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Abstract

The avp3 integrin has been shown to promote aggressive phenotypes in many types of cancers,
including prostate cancer. We show that GFP-labeled avp3 derived from cancer cells circulates in
the blood and is detected in distant lesions in NOD scid gamma (NSG) mice. We, therefore,
hypothesized that avp3 travels through exosomes and tested its levels in pools of vesicles, which
we designate extracellular vesicles highly enriched in exosomes (ExVs), and in exosomes isolated
from the plasma of prostate cancer patients. Here, we show that the av3 integrin is found in
patient blood exosomes purified by sucrose or iodixanol density gradients. In addition, we provide
evidence that the avp3 integrin is transferred through ExVs isolated from prostate cancer patient
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plasma to B3-negative recipient cells. We also demonstrate the intracellular localization of B3-GFP
transferred via cancer cell-derived ExVs. We show that the ExVs present in plasma from prostate
cancer patients contain higher levels of avp3 and CD9 as compared to plasma ExVs from age-
matched subjects who are not affected by cancer. Furthermore, using PSMA antibody-bead
mediated immunocapture, we show that the avp3 integrin is expressed in a subset of exosomes
characterized by PSMA, CD9, CD63, and an epithelial-specific marker, Trop-2. Finally, we
present evidence that the levels of avp3, CD63, and CD9 remain unaltered in ExVs isolated from
the blood of prostate cancer patients treated with enzalutamide. Our results suggest that detecting
exosomal avB3 integrin in prostate cancer patients could be a clinically useful and non-invasive
biomarker to follow prostate cancer progression. Moreover, the ability of avp3 integrin to be
transferred from ExVs to recipient cells provides a strong rationale for further investigating the
role of avPB3 integrin in the pathogenesis of prostate cancer and as a potential therapeutic target.
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Introduction

Prostate cancer is one of the most frequently diagnosed cancers among U.S. males,
accounting for 1 in 10 new cancer cases [1]. Although prostate cancer mortality has
declined, treating this disease remains a challenge due to heterogeneity within prostate
tumors as well as the aggressive nature of the disease [2]. Patients with metastatic prostate
cancer who experience a clinical relapse after primary androgen ablation therapy are
considered to have castrate resistant prostate cancer (CRPC) [3,4]. Treatment options for
patients with metastatic CRPC include the androgen receptor inhibitor enzalutamide [5]
and/or the androgen biosynthesis inhibitor abiraterone acetate [6].

To estimate the grade and histopathology of the tumor, patients undergo invasive procedures
such as biopsy of the prostate at diagnosis; at later disease stages however, further sampling
of prostate cancer is a challenge. Therefore, there is a clear unmet need for non-invasive
diagnostic methods that will give us insights into more effective therapies for this disease. A
common non-invasive marker such as prostate-specific antigen (PSA) is detected in the
blood of prostate cancer patients; however, PSA level screening has limitations since it may
be non-selective for cancer [7]. Hence, it is important to discover markers in biological
fluids that may reduce or eliminate the use of invasive techniques and are highly specific in
the detection of prostate cancer.

Recently, the importance of extracellular vesicles (EVs) for cancer diagnosis has drawn
attention [8-13]. EVs are either released by budding of the plasma membrane
(microvesicles) or are generated by the intraluminal budding of the multivesicular bodies
(exosomes). EVs, particularly exosomes, also appear to hold potential as therapeutic targets
in cancer since they have been shown to play a role in cell-cell communication by
transferring biological material that may promote cancer progression and metastasis [14—
21]. In cancer, deregulation of EVs has been shown for Glypican-1 containing vesicles that
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are higher in plasma of pancreatic cancer patients compared to healthy individuals [10].
Only a few studies, conducted to identify the diagnostic potential of exosomes in cancer,
have included gradient purified exosomes [10,22].

Circulating exosomes may serve as biomarkers for prostate cancer [23,24]. Studies
demonstrating differential expression of miR-1290 and miR-375 [25], INcCRNAs [26],
survivin [8], EGFR [27], and PSA [28] in prostate cancer patient plasma exosomes have
underscored the potential of plasma exosomes to be used as diagnostic and prognostic tools
for prostate cancer. Additionally, large Oncosomes which are atypically large (1-10 pm
diameter) prostate cancer cell-derived EVs are also being investigated as a source of prostate
cancer-specific markers [29,30]. Since normal cells also release exosomes, isolation of
prostate cancer-specific exosomes is required to achieve optimal biomarker specificity. In
this regard, prostate specific membrane antigen (PSMA), a surface marker highly expressed
in prostate cancer [31] has been shown to be useful for isolation of specific exosomes from
the plasma of prostate cancer patients [32].

Among other bioactive molecules, exosomes contain integrins, which are transmembrane
glycoproteins that function in concert among a multitude of molecules [33] for proper
basement membrane assembly [34-38], or specific subunits partake in a number of diverse
key roles [39-43], and deregulated in cancer [44-46]. Recently, it has been shown that
tumor-derived exosomes containing integrins play a role in the formation of pre-metastatic
niches and organotropic metastasis [16].

Many studies have shown that during prostate cancer progression, expression of integrins is
altered. Examples include reduced levels of a5p1 and a7p1 integrins [47] and increased
expression of avpl, avp6, and abpl integrins in prostate cancer, compared to healthy,
tissues [45,48-50]. The avp3 integrin is highly up-regulated in primary epithelial cells
isolated from prostate adenocarcinoma [51]; it leads to metastatic lesions, predominantly
bone [52,53] and is found in exosomes [20]. Structurally, conformational changes of the
avp3 integrin are driven primarily by force generation [54] and may act as a sensor of tissue
biomechanics [55,56].

While aberrant levels of integrins have been observed in exosomes isolated from urine of
patients with metastatic prostate cancer [57], from the plasma of patients with other cancers
[16], or in monocytes from prostate cancer patients [58], there are no data on avp3 integrin
expression in patients’ plasma exosomes.

