell communication via internalization by recipient cells and transfer of 

their contents, including DNA, microRNA, mRNA, lipids and proteins, to target recipient 

cells [Simons and Raposo, 2009]. For this reason, exosomal cell-cell communication is an 

important aspect of tumor progression [Azmi et al., 2013; Quail and Joyce, 2013]. Through 

the transfer of proteins, microRNA and mRNA, Exo mediate cell communication to favor 

the progression of cancer and metastasis and are repositories for potential biomarkers [Azmi 

et al., 2013; Harris et al., 2015; Junker et al., 2016 In press; Quail and Joyce, 2013; Skog et 

al., 2008; Soekmadji et al., 2013; Valadi et al., 2007]. In particular, Peinado et al. showed 

that melanoma-derived Exo can “educate” bone marrow progenitor cells to become pro-

vascularogenic and increase metastasis of primary tumors [Peinado et al., 2012]. 

Additionally, our group has shown that integrin αvβ6 is transferred between PrCa cells and 

functionally enhances adhesion and migration of recipient cells [Fedele et al., 2015]. The 

study of exosomal composition is important for pinpointing the mechanisms of PrCa disease 

progression as well as for therapeutic or biomarker discovery.

Src-family kinases (SFKs) are normally expressed in prostatic epithelium and have been 

reported to transform normal cells when constitutively active [Tatarov et al., 2009; Varkaris 

et al., 2014]. Src is also upregulated in hormone refractory PrCa and is important to both the 

initiation and progression of the disease [Tatarov et al., 2009; Varkaris et al., 2014]. Src is 

normally maintained in an inactive, “closed” conformation when phosphorylated at tyrosine 
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530 by C-terminal Src kinase (CSK) [Roskoski, 2015]. When Src is activated in response to 

extracellular signals through integrins and other receptors, phosphatases dephosphorylate 

tyrosine 530, allowing for autophosphorylation at the tyrosine 416 residue in the kinase 

domain, which stabilizes the active conformation, allowing Src to bind to its target substrates 

with much higher affinity [Roskoski, 2015; Varkaris et al., 2014]. By directly interacting 

with Focal Adhesion Kinase (FAK), Src promotes detachment of integrins from their ligands 

and the formation of focal adhesions at the leading edges of cells to promote migration 

[Varkaris et al., 2014]. In response to extracellular signals through integrins, active Src 

(SrcpY416) forms a complex with active FAK (FAKpY397) [Varkaris et al., 2014]. 

Additionally, SrcpY416 phosphorylates FAKpY397 at multiple sites, including tyrosine 861, 

and this Src-FAK complex activates downstream molecules modulating a variety of 

functions such as migration and invasion [Varkaris et al., 2014]. Src has also been shown to 

downregulate the proapoptotic tumor suppressor prostate apoptosis response-4 (PAR-4), 

promoting cellular transformation [Hebbar et al., 2012]. Furthermore, expression of Src in 

Exo has been reported in colorectal cancer (v-Src) and melanoma [Ji et al., 2013; Lazar et 

al., 2015]. In particular, the study of colorectal cancer Exo demonstrated higher v-Src levels 

in Exo from a metastatic versus non-metastatic cell line [Ji et al., 2013], indicating a role for 

exosomal Src in cancer progression.

Growth factor receptors modulate multiple signaling pathways and their inhibition is of 

interest for PrCa therapy [Wu and Yu, 2014]. The insulin-like growth factor I receptor (IGF-

IR) is a tetrameric transmembrane receptor tyrosine kinase and has an important role in PrCa 

by promoting cell survival, proliferation and inhibition of apoptosis [Baserga et al., 2003]. 

