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Abstract
It is known that small extracellular vesicles (sEVs) are released from cancer cells and
contribute to cancer progression via crosstalk with recipient cells.We have previously
reported that sEVs expressing the αVβ3 integrin, a protein upregulated in aggressive
neuroendocrine prostate cancer (NEPrCa), contribute to neuroendocrine differen-
tiation (NED) in recipient cells. Here, we examine the impact of αVβ3 expression
on sEV protein content, density and function. sEVs used in this study were isolated
by iodixanol density gradients and characterized by nanoparticle tracking analysis,
immunoblotting and single vesicle analysis. Our proteomic profile of sEVs containing
αVβ3 shows downregulation of typical effectors involved in apoptosis and necrosis
and an upregulation of tumour cell survival factors compared to control sEVs. We
also show that the expression of αVβ3 in sEVs causes a distinct reposition of EV
markers (Alix, CD81, CD9) to a low-density sEV subpopulation. This low-density
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reposition is independent of extracellular matrix (ECM) protein interactions with
sEVs. This sEV subset contains αVβ3 and an αVβ3 downstream effector, NgR2, a
novel marker for NEPrCa. We show that sEVs containing αVβ3 are loaded with
higher amounts of NgR2 as compared to sEVs that do not express αVβ3. Mecha-
nistically, we demonstrate that sEVs containing NgR2 do not affect the sEV marker
profile, but when injected in vivo intratumorally, they promote tumour growth and
induce NED. We show that sEVs expressing NgR2 increase the activation of focal
adhesion kinase (FAK), a known promoter of cancer cell proliferation, in recipient
cells. We also show that NgR2 mimics the effect of sEVs containing αVβ3 since it dis-
plays increased growth of NgR2 transfectants in vivo, as compared to control cells.
Overall, our results describe the changes that occur in cargo, density and functions of
cancer cell-derived sEVs containing the αVβ3 integrin and its effector, NgR2, without
affecting the sEV tetraspanin profiles.

KEYWORDS
integrin, intratumoral injection of small extracellular vesicles, low-density small extracellular vesicles,
neuroendocrine prostate cancer, NgR2, small extracellular vesicles

 INTRODUCTION

Extracellular vesicles (EVs) are delimited by a lipid bilayer and are heterogenous (Welsh et al., 2024). This paper focuses on
small extracellular vesicles (sEVs), which are of endosomal or non-endosomal origin and are characterized by proteins such
as CD9, CD81 and TSG101 (Mathieu et al., 2019). Most cell types, including cancer cells, release sEVs as a means of cell-cell
communication (Peinado et al., 2017). The characteristics of sEVs differ depending on their density; low-density (LD) sEVs and
high-density (HD) sEVs differentially express protein and DNA cargo (Kowal et al., 2016; Lázaro-Ibáñez et al., 2019) and have
been shown to distinctly impact recipient cell gene expression (Willms et al., 2016).
sEVs have been studied in vitro for their ability to transfer proteins from tumour cells to recipient cells (Blavier et al., 2023;

García-Silva et al., 2021; Singh et al., 2016). They are also being investigated as powerful biomarkers and possible therapeutic
agents for prostate cancer (PrCa) (Krishn et al., 2019; Noren Hooten et al., 2020; Urabe et al., 2018; Urabe et al., 2024) which
remains a predominant cause of cancer death among men in the United States (Siegel et al., 2024). A lethal form of PrCa is
neuroendocrine prostate cancer (NEPrCa), which arises from treatment resistance or, in rare cases, de novo; patients diagnosed
with NEPrCa are generally met with a poor prognosis and limited treatment options (Yamada & Beltran, 2021). NEPrCa has little
to no androgen receptor and is associatedwith an increase in neuron-specificmarkers, including chromograninA, Synaptophysin
(SYP) and neuron-specific enolase (Beltran et al., 2011).
Integrins, receptors for the extracellular matrix (ECM), comprise two transmembrane subunits (α and β) (Quaglia et al., 2021).

Integrins in sEVs have been identified as critical mediators of tumour growth (Lucotti et al., 2022) and organotropism (Hoshino
et al., 2015). The αVβ3 integrin is known to be expressed inmany aggressive cancers, to promote invasion and adhesion of cancer
cells to ECM proteins, such as vitronectin and fibronectin (Desgrosellier & Cheresh, 2010; Zheng et al., 1999), and to protect
disseminated tumour cells from chemotherapy (Carlson et al., 2019). Additionally, the αVβ3 integrin contributes to tumour cell
survival in nutrient-deprived conditions (Namet al., 2024).We have reported that theαVβ3 integrin is highly expressed in human
and mouse NEPrCa but absent in prostate adenocarcinoma (ADPrCa) (Quaglia et al., 2021). In contrast, the αVβ6 integrin is
present in ADPrCa (Lu et al., 2016) but negligible in NEPrCa (Quaglia et al., 2021).We have also reported that sEVs isolated from
αVβ3 expressing PrCa cells induce neuroendocrine differentiation (NED) in recipient cells (Quaglia et al., 2020).
Our laboratory has recently reported that NgR2 (Nogo-66 receptor homolog 1), a member of the Nogo receptor family and

a glycosylphosphatidylinositol (GPI)-anchored receptor, is upregulated by the αVβ3 integrin in a Kindlin-2 (K2)-dependent
manner (Bledzka et al., 2016; Quaglia et al., 2022). We have also shown that NgR2 is upregulated in NEPrCa, promotes NED
and cell motility and upregulates RhoA, a protein associated with aggressive phenotypes of PrCa (Quaglia et al., 2022; Schmidt
et al., 2012). Previous studies have primarily investigated NgR2 as a neuronal protein (Barton et al., 2003) and as a receptor for
two ligands: versican, a component of the ECM, andmyelin-associated glycoprotein, a regulator of axonal growth (Bäumer et al.,
2014; Venkatesh et al., 2005). We have shown that NgR2 is expressed in sEVs isolated from PrCa patient plasma (Testa et al.,
2023), but the impact of NgR2-positive sEVs on recipient cancer cell differentiation has not been reported.
In this paper, we show that αVβ3 regulates NgR2 in sEVs and results in the formation of LD sEV subpopulations containing a

unique cargo.We also show that intratumoral injection of αVβ3/NgR2+ sEVs induces tumour growth and NED in vivo. Overall,
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our results describe the changes that occur in cargo, density and functions of cancer cell-derived sEVs containing the αVβ3
integrin and its effector, NgR2, without affecting the sEV tetraspanin profiles.