We hypothesized that avp3 propagates an aberrant phenotype through exosomes in human
prostate cancer. Here, we show that prostate cancer cell-derived EVs highly enriched in
exosomes (ExVs) carry avp3 integrin in the systemic circulation of NOD scid gamma
(NSG) mice. For the first time, we show that avp3 integrin is expressed in sucrose or
iodixanol gradient purified exosome fractions isolated from the blood of prostate cancer
patients. We show that avp3 integrin is detected in ExVs isolated from plasma of prostate
cancer patients at higher levels than in ExVs isolated from individuals not affected by
cancer, and is taken up by avp3-negative cells in vitro. We also show increased levels of
CD9 and av and reduced levels of CD81 in ExVs from the plasma of prostate cancer
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patients. Ours is the first study isolating PSMA-positive exosomes from prostate cancer
patient blood. We provide evidence that avp3 integrin is co-expressed with PSMA, CD9,
CD63, and Trop-2 in exosomes shed by prostate cancer cells in patient blood. Finally, we
determine that, when second-line androgen deprivation therapy is administered to prostate
cancer patients, the levels of B3, CD9, and CD63 do not appear to change.

Overall, our studies indicate that exosomal avp3 integrin may be a diagnostic tool for
prostate cancer, and may promote cancer progression, thus rendering it a likely therapeutic
target.

Cancer cell-derived GFP-tagged aVvp3 integrin is expressed in ExVs in vitro and
systemically circulates via ExVs in vivo

We first sought to investigate whether cancer cell-derived avp3 integrin is detected in vivo
in distant metastasis. For this purpose, we generated prostate cancer cell lines stably
expressing GFP-only (C4-2B Mock) or GFP-tagged B3 integrin (C4-2B-B3-GFP).
Expression of GFP was verified by immunoblotting analysis (IB) using an antibody to GFP
(Fig. 1A). A unique ~125 kDa band representing the B3-GFP is present in total cell lysates
(TCL) from C4-2B-B3-GFP but not in C4-2B Mock cells where a ~27 kDa band is detected
(Fig. 1A). Next, we tested in vitro whether the C4-B cancer cells, described above, shed
ExVs containing GFP-avp3. The data show the expression of av, p3, GFP and exosomal
markers such as CD63, CD81, TSG101, and CD9 in the ExVs isolated from these cells (Fig.
1B).

We hypothesized that ExVs might carry avp3 in the circulation. To test this, we injected
subcutaneously, C4-2B cells transfected with f3-GFP (right flank) and non-transfected
DU145 cells (left flank) into ten NOD scid gamma (NSG) mice; after five weeks, we
analyzed the GFP levels in murine organs using in vivo fluorescence imaging. We observe
that in mice that were injected with C4-2B-B3-GFP cells, green fluorescence is localized in
the prostates (/7= 8/10), non-transfected DU145 tumors (/7= 7/10), livers (7= 2/10) and
lymph nodes (n = 2/10). Representative images of two livers, two DU145 tumors, and two
prostates are shown (Fig. 1C).

We next tested the hypothesis that GFP-tagged avp3 integrin enriched ExVs are released
from the GFP-positive tumor into the blood circulation in mice. For this, we isolated ExVs
from the plasma of mice injected with C4-2B-p3-GFP cells and investigated the presence of
green fluorescence signal through nanoparticle-tracking analysis (NTA) using 532 nm filter.
We show the presence of GFP-positive ExVs in the circulation. The size of GFP enriched
ExVs ranged between mean 72.9 to 117.1 nm, and their concentration ranged between 1.52
x 105~ 3.39 x 107 particles/mL (Fig. 1D).

The avp3 integrin is expressed in exosomes isolated from prostate cancer patient blood

Since we have previously observed that cancer cell-derived avp3 integrin is packaged in
exosomes [20] and appears to be circulating systemically via ExVs in mice (Fig. 1C), we
investigated whether avp3 integrin is expressed in exosomes isolated from the blood of
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prostate cancer patients. Blood samples were collected from patients with prostate cancer
and processed to prepare plasma or serum. ExVs were then isolated via differential
ultracentrifugation. The morphology and size distribution of ExVs were analyzed by
transmission electron microscopy (TEM). TEM of prostate cancer patient ExXVs revealed a
round morphology and size within 100 nm (Fig. 2A). Furthermore, the ExVs were also
characterized by IB revealing expression of an exosomal marker CD9 (Fig. 2B). Our results
show that avp3 is detected in ExVs isolated from plasma of patients affected by prostate
cancer (Fig. 2B).

Using a sucrose gradient analysis, we demonstrate that the exosomes isolated from the
serum of prostate cancer patients float within the accepted density range of 1.13-1.19 g/mL
[59,60]. avp3 levels are enriched in fractions five and six that have a density range of 1.15-
1.17 g/mL (Fig. 2C), providing further evidence that the avp3 integrin is present in
exosomes. We also show that the exosomal markers CD9 and FLOTZ1, a marker of lipid rafts
also found in exosomes, are enriched in the same fractions as 3 while GM130, a Golgi
marker not expressed in exosomes, is absent in those fractions (Fig. 2C).

We also report, for the first time, iodixanol gradient purification of exosomes from ExVs
isolated from the plasma of prostate cancer patients. IB analysis of ten fractions from
iodixanol gradient centrifugation revealed that exosomal markers CD9 and TSG101 are
enriched along with avp3 integrin in fraction 8 (density = 1.151 g/mL) and fraction 9
(density = 1.165 g/mL) (Fig. 2D). Calnexin, an endoplasmic reticulum marker not expressed
in exosomes is absent in these fractions (Fig. 2D). Regarding size distribution, the majority
of exosomes in fraction 8 (mode = 102 nm) and fraction 9 (mode = 129 nm, data not shown)
were within exosome size range of 50-150 nm [61] (Fig. 2E). These findings show that
exosomes isolated from prostate cancer patient blood carry the avp3 integrin.