While inhibiting IGF-IR is investigated as a PrCa therapy, the development of resistance is 

an issue. There are numerous reports from our laboratory and others on the crosstalk 

between integrin and IGF-IR signaling [Alam et al., 2007; Sayeed et al., 2012; Sayeed et al., 

2013]. Our group has reported a regulatory relationship between α5β1 and IGF-IR 

expression in which IGF-IR promotes PrCa growth by stabilizing α5β1 and activating 

androgen receptor (AR) in a α5β1-dependent manner [Sayeed et al., 2012; Sayeed et al., 

2013]. Furthermore, crosstalk between Src and IGF-IR has been demonstrated in a study of 

non-small cell lung cancer (NSCLC) in which Src and IGF-IR are mutually activated in 

response to IGF-1 and together promote resistance to tyrosine kinase inhibition therapy [Min 

et al., 2015]. Another study by Dayyani et al. demonstrates that dual inhibition of both IGF-

IR and Src shows promise as a therapeutic approach to prevent tyrosine kinase inhibition 

resistance through AKT activation [Dayyani et al., 2012], which has been associated with a 

poor clinical outcome in PrCa [Kreisberg et al., 2004].

It has been shown that G-protein-coupled receptor kinases (GRKs) crosstalk with both Src 

and IGF-IR and contribute to PrCa growth. In one report, it was demonstrated that GRKs 

phosphorylate IGF-IR, which recruits β-arrestin and subsequently modulates downstream 

ERK and AKT-mediated signaling as well as IGF-IR degradation. The type of signaling 

modulation is dependent on the specific GRK that is recruited (GRK6 or GRK2) [Zheng et 

al., 2012]. Additionally, GRK5 is overexpressed in PC3 cells and important for xenograft 

tumor growth [Kim et al., 2012]. GRK5 and GRK6 have been reported to target the β1-

adrenergic receptor, causing β-arrestin and Src to be recruited to the membrane, resulting in 

MMP-induced EGF shedding and transactivation of EGFR [Noma et al., 2007]. Finally, in 
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an analysis of urine Exo from PrCa patients, GPCRs were found to be upregulated in 

patients versus healthy donor samples; however, GRKs were not reported [Overbye et al., 

2015]. Proteomic analysis indicates that GRK5 is detectable in Exo from normal thymic 

cells [Skogberg et al., 2013]. However, we are the first to report both GRK5 and GRK6 

enrichment in cancer Exo.

We hypothesize that Exo represent an active signaling compartment, which contain proteins 

that promote cell migration and proliferation and PrCa progression. In this study, we 

demonstrate the presence and enrichment inside Exo from human PrCa cells of multiple 

signaling molecules paramount to cancer progression. In addition to this, we show for the 

first time that Exo from PrCa cells are enriched in c-Src, SrcpY416, IGF-IR, GRK5 and 

GRK6 and additionally express FAK and the specific Src target FAKpY861. This strongly 

suggests their potential for altering the tumor microenvironment in favor of tumor growth 

and metastasis. Finally, we demonstrate in a mouse model the potential for future studies on 

exosomal SrcpY416 and c-Src as easily attainable PrCa biomarkers.

Experimental Procedures

Cell Lines and Culture Conditions

PC3, DU145 and C4-2B PrCa cell lines and culture conditions have been previously 

described [Trerotola et al., 2013].

Exosome Isolation and Characterization

Exo were isolated from cell culture medium of DU145, PC3 and C4-2B cell lines by 

stepwise ultracentrufugation as previously described [Fedele et al., 2015]. TRAMP mice 

(n=4) were subjected to intracardiac puncture immediately after euthanasia for blood 

withdrawal at 32.6-37.5 weeks of age along with the same number of age-matched wild-type 

mice. The blood was collected in 3.8% Na-citrate and centrifuged to obtain plasma. To 

isolate Exo from TRAMP mice plasma, Exoquick™ solution (System Biosciences) was 

added in a ratio of 120μl of Exoquick™ solution for every 500μl of plasma. This ratio was 

adjusted to the volume of plasma that was obtained from each mouse. Plasma and 

Exoquick™ solution were incubated together for 2 h at 4°C, then spun down to pellet Exo 

for 30 min at 1,500 g at 4°C. Exo pellets were then resuspended in 

radioimmunoprecipitation assay (RIPA) buffer (10 mM Tris-HCl at pH 7.4, 150 mM NaCl, 1 

mM EDTA, 0.1% SDS, 1% Triton X-100, and 1% sodium deoxycholate) supplemented with 

protease inhibitors as previously described [Trerotola et al., 2013]. Immunoblotting (IB) was 

then performed (described below).