 MATERIALS ANDMETHODS

. Cell lines

PrCa cell lines (C4-2B, LNCaP, PC3,DU145)were cultured as previously described (Krishn et al., 2019, 2020). PC3 cellswere trans-
fected with shRTNRL (SMARTvector, Dharmacon/Horizon, SO-2914049G, sequence: V3SVHS00_4716901 for shRTNRL_1,
V3SVHS00_7164907 for shRTNRL_2 or V3SVHS00_8801245 for shRTNRL_3) or shSCRAMBLE (SMARTvector, Dharma-
con/Horizon, VSC11707) and were selected using 2 μg/mL puromycin, as previously described (Quaglia et al., 2022). DU145 cells
were transfected with a pCMV6-Entry vector carrying RTNRL (Origene, SC310413) or an empty vector (Origene, PS100001),
designated as NgR2-DU145 or Mock-DU145 cells, as previously described (Quaglia et al., 2022). Briefly, cells were plated at
5 × 105 cells/well in serum-free DMEM media and incubated with 4 μg of vector DNA and 12 μL of Lipofectamine™ 2000
(Invitrogen, 11668-019). Successfully transfected cells were selected using 0.5 mg/mL G418. C4-2B and LNCaP PrCa cells
were transfected for αVβ3 expression (αVβ3-C4-2B and αVβ3-LNCaP) or Mock control (Mock-C4-2B and Mock-LNCaP),
as previously described (Quaglia et al., 2020). Kindlin-2 (K2) knock-out (KO) cells were generated using a single-guided
RNA, as previously described (Quaglia et al., 2022). Homozygous CRISPR-Cas9 KO clones for NgR2 (PC3 NgR2 KO) and
PC3 Control cells were purchased from Synthego (Synthego Corporation, Menlo Park, California). Guide RNA sequence 5′-
AUCGAGACAAGAUGCUGCCC-3′was used to generate PC3NgR2 KO cells; PC3 control cells were mock-electroporated with
Cas9 only.

. Antibodies

The following antibodies (Abs) were used for immunoblotting (IB) analysis: goat polyclonal Ab against NgR2 (AF2776, R&D
Systems), mouse monoclonal Abs against Kindlin-2 (MAB2617, Sigma), CD9 (sc-13118, Santa Cruz), CD81 (ab23505, Abcam),
CD63 (ab193349, Abcam) and Alix (ab117600, Abcam), rabbit monoclonal Abs against β3 (13166S, Cell Signaling) and Syntenin
(ab133267, Abcam), rabbit polyclonal Abs against Actin (a2066, Sigma), Calnexin (2433S, Cell Signaling), Fibronectin (sc-9068,
Santa Cruz), FAK (sc-558, Santa Cruz), FAKpY397(44-624G, Invitrogen), RhoA (sc-179, Santa Cruz), TSG101 (ab30871, Abcam)
and αV [rabbit serum, (Trerotola et al., 2013)]. The following Ab was used for ExoView analysis: Alexa-555 mouse monoclonal
Ab against αVβ3 (LM609, MAB1976-AF555, Sigma). The following Abs were used for immunohistochemical analysis: rabbit
polyclonalAbs againstNgR2 (PA5-98577, Invitrogen), Synaptophysin (PA1-1043, Invitrogen) andnon-immune rabbit IgG (I5006,
Sigma).

. Immunoblotting analysis

IB analysis was performed as previously described (Krishn et al., 2020).

. sEV isolation by differential ultracentrifugation and iodixanol density gradient separation

Cells were plated in 20–30 150 mm plates (1 × 107cells/plate) and cultured in serum-free medium (15 mL/plate) for 48 h. The
culture supernatant was collected, and EVs were isolated by differential ultracentrifugation three consecutive times. Differential
ultracentrifugation and iodixanol density gradient (IDG) separation were performed as previously described (Quaglia et al.,
2020). Briefly, the collected cell supernatant was spun for 20 min at 2000 × g (4◦C). The spun supernatant was transferred to
ultracentrifuge tubes (Beckman Coulter) and centrifuged using a Type 45 Ti rotor (Beckman Coulter) for 35 min at 10,000 × g
(4◦C). The pellet was discarded, and the supernatant was spun for 70 min at 100,000 × g (4◦C); the resulting EV pellet was
collected by resuspending in PBS. This process was repeated thrice; the collected EV samples were pooled and spun for 70
min at 100,000 × g (4◦C), and the resulting pellet was resuspended in iodixanol buffer (0.25 M sucrose, 10 mM Tris, 1 mM
EDTA, pH 7.4). For IDG separation, a discontinuous gradient was formed by diluting 30%, 20% and 10% iodixanol solutions
(wt/vol) from a 60% wt/vol iodixanol stock solution (OptiPrep™ , Sigma) with iodixanol buffer. EVs, collected by differential
ultracentrifugation, were included in the 30%wt/vol solution and loaded to the bottom of an 11× 60mm centrifuge tube (Seton),
followed by 20% wt/vol and 10% wt/vol solutions. The discontinuous gradient was then centrifuged for 70 min at 350,000 × g
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(4◦C). Ten fractions were collected, washed with 1 mL PBS and centrifuged for 70 min at 100,000 × g (4◦C). The subsequent
pellets were resuspended in PBS and analysed.