The avp3 integrin is transferred from avp3-positive ExVs isolated from prostate cancer
patient plasma to avp3-negative prostate cancer cells

We have previously demonstrated that exosomes that express the avp3 integrin transfer this
integrin to recipient tumorigenic or non-tumorigenic cells, does leading to a migratory
phenotype [20].

A time course experiment ranging from 30 min to 24 h was performed to explore the
minimum time required for this transfer and to estimate transferred levels of 3 upon
incubation of ExVs isolated from a prostate cancer cell line, PC3, with avp3 negative
BPH-1 cells. We determined that a low level of B3 is transferred in just 30 min and a more
robust amount is transferred in 2-24 h (Fig. 3A). In contrast, cells that were incubated with
PBS do not show detectable levels of B3. Similar results were obtained when C4-2B cells
were used as recipient cells (data not shown).

Next, we for the first-time show ExV mediated B3-GFP internalization in a p3-negative
DU145 cell line. For this, DU145 cells were incubated for 24 h with ExVs isolated from
C4-2B-B3-GFP cells, and transfer of 3-GFP in DU145 cells was analyzed by confocal
microscopy. An intracellular GFP signal as confirmed by Z-stack image analysis suggests
ExV mediated transfer of 33-GFP in recipient DU145 cells (Fig. 3B, right).
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Based on this observation, we sought to determine whether ExVs from the plasma of
patients transfer B3 to cancer cells. We incubated C4-2B cells with ExVs isolated from
patient plasma for 24 h and performed IB analysis to detect B3 levels in the recipient cells.
We found that ExVs from three patients transferred avp3 to C4-2B cells (Fig. 3C). By
comparison, C4-2B cells that are incubated with vehicle do not show detectable levels of 3.
These findings suggest that during prostate cancer progression, ExVs may mediate
intercellular communication by transferring avp3 integrin.

Since B3 is transferred from ExVs to recipient cells, we sought to investigate whether
blocking the avp3 integrin in ExVs would affect internalization and B3 uptake in recipient
cells. To block the avp3 integrin, we used a RGD peptide, which has been previously shown
to bind to avp3 and block its function [51]. BPH-1 cells, which are nottumorigenic [62],
were used as recipient cells; these cells were incubated for 24 h with PC3 ExVs that were
pretreated with a RGD containing peptide or control RGE peptide for 1 h at 4 °C (Fig. 3D).
At 24 h, IB analysis shows that the B3 levels are not affected in recipient cells incubated
with GRGDSP containing peptide or control GRGESP peptide (Fig. 3D). This finding
indicates that avp3 expressed in the ExVs does not act as a receptor for ExV internalization
into the recipient cells.

CD9 and avp3 integrin are increased in patient plasma ExVs and are co-expressed in
PSMA-positive ExVs

Next, we investigated whether there are changes in the size and cargo of vesicles isolated
from plasma of patients compared to control groups. Our data show that there are no major
size differences in ExVs from the prostate cancer and control groups. ExVs from the plasma
of subjects not affected by cancer have a mean size of 107 nm and the prostate cancer patient
plasma ExVs exhibit a mean size of 126 nm (Fig. 4A).

Since previous studies have shown that the avp3 integrin levels are very low in normal
human prostate but are highly upregulated in primary cultures of epithelial cells from human
prostate adenocarcinoma [51], we investigated whether the expression levels of B3 differed
between ExVs from plasma of patients who have prostate cancer and plasma of subjects not
affected by cancer. IB analysis of ExVs isolated from these plasma via ultracentrifugation
show that av3 levels are higher in ExVs from prostate cancer patients as compared to age-
matched individuals not affected by cancer (Fig. 4B). This increase correlates with higher
CD9 levels in all prostate cancer patients but inversely correlates with the levels of CD81,
which are increased in all individuals not affected by cancer (Fig. 4B). av levels are
increased in the majority of prostate cancer patient ExVs compared to subjects not affected
by cancer. These results indicate that a sub-population(s) of ExVs enriched in 83, CD9 and
av is present in prostate cancer patient plasma as compared to age-matched control subjects.

To demonstrate that the B3 detected in exosomes from patient samples originates from
prostate cancer-specific epithelial cells, we performed immunoisolation of exosomes using
PSMA-conjugated magnetic beads to purify PSMA-positive exosomes and conducted IB
analysis. Data from IB analysis show that PSMA positive prostate cancer patient exosomes
contain B3, epithelial Trophoblastic cell-surface antigen-2 (Trop-2), exosomal markers CD9
and CD63 while expression of EpCAM is not detected (Fig. 4C). In another set of
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experiments, plasma of prostate cancer patients was incubated with EpCAM-coated
magnetic beads to isolate EpCAM-positive ExVs, and IB analysis was performed to detect
levels of B3, PSMA, and CD9. Our data show that EpCAM-positive ExVs express p3 and
CD9, while PSMA is not detected (Data not shown). Thus, our data suggest the presence of
B3 integrin in two different subpopulations of ExVs (PSMA-positive and EpCAM-positive)
in prostate cancer patient blood.

Based on the aberrant CD9 and CD81 protein levels in ExVs from the plasma of prostate
cancer patients compared to subjects not affected by cancer (Fig. 4B), we also investigated,
using the Oncomine database, whether this differential gene expression for both CD9 and
CD81 also occurs in human tissues from the two groups. For CD9 (Fig. 5A-D), 14 out of 17
available datasets show no statistically significant differential gene expression between
normal and cancerous tissue, while for CD81 (Fig. 5E-H), 16 out of 17 datasets show no
statistically significant differential gene expression of this gene. Supplementary Table S1
shows detailed information about the datasets analyzed. Overall, the analysis of public
datasets shows that the expression of CD9 or CD81 RNA levels are not different in normal
and cancerous tissues, whereas our 1B analysis shows that CD9 or CD81 protein levels are
aberrant.