Transmission Electron Microscopy

Transmission electron microscopy (TEM) was performed as previously described [Fedele et 

al., 2015]

Sucrose Density Gradient

The sucrose density gradient analysis of Exo samples was conducted as previously described 

[Fedele et al., 2015].
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Nano-Particle Tracking Analysis

Based on manufacturer's instructions, Exo samples were diluted 1:1,000 in PBS and 

subjected to nanoparticle tracking analysis (NTA). Dynamic light scattering was used to 

measure the Brownian motion and particle size was determined using the Stokes-Einstein 

equation. NTA 3.1 Build 3.1.46 software was used to interpret the results.

Immunoblotting

Biochemical Exo characterization was carried out by IB analysis. Exo and cells were lysed 

with RIPA buffer. The amount of protein present in Exo was determined using a BCA 

protein assay kit (Pierce). Equal amounts of protein were separated by SDS/PAGE and 

transferred to PVDF membranes (Millipore). After blocking with either 5% milk/TBS-T or 

5% BSA/TBS-T, membranes were probed with primary antibodies. The SrcpY416, FAKpY861 

and rat monoclonal antibodies (Ab) were diluted in 5% BSA while all other antibodies were 

diluted in 5% milk. Membranes were blocked in the same solution as the primary antibody 

dilution. Densitometric analysis was performed using ImageJ64 software.

Antibodies

Blocked membranes were probed with either rabbit polyclonal antibodies (Abs) to calnexin 

(sc713), c-Src (sc18), FAK (sc558), ERK1/2 (sc292838), IGF-IR-β (sc713) (Santa Cruz), 

flotillin-1 (ab41927; Abcam), and FAKpY861 (Invitrogen 700154), rabbit monoclonal (m) Ab 

to SrcpY416 (Cell Signaling 2101), mouse mAbs to c-Src (sc8056), CD9 (sc13118) (Santa 

Cruz), GRK4/5/6 (Millipore 05-466), CD81 (ab23505) and CD63 (ab8219) (Abcam), or a 

rat mAb antibody to CD9 (Santa Cruz sc18869).

Mice

We used TRAMP (Transgenic Adenocarcinoma of the Mouse Prostate) mice, which express 

the SV40 early region genes (T/t antigens; Tag) in the prostate under the control of the rat 

probasin promoter on a C57BL/6 background and also maintained wild-type mice of the 

same background under the same conditions. Based on the wealth of information available 

in the literature with this model, the histopathology, kinetics and penetrance of lesion 

formation are well known [Greenberg et al., 1995]. The plasma samples were processed for 

isolation of Exo using ExoQuick™ as per the manufacturer's instructions (Systems 

Biosciences). TRAMP mouse colony maintenance was performed as previously described 

[Goel et al., 2013]. Care of animals was in compliance with standards established by the 

office of laboratory animal welfare, Department of Health and Human Services at NIH. The 

Institutional Animal Care and Use Committee, Thomas Jefferson University, approved 

experimental protocols.

Results

c-Src and IGF-IR Are Present In Prostate Cancer Exosomes

IGF-IR and Src are critical mediators of PrCa progression [Riedemann and Macaulay, 2006; 

Varkaris et al., 2014; Wu and Yu, 2014]. We hypothesize that Exo may represent an active 

signaling compartment containing signaling molecules critical to PrCa. In order to 
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biochemically characterize Exo protein content and investigate enrichment of signaling 

molecules, Exo and total cell pellets were lysed and proteins were separated on SDS-PAGE 

for IB analysis. The endoplasmic reticulum protein calnexin (CANX) is not present in Exo 

and is used as a control to test for purity of the Exo sample and loading control for the total 

cell lysate (TCL) (Fig. 1A). In addition, we tested for exosomal markers CD63 and CD81, 

and find them enriched in Exo (Fig. 1A). Next, we performed NTA on Exo derived from 

PC3 cells to analyze the particle size distribution of our sample. It is accepted that Exo range 

in size from 30-150 nm [Colombo et al., 2014] and our results demonstrate a vesicle 

preparation predominantly in this range from both DU145 (left) and PC3 (right) cells (Fig. 