. Trypsinization of sEVs

Pooled EV samples collected by differential ultracentrifugation were spun at 100,000 × g for 70 min (4◦C). Sample supernatants
were removed, and EV pellets were resuspended in trypsin (0.05% trypsin, 0.53 mMEDTA, Fisher) and incubated at RT for 90 s.
Neutralization of the reaction was performed using 1 mg/mL soybean trypsin inhibitor (Gibco). The neutralized EV samples
were immediately resuspended in iodixanol buffer and IDG separation was performed as described in Section 2.4.

. Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) was performed as previously described (Quaglia et al., 2020). Briefly, pooled iodixanol
fractions (∼100 μL sample) were diluted 1:200 in PBS and analysed using NanoSight NS300. Samples were captured in three 30-s
videos. Data were collected at 25◦C, detection threshold 5 and a camera level ranging from 11 to 13. Samples were run using a
syringe pump to ensure consistent motion. Data analysis was performed using NTA software version 3.1 (build 3.1.54).

. Proteomic analysis—Liquid chromatography–tandemmass spectrometry (LC–MS/MS)
analyses and data processing

Replicates ofαVβ3-C4-2B orMock-C4-2B sEV samples (11μg each)were run into aNuPAGE 10%Bis-Tris gel (Thermo Scientific)
and fractionated into 3 gel slices for trypsin digestion followed by liquid chromatography–tandem mass spectrometry (LC–
MS/MS) analysis, as previously described (Hao et al., 2024). Proteins and peptides were identified using MaxQuant 1.6.3.3 (Cox
&Mann, 2008) by searching the MS/MS spectra against the UniProt human protein database. Missing values were replaced with
a small value, and fold change was calculated from the Log2 values. Protein and peptide identifications were generated with false
discovery rates set at 1%.
The dataset for NEPrCa and CRPrCa (Beltran et al., 2016) was downloaded from cBioPortal [dataset:Neuroendocrine Prostate

Cancer (Multi-Institute, NatMed )] and analysed as follows: FPKMvalues were log2 transformed and limma package (Ritchie
et al., 2015) was used to estimate significance of differential expression between the two groups. The analysis identified 982
differentially expressed genes (FDR < 10%). Ingenuity Pathway Analysis [IPA (Cox & Mann, 2008)] was used to find known
targets of proteins identified from proteomics analysis and the resulting gene set was analysed for pathway enrichment. Select
pathways that had predicted activation Z score of at least 2 were reported.

. Single vesicle analysis via ExoView R

sEVs were analysed using ExoView R100 (Unchained Labs, Inc.) according to the manufacturer’s protocol. sEVs were diluted
1:5000–1:10,000 using ExoView incubation buffer and incubated on chips from ExoView human tetraspanin kits (215-1000,
Unchained Labs) overnight. Chips, seeded with capture Abs to CD63, CD81, CD9 and mIgG in triplicate, were pre-scanned
prior to sEV incubation. After sEV incubation, chips were washed three times with ExoView solution A and incubated for 1 h
with fluorescently labelled Abs: Alexa 647-Ab to CD63, Alexa 555-Ab to CD81 and Alexa 488-Ab to CD9 or Alexa 555-609-Ab to
αVβ3 in ExoView blocking buffer. Chips were washed once in ExoView solution A, three times in ExoView solution B, and one
time with DI water. Chips were dried and read using ExoView R100 reader and analysed using ExoView software suite (v3.2.1).
The captured spots were manually examined during the quality control steps, and outliers were removed. The cut-off was estab-
lished on the mIgG isotype controls and maintained across experiments (Deng et al., 2022). Particle count was normalized by
restricting the analysis to an area of a 150 μm circle.

. Animal care

SCID CB-17 mice (Charles River) were cared for and monitored according to Office of Laboratory Animal Welfare, NIH, and
Department of Health and Human Services standards. Institutional Animal Care and Use Committee recommendations were
followed, and all protocols were approved by the Institutional Animal Care and Use Committee at Thomas Jefferson University.
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. Intratumoral sEV injection

SCIDCB-17mice were subcutaneously injected with 2× 106 DU145 cells, and tumour volume wasmeasured twice a week using a
calliper. sEVs were injected intratumorally once tumour volume reached 100 mm3. sEVs resuspended in PBS fromNgR2-DU145
cells, Mock-DU145 cells or PBS as control were injected intratumorally two consecutive times (10 μg/injection) three times a
week. Mice were euthanized 14 days following the initial sEV injection; tumour weight was measured after sacrifice.

. sEV transfer to PrCa cells

sEVs were isolated from PC3 shRTNRL, PC3 shScramble, PC3 NgR2 KO or PC3 Control cells as described in section 2.4. For
sEV transfer, LNCaP or DU145 PrCa cells were plated 3× 105 cells/well in 6-well plates and incubated (37◦C, 5% CO2) in DMEM
for 24 h. After 24 h, LNCaP cells were washed with PBS and incubated with 10 μg/mL PC3 shRTNRL or PC3 shScramble sEVs
resuspended in media depleted of fetal bovine serum (FBS); DU145 cells were washed with PBS and incubated with PC3 NgR2
KO or PC3 Control sEVs (1 × 109 sEVs/mL) resuspended in media depleted of FBS. Incubation with PBS resuspended in media
depleted of FBS was used as a negative control. After a 24-h incubation, cells were washed three times with PBS, harvested via
scraping and analysed by IB.

. Effects of NgR expression on tumour growth

SCIDCB-17micewere subcutaneously injectedwith 2×106 NgR2-DU145,Mock-DU145, PC3 shRTNRL_3, PC3 shRTNRL_2,
PC3 shRTNRL_1 or PC3 shScramble transfectants. Mice were monitored twice a week, and tumour volume was measured
using a calliper. All mice were sacrificed once a tumour volume of 2 × 103 mm3 was reached. Tumour weight was measured after
sacrifice.

. Immunohistochemical analysis

Tumour xenografts [DU145 tumours injected with sEVs (NgR2-DU145 sEVs, Mock-DU145 sEVs) or tumours from PC3
shRTNRL_3, or PC3 shScramble cells] were analysed using immunohistochemical (IHC) analysis, as previously described
(Quaglia et al., 2022).