B3 levels in ExVs from castrate-resistant prostate cancer patients treated with androgen
deprivation therapy

Having shown that the avp3 integrin levels are higher in ExVs from patients compared to
subjects not affected by cancer, and knowing that increased a.vp3 integrin expression has
been detected in many other tumor types, we investigated whether drug treatments with
enzalutamide or abiraterone acetate, which are the standard of care for men with advanced
prostate cancer, have any effect on av3 integrin levels in exosomes.

The demographics and health information of prostate cancer patients are listed in
Supplementary Table S2. Before analyzing the levels of B3, NTA was performed on ExVs
isolated from patient sera from the following groups: subjects being either non-castrate (only
leuprolide treated, designated non-treated with A or E), metastatic castrate-resistant
(leuprolide+abiraterone treated, designated A); and (leuprolide+enzalutamide treated,
designated E). The data show that ExVs from the three groups ranges between 92 nm to 135
nm in mean size and the concentration range between 1.71 x 108 —1.04 x 109 particles/mL
(Fig. 6A). To show that abiraterone acetate or enzalutamide was effective, PSA levels were
measured for patients before and after treatment. PSA levels indicate that the majority of
patients respond to treatment with abiraterone acetate or enzalutamide alone (Fig. 6B).

We analyzed avp3 integrin and exosomal markers CD63, and CD9 expression between
ExVs isolated (CD63, CD9) expression within the patient cohorts. from the plasma of non-
castrate prostate cancer We find that there is no change in avp3 integrin, patients not treated
with enzalutamide or ExVs from metastatic CRPC patients treated with the androgen
receptor antagonist enzalutamide (Fig. 7) or abiraterone acetate (data not shown). Overall,
these findings indicate that B3, CD63 and CD9 levels are unlikely to be informative as
markers to monitor response to therapy.
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Discussion

We show here, for the first time, that cancer cell-derived exosomes carry avp3 systemically
in mice and prostate cancer patients’ blood, and that avp3 is transferred via ExVs isolated
from prostate cancer patient plasma to other cells.

Different studies have suggested the utility of EVs for the identification of prostate cancer-
specific biomarkers. However, none of these studies utilized gradient purified exosomes
[8,28]. For the first time, we show the presence of avp3 integrin in prostate cancer patient
serum/plasma exosomes purified through sucrose or iodixanol gradients. We provide
evidence that the avp3 integrin is found in ExVs shed by prostate epithelial cells in the
blood of prostate cancer patients; it is co-expressed with CD9 in PSMA-positive ExVs, and
detected at higher levels in ExVs isolated from the blood of prostate cancer patients as
compared to age-matched individuals unaffected by this disease or other types of cancer.
Furthermore, we demonstrate that CD9 and CD81, both enriched in exosomes [60], are
differentially expressed: specifically, CD9 is increased, while CD81 levels are low in ExVs
from prostate cancer patients’ blood. We also show that B3 is transferred from ExVs isolated
from prostate cancer patient plasma to recipient cells in vitro. Our finding that ExVs isolated
from the blood of prostate cancer patients show higher levels of the avp3 integrin, as
compared to ExVs from individuals not affected by cancer, has high relevance for this
disease. This is because detection of avp3 integrin in the blood, in conjunction with other
currently used markers, may meet a need for a more effective noninvasive diagnosis of
prostate cancer.

Our group recently showed that exosomes isolated from prostate cancer cells express avp6
and avp3 and transfer these integrins from prostate cancer cells to other cancer or benign
cells [14,20]. Although it has been established that the av3 integrin acts as a receptor for
exosome uptake when expressed in recipient cells, such as dendritic cells [63] and hepatic
stellate cells [64], the avB3 does not appear to play a role in EXV internalization as
inhibiting avp3 in ExVs through RGD-containing peptides does not decrease or eliminate
B3 transfer (as shown in Fig. 3D). The transfer of exosomal avp3 integrin may affect
intercellular communication, leading to many different outcomes, such as priming a
metastatic niche [16,19], altering angiogenesis, overall disease progression and cell
signaling [65]. For these properties, the avp3 heterodimeric complex needs to be formed,;
two scenarios may be envisioned: either that av and B3 present in the exosomes are
transferred as a heterodimer or that 33 pairs with av in the recipient cells. Given that av is
expressed in ExVs from patient plasma, the first scenario is more conceivable. In both cases,
it is expected that the transfer may also affect cell signaling by altering the levels of other
heterodimers in the recipient cells, since av pairs with many other  subunits.

Ours is the first study to purify exosomes positive for PSMA, a marker up-regulated in
prostate cancer, from patient blood. We are the first to describe that avp3 in patients’ plasma
exosomes originates from prostate epithelial cells, as shown in Fig. 4C, where the results
show that exosomes are positive for PSMA and express avp3 integrin. These PSMA-
positive exosomes also express Trop-2. Our lab has previously published that Trop-2, a
transmembrane glycoprotein found in prostate cancer cell exosomes, is a novel marker of
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capsule-invasive prostate cancer, and functions as a mediator of prostate cancer cell motility
and metastasis [66]. Our findings suggest that simultaneous detection of PSMA, avp3, and
Trop-2 in prostate cancer patient blood exosomes, could fulfill an unmet clinical need for
non-invasive diagnostic approaches for prostate cancer. These PSMA-positive ExVs also
carry CD?9, a tetraspanin known to play a role in protein sorting in exosomes [67], cellular
migration and proliferation [68] as well as binding of the avp3 integrin in a tertiary complex
with JAM-A [69] and other integrins, such as p1 [68,70]. Consistent with our findings, it has
been demonstrated thatCD9-positive exosomes are increased in prostate cancer patients
compared to patients with BPH [68] and overall, higher levels of plasma CD9 are detected in
cancer, such as in acute lymphoblastic leukemia patients [71]. We also show that CD81
expression levels are lower in ExVs from prostate cancer patients compared to ExVs from
subjects not affected by cancer. Based on the differential expression of the tetraspaninsCD9
and CD81 in ExVs from subjects not affected by cancer compared to subjects affected by
cancer, distinct exosome or ExV populations might arise as cancer initiates and progresses
and therefore ExVV CD9 and CD81 levels may provide insights into the progression of this
disease. Differential expression of CD81, another binding partner of avp3 integrin [72], has
been demonstrated in other cancers. While higher levels of CD81 are observed in one
instance in malignant skin cancer tissues compared to non-melanoma skin cancer tissues,
more frequently reduction in expression of CD81 is observed as progression of gastric,
hepatocellular or bladder cancer occurs [73-76]. A recent study has shown that CD81 may
affect the curvature of the plasma membrane of the cell and cholesterol binding [77]. Since
multivesicular bodies containing intraluminal vesicles fuse with the plasma membrane of the
cell to be secreted as exosomes into the extracellular space, different levels of CD81 in
exosomes from subjects not affected by cancer may affect the exocytotic mechanism that
promotes exosome fusion.