1B). TEM also confirms this size range (Fig. 1C). To further characterize our Exo 

preparations, the PC3 Exo sample was spun in a sucrose density gradient. It is accepted that 

Exo equilibrate at densities between 1.13 to 1.19 g/ml [Colombo et al., 2014]. We observe 

that CD63, CD81, CD9, IGF-IR and c-Src all co-sediment in the same fractions within the 

accepted density range of 1.15 to 1.17 g/ml (Fig. 2). Because NTA confirms a predominant 

vesicle population between 94 and 134 nm in size from PC3 and DU145 cells (Fig. 1B), our 

sucrose gradient analysis indicates that c-Src and IGF-IR are predominantly present in Exo 

and not a significantly larger extracellular vesicle (EV).

Exosomal Enrichment of c-Src, Srcpy416, IGF-IR, GRK5 and GRK6 is Observed Across a 
Variety of Prostate Cancer Cell Lines

We next investigated the levels of IGF-IR and c-Src in different PrCa cell lines. In particular, 

we analyzed the AR-positive cell line C4-2B and AR-negative cell lines PC3 and DU145 to 

test a range of PrCa cell types. We probed for c-Src and SrcpY416 and observe that the C4-2B 

and DU145 cell lines exhibit a robust exosomal enrichment of both SrcpY416 and c-Src (Fig. 

3A). The presence of exosomal SrcpY416 indicates that there are active kinases present in 

Exo. In addition to the specific band for c-Src at 60 kDa, we also observe a band at 50 kDa, 

recognizing a different SFK. ERK1/2 was used to represent proper loading of the total cell 

lysate (TCL), as it is not well expressed in Exo (Fig. 3A). Additionally, we observe 

expression of SrcpY416 in PC3 Exo (Fig. 3B), but not as robust as in Exo from DU145 and 

C4-2B cells (Fig. 3A). Over a total of 8 samples analyzed, Exo from PC3 cells show a range 

of exosomal c-Src enrichment from 1.5 to 4.5-fold higher than TCL levels (Figs. 3 and 4). 

Across 8 Exo samples from PC3, 5 Exo samples from DU145, and 3 Exo samples from 

C4-2B cells, there is a range of exosomal SrcpY416 enrichment from 0.4 to 5.7-fold, the 

highest being from DU145 cells. The differences in exosomal SrcpY416 enrichment between 

cell lines indicate that exosomal SrcpY416 levels are not entirely dependent on total c-Src 

levels, as those do not seem to change between cell lines. We further observe that there is a 

strong enrichment of IGF-IR in Exo compared to the corresponding TCL in all three cell 

lines, ranging from 1.3 to 2.4-fold increase (Fig. 3A and B). This result was repeated in a 

total of 8 Exo preparations encompassing three different cell lines. Since we hypothesize 

that Exo represent an active signaling compartment, we probed for FAK and FAKpY861, a 

downstream target of Src [Varkaris et al., 2014]. Both total FAK and FAKpY861 are detected 

in PC3 Exo, suggesting that active Src signaling may be occurring in PrCa Exo (Fig. 3C). 

This result was repeated in a total of 8 Exo preparations from PC3 cells. We then looked for 

further regulators of Src and IGF-IR signaling in Exo. We examined GRK5 and GRK6 

expression in Exo from two PrCa cell lines. There is a significant enrichment of both GRK5 
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and GRK6 in PC3 Exo, while in C4-2B Exo there is a much higher enrichment of GRK6 

than GRK5 (Fig. 4). This result suggests that exosomal composition may be dependent on 

the cell type and basal protein expression levels. GRK6 also exhibited a robust exosomal 

enrichment of 14.2-fold.