. RTN4RL2 expression in PrCa patient cohort

Gene expression data from Chen et al. (2022) of isolated EVs (serum EVs n = 24, urine EVs n = 7) from PrCa patients were
analysed. Tumour tissue (n = 5) and normal tissue (n = 5) gene expression data from Chen et al. (2022) were also analysed.
For quantification of gene expression, raw RNA reads were aligned using the ExceRpt pipeline for small RNAs, including the
filtering and automatic adaptor removal steps. Briefly, ExceRpt uses STAR aligner versions 2.4 and above to align the reads to
multiple references to identify contaminants and applies a moderate filter, removing low-quality and multimapping reads. The
final product ExceRptwas a countmatrix displaying each sample in columns and genes in rows. Aftermappingwe used edgeR and
limma packages for differential expression analysis. We considered a threshold of at least ten counts across all samples as a filter
with an upperQuantile normalization (normalized transcripts per million values for each gene). Normalized mRNA expression
of the RTNRL gene across all samples is plotted, and the p value is determined via paired Wilcoxon test.

. Statistical analysis

Tumour weights and changes from baseline in tumour volume at the end of each experiment were examined to determine the
treatment effect. For two group comparisons, t-test orMann–Whitney test was used. For experimentswith three groups, Kruskal–
Wallis test or ANOVA with post-hoc Tukey’s multiple comparisons test was used. Longitudinal tumour measurements were
log-transformed and modelled using mixed effects linear regression to compare tumour growth rates. Data were analysed using
SAS 9.4 or GraphPad Prism 9.
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 RESULTS

. NgR expression in sEVs secreted from αVβ-positive prostate cancer cells—proteomic
analysis of sEVs

Wehave shown that sEVs released by prostate cancer (PrCa) cells contain the αVβ3 integrin and promote a neuroendocrine (NE)
phenotype in recipient PrCa cells both in vitro and in vivo (Quaglia et al., 2020). We have also previously shown that the αVβ3
integrin increases the levels of NgR2, which is a receptor upregulated in NEPrCa that promotes neuroendocrine differentiation
(NED) (Quaglia et al., 2022). To investigate whether NgR2 levels are increased in αVβ3-positive sEVs, we isolated sEVs using
iodixanol density gradients (IDGs) from the serum-free culturemedia of two PrCa cells, C4-2B and LNCaP, exogenously express-
ing the αVβ3 integrin (αVβ3-C4-2B and αVβ3-LNCaP, respectively) and compared them to their respective Mock transfectants
(Mock-C4-2B and Mock-LNCaP) (Figure 1a–c). Nanoparticle tracking analysis (NTA) provides evidence that the average sEV
size falls below 200 nm in cell transfectants from both cell types (Figure 1a). Additionally, immunoblotting (IB) analysis of αVβ3-
C4-2B, Mock-C4-2B, αVβ3-LNCaP and Mock-LNCaP sEVs shows the expression of sEV markers (Alix, TSG101 and CD9). All
sEVs analysed do not express calnexin (CANX), a marker of the endoplasmic reticulum (ER). Overall, we conclude that the
increased levels of NgR2 in αVβ3-positive sEVs reflect the pattern of expression observed in αVβ3-positive cells [Figure 1b and c;
(Quaglia et al., 2022)].
To analyse the impact of αVβ3 on sEV cargo, we performed proteomic analysis of sEVs released by αVβ3-C4-2B cells and

compared them to Mock-C4-2B sEVs. We identified 33 proteins upregulated at least 5-fold in αVβ3-C4-2B sEVs versus Mock-
C4-2B sEVs (Figure 1d). As expected, the αVβ3 integrin was confirmed to be upregulated in αVβ3-C4-2B sEVs. The β3 subunit
(encoded by the ITGB gene) was upregulated at least 5-fold; the αV subunit (encoded by the ITGAV gene) was also significantly
upregulated 2.6-fold in αVβ3-C4-2B sEVs when compared to Mock-C4-2B sEVs (p = 0.033, not depicted). Among these 33
upregulated proteins, the cell surface receptor NgR2 (encoded by the RTNRL gene) was verified as a downstream effector of
the αVβ3 integrin. Gene expression analysis of NEPrCa versus castrate-resistant prostate cancer (CRPrCa) reported in Beltran
et al. (2016) identifies 982 genes differentially expressed in a significant manner (FDR < 10%) in CRPrCa versus NEPrCa; of
these, we identified 181 known targets of at least one of the 33 proteins upregulated in sEVs expressing the αVβ3 integrin, with
21 of those related to cell proliferation (Figure 1e). Moreover, Ingenuity Pathway Analysis [IPA (Krämer et al., 2014)] of the 181
genes shows inhibition of apoptosis and necrosis, and activation of neuronal cell functions, cancer survival, G1 phase and stem
cell differentiation (Figure 1f).

. Aberrant cargo and density of sEVs released from αVβ-positive prostate cancer cells

Our analysis of sEVs isolated via IDG (Figure 2a) shows that expression of αVβ3 in C4-2B cells causes all sEV markers to be
enriched in a low-density (LD) subpopulation. The red boxes indicate the LD fractions of αVβ3-C4-2B (left panel) and Mock-
C4-2B (right panel) sEVs; the black dotted boxes indicate the fractions that show enrichment of sEVmarkers Alix, CD81 andCD9
in αVβ3-C4-2B and Mock-C4-2B sEVs. As indicated by the change in position of the dotted boxes, sEV markers are specifically
enriched in a LD subpopulation in αVβ3-C4-2B sEVs (Figure 2a, S1a–c). In addition to the enrichment of NgR2, αVβ3-C4-2B
sEVs are also enriched in RhoA, a protein associated with aggressive phenotypes of PrCa (Schmidt et al., 2012). Both αVβ3-C4-
2B andMock-C4-2B sEVs also express the tetraspanin CD63; furthermore, αVβ3-C4-2B sEVs show αV expression (not shown).
These results indicate that the αVβ3 integrin co-fractionates with NgR2 in sEVs, suggesting that the interaction between these
two proteins, previously shown in cells (Quaglia et al., 2022), remains stable in sEVs.
In parallel, the interaction of the αVβ3 integrin with the ECM protein fibronectin (FN) was analysed as a potential component