Treatments, including chemotherapy, induce changes associated with an aggressive tumor
phenotype [78]. Protein cargo composition has been shown to be different in exosomes
released by cells that have been treated with a drug compared to exosomes released by non-
treated cells [79]. Bandari et al. highlighted that heparanase on the surface of chemotherapy-
induced exosomes degrades heparan sulfate embedded within an extracellular matrix [79]. In
our study, in contrast, we do not observe a difference in the levels of avp3 integrin, CD63,
and CD?9 in ExVs from prostate cancer patients treated with enzalutamide compared to non-
treated cases, thus suggesting that avp3 integrin might not be an appropriate marker to
monitor response to enzalutamide.

In conclusion, the avp3 integrin holds promise as non-invasive biomarker for prostate
cancer and, if its role in exosomes has a dominant effect on other pathways, as a potential
therapeutic target [65,80]. The utility of blood exosomal av3 integrin as a prognostic as
well as a diagnostic marker for prostate cancer will need to be validated in prospective large-
scale clinical studies, which also necessitate establishing a simple and rapid detection
system.
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Experimental procedures

Cell lines

PC3, C4-2B, DU145 and BPH-1 cells and culture conditions have been previously
described [14,20].

B3 integrin cDNA constructs

Cloning of B3 integrin cDNA and generation of constructs have been previously described
[81]. C4-2B cells expressing p3-GFP were generated in our laboratory using standard
transfection protocol using Lipofectamine reagent followed by maintenance of transfectants
in complete culture medium containing 5% fetal bovine serum, 1% sodium pyruvate, 1%
non-essential amino acids and 1% Penicillin/Streptomycin. Stable transfectants were
selected in G418 (1 mg/mL-1.6 mg/mL).

Antibodies and reagents

The following antibodies (Abs) were used for immunoblotting (1B) analysis: mouse
monoclonal Abs to PSMA (ab-19,071; Abcam), CD9 (sc-13,118; Santa Cruz
Biotechnology), CD81 (ab-23,505; Abcam), CD63 (ab-8219; Abcam), GM130 (61,820; BD
Biosciences), EpCAM (2929; Cell Signaling Technology), TUBULIN (T-8535; Sigma);
rabbit mAb to TSG101 (ab-125,011; Abcam); rabbit polyclonal Abs (pAbs) to FLOTILLIN1
(FLOT1) (ab-41,927; Abcam), GFP (ab-6556; Abcam), CALNEXIN (CANX) (sc-11,397;
Santa Cruz Biotechnology), ERK1 (sc-93; Santa Cruz Biotechnology), and Rb-1gG (Sigma).
A goat pAb against human Trop-2 (AF650; R&D Biosystems) was used. A rabbit serum
pAb against the cytoplasmic domain of human B3 [51] and a rabbit serum pAb against the
cytoplasmic domain of human av [14] were used. The GRGDSPK peptide (containing an
RGD motif) and the GRGESP peptide (containing a RGE motif) were from Gibco Brl.
Abiraterone acetate (Janssen Pharmaceuticals) and enzalutamide (Astellas Pharma) were
used to treat prostate cancer patients.

Immunoblotting analysis (IB)

IB analysis was performed as previously described [20,82]. The total cell lysates (TCL),
ExV lysates or lysates from fractions derived by sucrose and iodixanol gradients were
resuspended in RIPA buffer and protein quantification was performed using the BCA assay
kit (Pierce). Equal amounts of TCL or ExV lysates were loaded on SDS-PAGE and
transferred to PVDF membranes (Millipore). The membranes were blocked in blocking
buffers (5% milk in TBS-T or 5% bovine serum albumin (BSA) in TBS-T) followed by
incubation with primary and secondary antibodies. Protein expression was detected using
chemiluminescence kits from Bioexpress or Thermo Scientific.

ExVs isolation from prostate cancer cells

Isolation of ExVs from PC3, C4-2B Mock, and C4-2B-pB3-GFP cells was performed as
previously described [14,20,83]. The culture supernatant (SN) was collected after 48 h of
serum starvation of cells and processed by differential ultracentrifugation. The SN was first
precleared for any dead cells and debris by centrifugation at 2000x g for 20 min at 4 °C.
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Without disturbing the pellet, the SN was then transferred to a fresh ultracentrifuge tube and
centrifuged at 10,000x g for 35 min at 4 °C. The remaining SN was then centrifuged to
isolate the ExVs at 100,000x g for 70 min at 4 °C. The ExVs pellet was further washed in
1xPBS followed by a second centrifugation at 100,000xg for 70 min at 4°C. The final ExVs
pellet was resuspended in 1x PBS for storage at —80 °C and subsequent NTA and transfer
experiments or lysed in RIPA buffer [14] for IB analysis.