In a separate study of PC3 cell-derived Exo, proteomic analysis revealed a 13.9-fold 

enrichment of c-Src in Exo, along with a 1.3-fold increase of FAK (unpublished 

observation1), confirming the patterns we have demonstrated via IB. Most strikingly, but still 

in pattern with our findings, exosomal GRK6 was enriched in the same proteomic analysis 

27.9-fold in Exo from PC3 cells (unpublished observation1).

Srcpy416 and Total c-Src are Detectable in Plasma Exosomes of Tumor-Bearing Tramp Mice

To continue our study of c-Src as a potential biomarker, Exo were isolated from the plasma 

of TRAMP mice using the ExoQuick™ isolation kit, and then IB analysis was performed. 

Based on previous study of this mouse model in our laboratory, we estimate that untreated, 

non-castrated TRAMP mice will develop intraepithelial neoplasia lesions by 12-16 weeks, 

adenocarcinoma by 18 weeks and metastasis by 24 weeks [Goel et al., 2013]. Mice with 

sizable tumors were used for this study and were compared to age-matched wild-type mice 

of the same genetic background. The plasma Exo were characterized by IB for the exosomal 

markers flotillin-1 and CD9 (Fig. 5A-C). Expression of both SrcpY416 and c-Src in Exo from 

TRAMP mouse plasma is observed. Additionally, when compared to their disease-free 

counterparts, TRAMP mice contained higher levels of total exosomal c-Src (Fig. 5B). In 

densitometric arbitrary units (A.U.), TRAMP mice exhibited a range of c-Src signal 

intensity between 25-60 A.U. compared to a range of 11-38 A.U. in Exo from wild-type 

mouse plasma. Our results indicate that the TRAMP mouse model is of value for future 

exosomal Src studies in PrCa and that the results obtained thus far in cell culture are 

transferrable to a novel pre-clinical scenario.

Discussion

We demonstrate for the first time in this study that c-Src, IGF-IR, SrcpY416, GRK5 and 

GRK6 are enriched in Exo from multiple PrCa cell lines and that both SrcpY416 and c-Src 

are expressed in the Exo isolated from the plasma of TRAMP mice, with total c-Src being 

increased in Exo compared to wild-type mice. Additionally, we are the first to show high 

levels of FAK, FAKpY861, SrcpY416 in the same Exo preparation as compared to the TCL. 

While proteomics has identified Src in Exo before [Ji et al., 2013; Lazar et al., 2015], we are 

the first to show this level of exosomal enrichment across multiple PrCa cell lines, elevated 

c-Src levels in TRAMP versus wild-type mouse plasma Exo, and strong detection of 

SrcpY416 in TRAMP mouse plasma Exo. There is a significant body of evidence surrounding 

the relevance of Exo to the progression of cancer and the development of metastasis [Azmi 

et al., 2013; Costa-Silva et al., 2015; Peinado et al., 2012]. In particular, it was recently 

shown that pancreatic cancer Exo initiate a pre-metastatic niche in the liver by causing an 

increase in fibronectin deposition [Costa-Silva et al., 2015]. By packaging particular proteins 

1Unpublished observation by Senem Kurtoglu, Carmine Fedele, Hsin-Yao Tang, David W. Speicher, Dario C. Altieri and LRL.
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and RNA species into Exo and, in many cases, transferring these molecules to recipient 

cells, Exo contribute to cancer progression and are valuable sources of biomarkers [Melo et 

al., 2015; Overbye et al., 2015; Peinado et al., 2012; Soekmadji et al., 2013].