of the enrichment of LD sEVs isolated from αVβ3-C4-2B cells. αVβ3-C4-2B cells, Mock-C4-2B cells, their respective sEVs and
FNwere analysed by IB with Abs against FN, β3, CD9 and CANX (Figure 2b). Additionally, αVβ3-C4-2B andMock-C4-2B sEVs
were trypsinized to cleave FN from the surface of sEVs and subsequently separated by IDG. Both αVβ3-C4-2B cells and their
respective sEVs show FN enrichment when compared toMock-C4-2B. In contrast, FN is absent in trypsinized αVβ3-C4-2B and
Mock-C4-2B sEVs. Moreover, IB analysis of the individual IDG fractions of trypsinized αVβ3-C4-2B sEVs shows that the sEVs
remain enriched in a LD subpopulation (Figure 2c, respective densities shown in Figure 2d).
The αVβ3 co-activator Kindlin-2 (K2) is also detectable at higher levels in the sEVs isolated from αVβ3-C4-2B as compared to

Mock-C4-2B sEVs (Figure 2a). We have previously shown that αVβ3 expression does not affect K2 levels in cells (Quaglia et al.,
2022), but here we show that αVβ3 contributes to the enrichment of K2 in sEVs. In parallel, we tested if the downregulation of
K2 affects αVβ3 levels in sEVs. As previously reported (Quaglia et al., 2022), PC3 cells were incubated with a single-guided RNA
against K2 (sgK2) or the control counterpart (sgControl). sgControl or sgK2 lysates and a pool of the first five fractions of their
derived sEVs, isolated by IDG (Figure 2e), were analysed by IB with Abs to β3, K2, CD9, CD81 and CANX. The results show that
the downregulation of K2 does not affect αVβ3 levels in sEVs. We also show, through single vesicle analysis, that the incubation
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F IGURE  Proteomic analysis of αVβ3-C4-2B sEVs and Mock-C4-2B sEVs. (a) Nanoparticle tracking analysis (NTA) of sEVs isolated via iodixanol
density gradient (IDG) from prostate cancer (PrCa) cells exogenously expressing αVβ3 (αVβ3-C4-2B or αVβ3-LNCaP) or a negative control vector
(Mock-C4-2B or Mock-LNCaP); αVβ3-C4-2B sEVs (top left panel), Mock-C4-2B sEVs (bottom left panel), αVβ3-LNCaP sEVs (top right panel) and
Mock-LNCaP sEVs (bottom right panel) are shown, n = 2 biological replicates for each condition. (b-c) sEVs isolated from αVβ3 and Mock transfectants were
analysed by immunoblotting (IB). Expression of β3, NgR2, Alix, TSG101, CD9 and Calnexin (CANX) was analysed. Total cell lysate (TCL) was used as a
positive control for CANX. (b) IB results of Mock-C4-2B and αVβ3-C4-2B sEVs. (c) IB results of Mock-LNCaP and αVβ3-LNCaP sEVs. (d) Expression
heatmap of 33 high-confidence proteins identified as upregulated at least 5-fold in αVβ3-C4-2B versus Mock-C4-2B sEVs. (e) Expression heatmap of genes
related to cell proliferation that are significantly upregulated in neuroendocrine (NE) versus castrate-resistant (CR) PrCa (top section) or downregulated in NE
versus CR PrCa (bottom section). (f) Activation Z scores for functions enriched among genes significantly affected in NEPrCa that are known targets of
proteins upregulated in αVβ3-C4-2B versus Mock-C4-2B sEVs, characterized by ingenuity pathway analysis.
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 of  VERRILLO et al.

F IGURE  Expression of αVβ3 shifts sEV markers to a lower density sEV subpopulation. (a) sEVs were isolated from the supernatant of αVβ3-C4-2B
(left panel) and Mock-C4-2B (right panel) PrCa cell transfectants via IDG separation. Fractions 1–10 were analysed through IB; each fraction is labeled with its
respective density (g/mL). sEVs and TCL were characterized for expression of β3, NgR2, Kindlin-2 (K2), RhoA, Alix, CD81, CD9 and CANX. Red boxes
indicate the low-density (LD) fractions of αVβ3-C4-2B (left panel) and Mock-C4-2B (right panel) sEVs; the black dotted boxes indicate the fractions that show
enrichment of sEV markers Alix, CD81 and CD9 in αVβ3-C4-2B and Mock-C4-2B sEVs. (b) IB analysis of trypsinized and non-trypsinized sEVs isolated from
Mock-C4-2B and αVβ3-C4-2B cells. Fibronectin (FN), Mock-C4-2B TCL and αVβ3-C4-2B TCL were also analysed for expression of FN, β3, CD9 and CANX.
(c) Trypsinized αVβ3-C4-2B sEVs isolated by IDG, lysates fromMock-C4-2B and αVβ3-C4-2B cells were also analysed by IB for expression of β3, NgR2, CD9,
Syntenin and TSG101. (d) Densities (g/mL) of IDG fractions 1–10 of trypsinized αVβ3-C4-2B sEVs are shown. (e) sEVs were isolated from sgK2 and sgControl
PC3 cells by IDG separation into ten fractions; sEV fractions 1–5 were pooled for analysis. sgControl or sgK2 TCLs and sEVs were analysed by IB using Abs to
β3, K2, CD9, CD81 (left panel) and CANX (right panel). (f) ExoView analysis of sEVs isolated from PC3 sgK2 or PC3 sgControl cells. sEVs were captured on
chips coated in triplicate with Abs against CD63, CD81, CD9 and MIgG and analysed for CD9, detected using Alexa 488-Ab against CD9. (g) ExoView analysis
of sEVs isolated from PC3 cells. sEVs were captured on chips coated in triplicate with Abs against CD63, CD81, CD9 and MIgG. Normalized particle count of
αVβ3-positive sEVs, detected using Alexa 555-Ab LM609 against αVβ3 is shown. Particle counts were normalized as described in Materials and Methods
Section 2.8.