ExV isolation from blood plasma or serum

Blood samples from prostate cancer patients (7= 70) and subjects not affected by cancer (n
= 14) were processed to obtain either serum or plasma. For serum, the blood was allowed to
stand at room temperature for 30 min before it was centrifuged at 13,200 rpm for 30 min. To
obtain plasma, the blood was added to a tube containing the anti-coagulant EDTA. It was
then centrifuged at high speed for 30 min and plasma was collected. A minimum of 3 mL of
plasma or serum from patients was used to isolate ExVs by ultracentrifugation. For isolation
of ExVs from mice, ~1 mL blood was collected by cardiac puncture in a tube containing
Acid Citrate Dextrose (ACD), and ~0.6 mL plasma was collected as described above. A
minimum of 0.5 mL of plasma from mice was used to isolate ExVs by ultracentrifugation.
ExVs isolation was performed as previously described [84]. Briefly, the serum or plasma
samples were pre-cleared by centrifugation at 1500x g for 10 min at 4 °C. Without disturbing
the pellet, the SN was transferred to a fresh tube and centrifuged at 12,000x g for 30 min at
4 °C. The remaining SN was then subjected to centrifugation at 110,000xg for 2 h at 4 °C.
The ExVs pellet was washed in PBS followed by centrifugation at 110,000x g for 2 h at

4 °C. The final ExVs pellet was re-suspended in PBS for storage at —80 °C, NTA, or
alternatively lysis buffer was added for IB analysis. ExVs isolation from some serum
samples were also performed using Exoquick™ as per the manufacturer’s instructions
(Systems Biosciences).

Nanoparticle tracking analysis (NTA)

The size distribution analysis for ExVs isolated from the serum and plasma of prostate
cancer patients and individuals not affected by cancer was performed as described
previously [20,82]. Briefly, ExVs suspensions were diluted 1:1000 and/or 1:200 (for
iodixanol purified fractions) in PBS, and the analysis of size distribution and concentration
of ExVs was performed, capturing video files of 30-s duration (repeated 3 times) with a
frame rate of 30 frames per second of particles moving under Brownian motion using NTA
software (NS300, Malvern Instruments). The size distribution and concentration of ExVs
from mouse plasma enriched in GFP-tagged avp3 integrin were detected utilizing motorized
fluorescence filter wheel at 532 nm.

Transmission electron microscopy

The TEM analysis of ExVs purified from prostate cancer patient plasma by differential
ultracentrifugation was performed as previously described [14].
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Sucrose gradient

ExVs from patient serum (/7= 3) were isolated using Exoquick™. The ExVs pellet was
resuspended in HEPES/sucrose solution and loaded at the bottom of the tube. A continuous
2 M (bottom) to 0.25 M (top) sucrose gradient was layered on top of the ExVs sample. Steps
for the exosome analysis have been previously described [20,83].

lodixanol gradient

The ExVs isolated from prostate cancer patient plasma (7= 5) by ultracentrifugation were
further purified to isolate exosomes, using an iodixanol density gradient centrifugation,
modifying a previously published protocol [85]. The 40%, 20%, 10% and 5% wt/vol
iodixanol solutions were prepared by diluting a stock solution (60% wt/vol) of lodixanol
(OptiPrep™, Sigma # 1556) with a buffer solution (0.25 M sucrose/ 10 mM Tris, pH 8.0/1
mM EDTA, pH 7.4). The ExVs were mixed with stock iodixanol solution to generate 0.783
mL of 40% iodixanol-ExV suspension and loaded at the bottom of SW55Ti rotor tube
(Beckman). Next, 0.783 mLof 20% (wt/vol) iodixanol, 0.783 mL of 10% (wt/vol) iodixanol,
and 0.652 mL of 5% (wt/vol) iodixanol were successively layered on top of the 40%
iodixanol-ExV suspension to generate a discontinuous iodixanol gradient. The tubes were
then centrifuged for 16 h at 100,000x g, 4 °C, in SW55Ti rotor using Beckman, L8-70M
Ultracentrifuge. Ten fractions of 275 L each were then collected starting from the top of the
tube. The density of each fraction was assessed with ABBE-3L refractometer (Fisher
Scientific). All fractions were diluted and washed with 1 mL PBS and centrifuged for 2 h at
100,000%g, 4°C, in a TLA-100.2 rotor using Beckman, Optima TL Ultracentrifuge. The
resulting pellets for each fraction were re-suspended in 30 uL of PBS and stored in —80 °C
until further use.

ExV-mediated transfer of av23 integrin

BPH-1 and C4-2B cells were serum-starved for 24 h followed by incubation with PC3 ExVs
(20 pg/mL, ~107 vesicles) for 30 min, or 2, 8, 16, and 24 h. At the end of each time point,
cells were trypsinized and then lysed using RIPA buffer. IB analysis was performed to detect
B3 expression and the experiment was repeated twice. For B3 transfer via patient plasma
ExVs, C4-2B cells were starved for 24 h, incubated with ExVs (30 pg/mL, ~108 vesicles)
from patient plasma for 24 h and then the cells were trypsinized, lysed and analyzed through
IB to detect B3 expression. In both experiments, cells incubated with PBS were used as a
negative control (7= 4 biological replicates and 2 technical replicates).

Confocal microscopy

DU145 cells grown on glass cover slips were serum-starved for 24 h followed by incubation
for 24 h with (40 pg/ml, ~2 x 107 vesicles) or without ExVs isolated from C4—-2B-B3-GFP
cells. Cells were then washed with PBS (2 washes), fixed with 4% PFA for 15 min at room
temperature, washed with PBS (3 washes), quenched with 50 mmol/L NH,4CI for 15 min,
and finally washed with PBS (3 washes). Glass cover slips were mounted on glass slides
using ProLong™ diamond antifade mountant with DAPI (Invitrogen). The slides were
analyzed and images were captured by Nikon A1R confocal microscope. A Z-stack image
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analysis using imaging software NIS Elements Viewer (version 4.11.0) was also performed
to evaluate ExV internalization into DU145 cells.

Inhibition of exosomal av23 by RGD peptide

PC3 ExVs (~107 vesicles) that were pre-treated with either GRGDSPK (RGD) (1 mg/mL) or
control GRGESP (RGE) peptide (1 mg/mL) for 1 h at 4 °C, were incubated with BPH-1 or
C4-2B cells. After 24 h, cells were lysed in RIPA buffer and B3 levels were determined by
IB (n=2).