Exhibiting active signaling molecules such as SrcpY416 and FAKpY861 in the same Exo 

preparation implies that signaling may occur inside of Exo autonomously of their cells of 

origin. It was recently reported that processing of precursor microRNA into the mature form, 

principally via Dicer activity, occurs in Exo autonomously of cells, so it may be 

hypothesized that kinase signaling occurs as well [Melo et al., 2014]. It is well known that 

Exo promote a more aggressive or chemoresistant phenotype for cancer cells [Azmi et al., 

2013; Costa-Silva et al., 2015; Peinado et al., 2012]. It is possible that signaling molecules 

may be transferred to recipient cells in their active state, therefore altering signaling and 

associated functions in the recipient cell more than if the molecules were transferred in an 

inactive state. Constitutive Src activation in LNCaP cells has been associated with a 

resistance to androgen independence, indicative of a more aggressive, anti-androgen 

therapy-resistant phenotype [Culig and Bartsch, 2006]. Furthermore, SFK activity is 

associated with bone metastasis and may represent a useful therapeutic target for bone-

metastatic PrCa [Deng et al., 2014]. Future studies will determine the exosomal transfer of 

c-Src and other associated kinases in the IGF-IR/Src signaling axis (Fig. 6) and their 

functional effects on recipient cells of the tumor microenvironment.

Several studies have shown Exo interacting with multiple cell types to contribute to cancer 

progression. PrCa Exo are taken in directly by other PrCa cancer cells, increasing their 

migration [Fedele et al., 2015]. Additionally, pancreatic cancer Exo are preferentially taken 

in by Kupffer cells of the liver, leading to a metastatic niche formed early on in disease 

progression [Costa-Silva et al., 2015]. Additionally, Exo from melanoma cells interact with 

bone marrow (BM) progenitor cells, which are known to contribute to premetastatic niche 

formation [Peinado et al., 2012]. This BM “education” also leads to vascular leakiness at the 

future metastatic site, which was the lung in this study [Peinado et al., 2012]. Increased 

angiogenesis is an aspect of tumor biology and leads to continuous vascular remodeling and 

vascular leakiness [Weis and Cheresh, 2011]. Angiogenesis is a critical aspect of prostate 

tumor growth and disease progression [Nicholson and Theodorescu, 2004; Weis and 

Cheresh, 2011]. It has also been shown in multiple studies that Exo from cancer cells 

enhance angiogenic and metastatic potential [Azmi et al., 2013; Skog et al., 2008]. 

Specifically, melanoma Exo were shown to interact with and modify endothelial cells [Hood 

et al., 2009]. Another study by Park et al. demonstrated the pro-angiogenic effects of Exo 

released from hypoxic tumor cells [Azmi et al., 2013; Park et al., 2010]. It has also been 

demonstrated that Exo derived from chronic myeloid leukemia cells promote angiogenesis in 

a Src-dependent manner, however they did not specifically demonstrate a dependence on 

exogenous exosomal Src [Mineo et al., 2012]. Src is known to stimulate transcription of 

VEGF and modulate angiogenesis [Marx et al., 2001; Varkaris et al., 2014] and it is believed 

that any regulator of Src may also affect angiogenesis. Because SrcpY416 and c-Src are 

present in plasma Exo from tumor-bearing TRAMP mice, it is possible that Src-enriched 

Exo are promoting tumor angiogenesis in vivo. In the proteomic analysis of PC3 Exo, 

exosomal enrichment of the SFK members Lyn and Yes was also observed by 45- and 16-

fold, respectively (unpublished observation2). The Ab to SrcpY416 may be detecting other 
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phosphorylated SFKs such as Yes and Lyn, and we cannot ignore the potential contribution 

of these other exosomal SFKs in PrCa progression and tumor angiogenesis. IGF-IR, 

enriched in PrCa Exo, has also been shown to induce VEGF-C expression and stimulate 

angiogenesis in a mouse model of pancreatic cancer [Lopez and Hanahan, 2002; Wu and Yu, 

2014]. Additionally, GPCRs stimulate angiogenesis by promoting endothelial cell 

proliferation or secretion of pro-angiogenic factors such as VEGF into the tumor 

microenvironment [O'Hayre et al., 2014]. It is extremely likely that PrCa Exo enriched in c-