of sgK2 does not impact sEV tetraspanin profiles (CD63, CD81 and CD9) when compared to sgControl (Figure 2f). In addition,
we show through ExoView analysis of PC3 sEVs, that αVβ3 is expressed on the surface of sEVs (Figure 2g) and is recognized by
LM609, an inhibitory Ab to a unique αVβ3 epitope. This Ab is bound most abundantly to sEVs captured by the CD9 and CD63
Abs, and less by sEVs bound to the CD81 capture spot. Overall, these data show that αVβ3 expression causes aberrant cargo
loading and density of sEVs secreted from PrCa cells without affecting the sEV tetraspanin profiles.
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F IGURE  Characterization of sEVs isolated from NgR2-DU145 PrCa cells. (a) IB of sEVs isolated from NgR2-DU145 and Mock-DU145 transfectants via
IDG; fractions 2–5 were pooled, lysed and analysed using Abs to NgR2, CD9 and CANX. NgR2-DU145 sEVs (NgR2-sEVs) were compared to control
Mock-DU145 sEVs (Mock-sEVs); NgR2-DU145 and Mock-DU145 TCLs were used as a positive control for CANX. (b) NTA of NgR2-sEVs and Mock-sEVs
(n = 2 biological replicates for each condition). (c,d) Single vesicle characterization of NgR2-sEVs and Mock-sEVs by ExoView. (c) Comparison of normalized
number of particles positive for CD9 of NgR2-sEVs and Mock-sEVs, detected using Alexa 488-Ab against CD9 using capture Abs to CD9, CD81, CD63 and
MIgG (n = 3). Particle counts were normalized as described in the Materials and Methods Section 2.8. (d) Representative images of NgR2-sEVs and
Mock-sEVs captured on CD9 Ab or MIgG coated chips. Binding of sEVs to mAbs against CD63 (Alexa 647-Ab; red), CD81 (Alexa 555-Ab; green) and CD9
(Alexa 488-Ab; blue) was analysed. White = CD63 (Alexa 647-Ab; red), CD81 (Alexa 555-Ab; green) and CD9 (Alexa 488-Ab; blue); cyan = CD81 (Alexa
555-Ab; green) and CD9 (Alexa 488-Ab; blue); yellow = CD63 (Alexa 647-Ab; red), CD81 (Alexa 555-Ab; green); purple = CD63 (Alexa 647-Ab; red) and CD9
(Alexa 488-Ab; blue). The bar in each image represents 5 μm.

. Transfer of NgR-positive sEVs to recipient cells increases tumour growth

We investigated whether the transfer of sEVs that contain NgR2 to recipient cells increases tumour growth. For this purpose, we
isolated sEVs via IDG fromDU145 cells exogenously expressingNgR2 (NgR2-sEVs) and compared them to controlMock-DU145
sEVs (Mock-sEVs). NgR2-sEVs as well as Mock-sEVs were analysed by IB for NgR2, CD9 and CANX expression (Figure 3a);
the results show that the levels of CD9 are comparable (Figure 3a), and NTA shows that the average size of both sEV types is= to
or < 200 nm (Figure 3b). Similarly, single vesicle characterization (Figure 3c) shows that NgR2-sEVs and Mock-sEVs express
comparable levels of CD9 and bind equally well to CD9, CD81 and CD63 Abs. Images of both sEVs captured on the CD9-Ab
coated chip also show similar expression of tetraspanins CD63, CD81 and CD9 (Figure 3d).

To visualize the transfer of NgR2 to recipient cells in vitro, LNCaP cells, selected for their low levels of NgR2 expression,
were incubated with sEVs isolated from PC3 cells transfected with shRNA against NgR2 (shRTN4RL2) or scramble shRNA,
characterized previously (Quaglia et al., 2022; Testa et al., 2023). Cells were incubated with sEVs for 24 h, lysed, and analysed
by IB for Abs against NgR2, RhoA and CANX (Figure 4a). The recipient cell expression of NgR2 increases upon incubation
of NgR2-positive (shScramble) sEVs when compared to shRTNRL sEVs. This result indicates that NgR2 is transferred from
NgR2-positive sEVs to recipient cells. Additionally, NgR2-positive sEVs increase recipient cell expression of RhoA.
To analyse the effects of NgR2-positive sEVs on tumour growth in vivo, NgR2-sEVs and Mock-sEVs were intratumorally

injected into DU145 tumours grown in SCID mice to a tumour size of 100 mm3 (n = 9/group). PBS was used as a negative
control (n = 11). Tumour volume was measured every 3 days, for 14 days after the initial injection of sEVs, and final tumour
weight wasmeasured at the time of sacrifice. The result shows that NgR2-sEVs significantly increase (p< 0.0001) tumour volume
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 of  VERRILLO et al.