ExoCap™ EpCAM capture kit

Isolation of EpCAM-positive ExVs was performed using the ExoCap™ EpCAM capture kit
(JSR Micro Inc.). PC3 ExVs were isolated using ultracentrifugation and incubated overnight
at 4 °C with 100 pL of magnetic beads coated with EpCAM. Samples were processed the
following day as per manufacturer’s instructions. 1 mL of plasma from six prostate cancer
patients was incubated with beads to isolate EpCAM-positive ExVs. PBS was used as
negative control while PC3 ExVs were used as positive control. IB was used to analyze the
expression levels of 3, EpCAM, and CD9.

Isolation of exosomes by PSMA immunocapture

Rabbit monoclonal antibody to PSMA (ab-133,579, Abcam; 100 ug) or isotype rabbit
immunoglobulin (Rb-1gG, 100 pg), each was conjugated with 5 mg of Dynabeads™ M-270
Epoxy beads (Invitrogen) according to the manufacturer’s protocol. The antibody-
conjugated magnetic beads (~2 x 10° beads/mL) were incubated with iodixanol gradient
purified exosomes (~109 vesicles) from prostate cancer patients (pooled from 7= 3)
overnight at 4 °C with rotation. After removing unbound exosomes, the bead-exosome
complexes were washed with 1 mL PBS, pH 7.4 (3 washes); the immunocaptured whole
exosomes were lysed with RIPA buffer, and lysates were collected for IB analysis.

In vivo fluorescence imaging

Ten NSG male mice (10-13 weeks old) were implanted with C4-2B-B3-GFP cells (2 x 10°,
n=6; 3 x 108, n=4) subcutaneously in their right shoulder and 2 x 106 DU145 cells in their
left shoulder. After 5 weeks, mice were euthanized. The excised tissues (C4-2B-B3-GFP
right side tumor, DU145 left side tumor, prostates, liver, lungs, seminal vesicles, kidneys,
spleen and lymph nodes) were placed on a Petri dish and imaged in an In-Vivo Multispectral
FX PRO (MS FX PRO) imaging system (Brucker, Peoria, IL). GFP images were obtained
(Ex: 480 nm + 10 nm, Em: 535 nm + 10 nm, f-stop 2.8, 4x4 binning, and 5 min exposure)
using a cooled charged coupled device (CCD). For anatomical coregistration of fluorescence
signal, X-ray images were obtained (f - stop 2.8, 10 s exposure, 4 x 4 binning, and 0.4 mm
aluminum filter). For precise co-registration, all images were taken with a 100 mm field of
view (FOV) and a focal plane of 17.0 mm. The imaging protocol was approved by
institutional IACUC. All mice were maintained under specific pathogen-free conditions.
Care and handling of animals was in compliance with IACUC experimental protocols.
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Gene expression analysis of CD9 and CD81

Oncomine database was used to compare the expression of CD9 and CD81 between normal
and cancerous prostate tissue based on publicly available gene expression data from different
prostate cancer studies. For each gene, 4 box plots of expression between cancer and normal
samples (2 adenocarcinoma versus normal, 2 carcinoma versus normal) are provided from
datasets with the highest number of samples. Supplementary Table S1 contains information
about datasets analyzed, type of comparisons made (adenocarcinoma or carcinoma versus
normal), number of samples in the datasets and statistical #test Pvalue.

Human subject inclusion criteria

The demographics and health information of prostate cancer patients included in this study
are listed in Supplementary Table S2. All prostate cancer patients that provided blood
samples (7= 70) had received a clinical diagnosis of prostate cancer. Patients ranged in age
from 18 to 89 years and belonged to two main groups: non-castrate prostate cancer (/7= 41)
and metastatic CRPC (n7=29). The non-castrate prostate cancer patients were responsive to
bicalutamide or leuprolide at the time blood was obtained and were non-treated with
abiraterone acetate or enzalutamide; of these patients, 20 had non-metastatic disease and 21
had metastatic disease. The metastatic CRPC patients received one of two different
regimens: 1000 mg of abiraterone acetate daily and prednisone 5 mg twice daily (n7= 16), or
160 mg enzalutamide daily (r7=13). Blood was obtained from castrate-resistant patients at
least three weeks after the abiraterone acetate or enzalutamide therapy began. PSA levels
were recorded before and after drug treatments. Blood samples were also obtained from age-
matched subjects not affected by cancer (r7=14). All specimens were de-identified and
discarded in accordance with IRB approved protocols.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

GEP-tagged aVvp3 integrin is expressed in prostate cancer cell ExVs, and it is localized in
distant lesions in vivo. (A) IB analysis of expression of GFP in total cell lysates (TCL) from
parental C4-2B, C4-2B-GFP (Mock) and C4-2B-B3-GFP cells. Calnexin (CANX) was used
as loading control. (B) 1B analysis of expression of av, 3, CD63, CD81 (non-reducing
conditions) and GFP, B3, TSG101, CD9 (reducing conditions) in lysates from ExVs derived
from C4-2B-p3-GFP cells by differential ultracentrifugation. (C) In vivo fluorescence and
corresponding phase contrast images are shown for liver, DU145 tumor, and prostate
isolated from NSG mice that were injected subcutaneously with C4-2B-B3-GFP cells on the
right side and non-transfected DU145 cells on the left side. Two representative samples are
shown. (D) NTA for size distribution and concentration of GFP-positive ExVs isolated by
differential ultracentrifugation from plasma of the mice subcutaneously injected with
C4-2B-B3-GFP cells. One representative sample is shown.
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Expression of av3 integrin in exosomes derived from plasma of prostate cancer patients.
(A) Transmission electron microscopy (TEM) of negatively stained ExVs isolated from
prostate cancer patient plasma by differential ultracentrifugation. Scale bar = 100 nm. (B) 1B
analysis for expression of p3 integrin and exosomal marker CD9 in lysates from ExVs
purified from prostate cancer patient plasma by differential ultracentrifugation. The results
from three representative samples are shown. (C) Sucrose gradient analysis of ExVs isolated
from prostate cancer patient serum using Exoquick™. Expression of B3 integrin and
exosomal markers FLOT1 and CD?9 in eight different fractions is shown. GM130 (cis-Golgi
marker) is expressed in PC3 lysate (TCL) and is absent in all fractions. The density at which
exosomes float in sucrose gradient is between 1.13 and 1.19 g/mL. (D) IB analysis for
expression of B3 integrin in ten fractions derived from iodixanol gradient centrifugation of
ExVs isolated by differential ultracentrifugation of prostate cancer patient plasma.
Expression of TSG101 and CD9 was analyzed as markers present in exosomes, Calnexin
(CANX) was analyzed as a marker absent in exosomes, while Rabbit IgG (Rb-1gG) was
used as a negative control for 3. ExV lysate derived by ultracentrifugation was used as
input and PC3 lysate (TCL) was used as positive control for expression of g3, TSG101, and
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CANX. (E) NTA for size distribution and concentration of purified exosomes (Exo) in
fraction eight (Density = 1.151 g/mL) from iodixanol density gradient.
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Fig. 3.