Src, FAK, IGF-IR, GRK5, and GRK6 will stimulate endothelial cell angiogenic activity in 

the tumor microenvironment. Future studies will elucidate the exact transfer of these 

signaling molecules and their functional implications in tumor progression. These 

discoveries will provide a platform for new therapeutic strategies, which may be more 

efficient when targeting Exo rather than cancer cells alone.
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Fig. 1. 
Characterization of prostate cancer exosomes. (A) Immunoblotting (IB) analysis of PC3 

total cell lysates (TCL) and exosomal lysates (Exo). 10 μg of protein were loaded in each 

lane and 3 preparations were analyzed; a representative image is shown. CD63 and CD81 

are used as exosomal markers enriched in the Exo samples. The endoplasmic reticulum 

protein calnexin (CANX) is not present in Exo and used as a negative control. Proteins were 

separated under non-reducing conditions. (B) TEM image of DU145 Exo. Scale bar = 

100nm. (C) Graphical representation for NTA of DU145 (left) and PC3 (right) Exo 

preparations obtained via differential ultracentrifugation.
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Fig. 2. 
Sucrose gradient analysis and exosomal expression of c-Src and IGF-IR in PC3-derived 

exosomes. 80 μg PC3 Exo were used as input material. IB analysis for CD63, CD81, 

CANX, IGF-IR, and c-Src of each density fraction is shown. Results shown in the left and 

right panels are from two gels run in reducing and non-reducing conditions, respectively. 

The rightmost lane of each gel shows 10 μg of PC3 TCL used as a positive control. N=3; a 

representative image is shown.
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Fig. 3. 
Exosomes from multiple prostate cancer cell lines contain active signaling molecules. (A)-

(C), IB analysis for CD63, CD81, CANX, IGF-IR, c-Src, FAK, SrcpY416 and FAKpY861 of 

Exo and TCL from PC3, DU145 and C4-2B cell lines. Representative images are shown 

from a minimum of 3 Exo preparations and replicates from each cell line. 10 μg of protein 

were loaded in each lane of panels (A) and (B), and panel (C) results were obtained using 50 

μg of protein in each lane. Fold changes in expression between TCL and Exo samples are 

shown below each panel.
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Fig. 4. 
GRK5 and GRK6 are enriched in exosomes from PC3 and C4-2B cells. GRK5 and GRK6 

both show enrichment in Exo versus TCL. Equal amounts of protein from Exo and TCL 

samples were loaded. 2 preparations were analyzed; a representative image is shown. CANX 

was used as a TCL loading control. Fold changes in expression between TCL and Exo 

samples are shown below each panel.
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Fig. 5. 
c-Src and SrcpY416 are present in plasma-derived exosomes of tumor-bearing TRAMP mice. 

(A) and (B) IB analysis for CD9, flotillin-1, c-Src and SrcpY416 of TRAMP mouse plasma 

Exo; 100 μg of protein were loaded in each lane. Mice were 37.5 weeks of age at the time of 

analysis. CD9 and flotillin-1 were used as exosomal markers. (B) SrcpY416 and c-Src are 

detected in mouse plasma Exo; 100 μg of protein were loaded in each lane. (C) IB analysis 

of TRAMP and non-TRAMP mouse plasma Exo for c-Src and the exosomal marker 

flotillin-1. Equal amounts of protein were loaded in each lane. Each experiment was 

repeated 3 times.
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Fig. 6. 
Proposed model of the Src/IGF-IR signaling axis present in both prostate cancer Exo and 

cells. Our model shows signal propagation and crosstalk between IGF-IR and Src, leading to 

FAK activation by Src and downstream activation of proliferative signals from the 

PI3K/AKT pathway and the Ras-MAPK pathway. There is also potential regulation by 

GRK6, as all of these proteins are highly enriched in Exo. This signaling axis may be active 

inside of Exo and may be activated by Exo in recipient cells.
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