F IGURE  Transfer of NgR2+ sEVs to recipient cells increases tumour growth and Synaptophysin expression. (a) IB analysis of LNCaP TCLs collected
24 h after sEV incubation. Samples were incubated with PBS (−) or incubated with 10 μg/mL PC3 shScramble or PC3 shRTNRL sEVs. Samples were analysed
for expression of NgR2, RhoA and CANX. (b) DU145 cells (2 × 106) were subcutaneously injected in SCID mice and grown to a tumour size of 100mm3. Once
grown, intratumoral injection with NgR2-sEVs (n = 9), Mock-sEVs (n = 9) or PBS (n = 11) as a negative control, was performed. Tumour volume was
measured every 3 days for a timespan of 14 days after initial injection of sEVs. Statistical analysis was performed using ANOVA with post-hoc Tukey’s multiple
comparisons test, p < 0.0001. (c) Tumour weight (g) at time of sacrifice was measured 14 days after initial injection of NgR2-sEVs, Mock-sEVs or PBS.
Statistical analysis was performed using ANOVA with post-hoc Tukey’s multiple comparisons test, p < 0.0001. (d,e) Immunohistochemical (IHC) analysis of
DU145 tumours injected with NgR2-sEVs or Mock-sEVs. Tissues were collected at time of sacrifice. Images were captured under 20×magnification; the bars in
each image represent 50 μm. (d) Tissues were stained for expression of NgR2; non-immune IgG was used as control. (e) Tissues were stained for expression of
Synaptophysin (SYP); non-immune IgG was used as control. (f) EVs were isolated from PC3 NgR2 KO and PC3 Control cells by differential ultracentrifugation
and analysed by IB for Abs against NgR2, CD9, TSG101 and CANX. (g) IB analysis of DU145 TCLs collected 24 h after incubation with PC3 NgR2 KO or PC3
Control sEVs; all sEVs were isolated by IDG separation. Samples were analysed for expression of phosphorylated FAK (FAKpY397), tFAK and Actin. (h) Log2
normalized mRNA expression of RTNRL (NgR2) in PrCa patient-derived serum EVs (n = 24) and urine EVs (n = 7), tumour tissue (n = 5) and normal
tissue (n = 5). P-values were derived via Wilcoxon tests.
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(Figure 4b) andweight (Figure 4c) as compared to controlMock-sEVs. Immunohistochemical (IHC) analysis of tumours injected
with NgR2-sEVs (n = 4) shows increased intensity of NgR2 expression when compared to tumours injected with Mock-sEVs
(n= 3) (Figure 4d, intensity grading Figure S2, p= 0.0262). Synaptophysin (SYP), a marker associated with NEPrCa, is expressed
in NgR2-sEV injected tumours (n= 9) and is undetectable inMock-sEV injected tumours (n= 9) (Figure 4e). Overall, the result
shows that the transfer of NgR2 to recipient cells via sEVs, which is detectable both in vitro (Figure 4a) and in vivo (Figure 4d),
increases tumor growth and induces a NE phenotype.
To analyse the impact of sEVs that contain NgR2 on downstream pathway activation, EVs were isolated from PC3 NgR2

CRISPR knock-out (NgR2 KO) cells or PC3 Control cells and analysed by IB with Abs against NgR2, CD9, TSG101 and CANX
(Figure 4f). NgR2 expression is downregulated inNgR2KOEVswhen compared toControl EVs. BothNgR2KOandControl EVs
express CD9 and TSG101 and do not express CANX. DU145 cells were then incubated with sEVs, isolated by IDG separation,
from NgR2 KO or Control cells. Cells were cultured for 24 h, lysed and analysed by IB for Abs against phosphorylated focal
adhesion kinase (FAKpY397), total FAK (tFAK) or Actin (Figure 4g). This result demonstrates that cells incubated with PC3
Control sEVs show increased expression of FAKpY397 when compared to NgR2 KO sEVs, while tFAK protein expression levels
remain comparable.
Finally, through RNA sequencing analysis of samples characterized by Chen et al. (Chen et al., 2022), we show significant

enrichment of RTNRL (NgR2) in PrCa patient samples (urine-derived EVs, serum-derived EVs and tumour tissue) when
compared to normal prostate tissue (Figure 4h). The analysis demonstrates that the RTNRL mRNA expression reflects the
presence of PrCa and could be detected in biofluids via EVs.

. NgR promotes tumour growth

To compare the effect on tumour growth of NgR2-positive sEVs to their cells of origin, we tested the ability of NgR2-expressing
cells to promote tumour growth in vivo. We subcutaneously injected SCID mice (n = 10) with DU145 cells expressing NgR2
(NgR2-DU145) or Mock (Mock-DU145) transfectants. At day 18, the DU145 PrCa cell transfectants expressing NgR2 form a
palpable tumour that continues to grow until euthanasia (day 30) (Figure 5a). At day 30, both tumour volume and weight of
NgR2-DU145 tumours are significantly higher thanMock-DU145 tumours (Figure 5a, b). The transfectants analysed by IB show
that the levels of the αVβ3 integrin are comparable in NgR2 and Mock PrCa cells (Figure 5c).
A parallel analysis similarly shows that NgR2 promotes tumour growth; PC3 cells transfected with shRNA against RTNRL

[shRTNRL_3 (n = 6), shRTNRL_2 (n = 5) or shRTNRL_1 (n = 5)], or scramble shRNA (n = 6) were injected sub-
cutaneously into SCID mice; the xenografts were collected 17 days after injection. Tumour growth rates were decreased for
shRTNRL clones when compared to xenografts that express NgR2 (Scramble shRNA) (Figure 5d). The tumour weights, mea-
sured at time of sacrifice, show that cells lacking NgR2 expression form tumours at a lower rate than cells expressing NgR2
(Figure 5e). IHC analysis of PC3 tumour tissues collected at 17 days (time of sacrifice) shows reduced expression of NgR2 in
shRTNRL expressing tumours as compared to scramble shRNA expressing tumours (Figure 5f). These results show that NgR2
promotes tumour growth and its effect is not dependent on altered levels of the αVβ3 integrin, to which it associates (Quaglia
et al., 2022).

 DISCUSSION

In this paper, we demonstrate for the first time that the expression of the αVβ3 integrin in cells results in the formation of
LD sEVs, which carry an increased amount of NgR2, a protein known to promote NED. In addition, we provide evidence that
NgR2 contributes to tumour growth in vivo and that intratumoral injection of αVβ3/NgR2+ PrCa sEVs promotes PrCa tumour
growth and induces NED. Overall, our findings indicate, as depicted in Figure 6, that sEVs expressing αVβ3 and NgR2 are key
components of PrCa progression.
sEVs contribute to tumour growth by impacting multiple mechanisms, including angiogenesis, cell death evasion and

epithelial-mesenchymal transition (Kogure et al., 2020;Möller & Lobb, 2020; Shelton et al., 2018). Their small size allows for both
local and systemic distribution throughout the body (Gurung et al., 2021) via both autocrine and paracrine signalingmechanisms
(Zhang & Grizzle, 2014). We show that αVβ3-C4-2B sEVs exhibit increased expression of genes associated with cell proliferation
and tumour cell survival compared toMock-C4-2B sEVs. Our findings indicate that the exogenous expression of αVβ3 in C4-2B
PrCa cells, when compared to Mock control cells, shifts sEVs to a LD subpopulation. It has been reported that LD sEVs and HD
sEVs differentially express DNA and proteins (Kowal et al., 2016; Lázaro-Ibáñez et al., 2019). Studies have also shown that LD
sEVs and HD sEVs differentially impact recipient cell gene expression (Willms et al., 2016). The relationship between the shift
that we observe from a HD to a LD subpopulation and the change in gene expression could potentially play a crucial role in the
overall uptake of sEV content by recipient cells.
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 of  VERRILLO et al.