ExVs mediate transfer of avp3 integrin to recipient cells. (A) 1B analysis shows 3

expression levels in BPH-1 cells incubated with PC3-derived ExVs (+) at different time

points (30 min to 24 h). BPH-1 cells treated with PBS alone (-) are used as a negative
control. TUBULIN expression is included as loading control. (B) DU145 cells were

incubated with ExVs (40 pg/ml, right) derived from C4-2B-B3-GFP cells or vehicle alone
(left) for 24 h. An intracellular green fluorescent signal corresponding to ExV mediated
internalization of B3-GFP was evaluated by confocal microscopy. DAPI was used to detect
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cell nuclei (blue). Scale bar = 12 pm. The GFP signal corresponding to ExV mediated
internalization of B3-GFP in DU145 cells is shown (white arrows). Z-stack analysis shows
the intracellular GFP signal in a cell. (C) ExVs were isolated from the plasma of 4 patients
(designated 1, 2, 3 and 4) by ultracentrifugation and incubated with C4-2B cells. After 24 h,
IB was used to analyze B3 integrin expression levels. C4-2B cells treated with vehicle alone
are used as a negative control. CANX serves as loading control. (D) PC3-derived ExVs pre-
treated with GRGDSPK peptide (1 mg/mL) for 1 h at 4 °C were incubated with serum-
starved BPH-1 cells for 24 h followed by IB analysis to measure B3 levels. BPH-1 cells
incubated with GRGESP (1 mg/mL) are used as a negative control. ERK is used as loading
control.
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Fig. 4.
Size distribution analysis and differences in g3 integrin levels in ExVs from plasma of

prostate cancer patients compared to subjects not affected by cancer. (A) NTA of ExVs
isolated by differential ultracentrifugation from plasma of individuals not affected by cancer
(left panel) and prostate cancer patients (right panel). (B) IB analysis of 3, CD9, CD81, and
avV levels in ExVs isolated by differential ultracentrifugation from plasma of prostate cancer
patients compared to age-matched individuals not affected by cancer. CANX was analyzed
as a marker absent in exosomes. Lanes 1, 2, and 3: EV lysates isolated after the plasma was
pooled from at least two subjects not affected by cancer (total of 7 biological samples
represented in 3 lanes); lanes 4-8: EV lysates from individual patients. 30 pg of exosome
lysates were loaded in each lane. (C) lodixanol gradient purified Exosomes (Exo) from
prostate cancer patient plasma (pooled from 7= 3) were immunocaptured with an antibody
to Prostate Specific Membrane Antigen (PSMA) or isotype rabbit immunoglobulin (Rb-1gG)
conjugated with Dynabeads M-270 epoxy magnetic beads, according to the manufacturer’s
protocol. The immunocaptured whole exosomes were lysed with RIPA buffer, and lysates
were separated by SDS-PAGE (7.5% gel). IB analysis shows expression of 3, CD9 and
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CD63 (exosomal markers), Trop-2, and PSMA; in contrast, TSG101 (exosomal marker),
CANX and EpCAM were not detected. HC-1gG, heavy chain 1gG.
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Fig. 5.

nge expression analysis of CD9 and CD81 in prostate cancer compared to normal samples
in publicly available gene expression profiling datasets. (A-D): Gene expression boxplots
for CD9. (A) TCGA dataset-prostate adenocarcinoma versus normal. (B) Wallace dataset-
prostate adenocarcinoma vs. normal. (C) Lapointe dataset- prostate carcinoma vs. normal.
(D) Yu dataset-prostate carcinoma vs. normal. (£-H): Gene expression boxplots for CD81.
(E) TCGA dataset-prostate adenocarcinoma vs. normal. (F) Vanaja dataset-prostate
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adenocarcinoma vs. normal. (G) Taylor dataset-prostate carcinoma vs. normal. (H) Singh
dataset- prostate carcinoma vs. normal. 1, Normal; 2, Carcinoma or Adenocarcinoma.
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Fig. 6.

Ngnoparticle tracking analysis (NTA) of ExVs and PSA levels in serum from prostate cancer
patients. (A) The size distribution analysis and concentrations were determined for patients
in the following groups: patients that were not treated with abiraterone acetate or
enzalutamide (Non-treated), treated with abiraterone acetate only (A only), and treated with
enzalutamide only (E only). (B) PSA levels in serum of prostate cancer patients, before and
after androgen deprivation therapy (abiraterone acetate or enzalutamide).
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B3 integrin levels in plasma of patients treated with enzalutamide (E) compared to patients
non-treated (NT) with this drug. IB analysis reveals expression levels of B3 integrin in ExVs
derived by differential ultracentrifugation of plasma from patients either non-treated (NT) or
treated with enzalutamide (E). CD9, CD63 serve as markers enriched in exosomes and
CANX as a marker absent in exosomes. TCL from PC3 cells was used as a positive control
for the expression of p3, CD63, CD9, and CANX.
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