F IGURE  NgR2 expression increases tumour growth. (a) Tumour volume measured twice a week for 30 days following subcutaneous injection of
Mock-DU145 or NgR2-DU145 cells (2×106) in SCID mice (n = 10 mice for each group), analysed by mixed effects linear regression, P-value for difference in
growth rates p = 0.0002. (b) Tumour weight 30 days after subcutaneous injection of Mock-DU145 or NgR2-DU145 cells, recorded after sacrifice (n = 10 mice
for each group), Kruskal Wallis test p < 0.0001. (c) IB characterization using Abs to CANX, NgR2 and β3 for DU145 cells exogenously expressing NgR2. Two
populations of NgR2-DU145 cells and one population of Mock-DU145 control cells were analysed. (d) Tumour volume measured twice a week for 17 days
following subcutaneous injection of cells expressing NgR2 shRNA compared to control scramble shRNA (n = 5–6 mice for each condition). Statistical analysis
was performed using ANOVA with post-hoc Dunnett’s multiple comparisons test, shRTNRL_3 p = 0.0055, shRTNRL_2 p = 0.0039, shRTNRL_1
p = 0.0066. (e) Tumour weight at time of sacrifice of SCID mice 17 days after subcutaneous injection of PC3 cells expressing NgR2 shRNA compared to control
scramble shRNA (n = 5–6 mice for each condition). Statistical analysis was performed using ANOVA with post-hoc Dunnett’s multiple comparisons test,
shRTNRL_3 p = 0.0037, shRTNRL_2 p = 0.0039, shRTNRL_1 p = 0.0213. (f) IHC analysis of shScramble or shRTNRL (shRTNRL_3) tumour tissues
collected at time of sacrifice. Tissues were stained for expression of NgR2; non-immune IgG was used as control. Images were captured under 20x
magnification; the bars in each image represent 50 μm.

F IGURE  Schematic representation of the findings described in this paper. sEVs released from αVβ3+ cancer cells express higher levels of NgR2 as
compared to sEVs released from αVβ3- cancer cells. These low-density sEVs show a similar tetraspanin profile whether they express NgR2 or not. sEVs
released from αVβ3+ NgR2+ cancer cells are transferred to PrCa recipient cells, which do not express NgR2. Upon sEV transfer, cells that acquire αVβ3 and
NgR2 form tumours larger than those without NgR2. Furthermore, the expression of NgR2 and αVβ3 in recipient PrCa cells leads to the induction of a NE
phenotype and the development of NEPrCa. Created with BioRender.com.
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Specific integrins in sEVs have been identified as novel markers of a multitude of cancers, including prostate, breast and
pancreatic cancer (Krishn et al., 2019; Lucotti et al., 2022; Paolillo & Schinelli, 2017). In previous studies, we have reported that
the αVβ3 integrin is upregulated in NEPrCa (Quaglia et al., 2020) and that the expression of αVβ3 regulates NgR2 as a driver
of NEPrCa progression in vitro (Quaglia et al., 2022). In this manuscript, for the first time, we provide evidence that NgR2 in
sEVs drives tumour growth. Although we cannot exclude autocrine mechanisms of sEVs as drivers of tumour growth, paracrine
pathways are more relevant due to the cascade of signals from single cells to multiple cells as a major driver of tumour cell
differentiation.We investigated the impact of sEVs that express NgR2 in vivo by administering sEVs via intratumoral injection, a
methodproven effective in sEV studies (Jella et al., 2020; Lu et al., 2022; Peng et al., 2022). In a previous study byMatsumoto et al., a
considerable percentage of intratumorally injected radio-labelledmelanoma sEVs remained local to tumour tissue and impacted
tumour growth (Matsumoto et al., 2017). Another study by Lara et al. showed that the intratumoral injection of fluorescently
labelled EVs remained local to the tumour site after 70 h in mice (Lara et al., 2021). In our study, the intratumoral injection
of NgR2-positive sEVs allowed for a clear result of their impact on PrCa tumour growth. NgR2 has also been investigated for
affecting macrophage efflux after injury and regulating leukocyte infiltration into tissues (Fry et al., 2007; Steinbach et al., 2011).
Therefore, we speculate that NgR2-positive sEVs may affect the immune response in PrCa.
The mechanisms underlying the development of NEPrCa, which include the loss of androgen dependence and an increase

in neuronal markers, remain unclear (Yamada & Beltran, 2021). Established neuronal markers upregulated in NEPrCa include
SYP, chromogranin A and neuron specific enolase; additional neuronal markers associated with NED continue to be identified
(Beltran et al., 2011). It is known that the signaling molecule FAK is activated by integrins (Zheng et al., 1999) and its phospho-
rylation is associated with increased cell survival and inhibition of apoptosis (Cooper et al., 2002). Our results also show that
NgR2-sEVs increase FAK activity in recipient cells, while maintaining consistent levels of total FAK expression in vitro. This
increased activation of FAK, modulated by NgR2-sEVs, may contribute to tumour progression.
The effect of αVβ3 is well-known in cancer progression and includes angiogenesis, migration and association with growth

factor receptors (Ludwig et al., 2021). It is also known that tumour cells expressing αVβ3 in specific activation states contribute to
tumour cell extravasation andmetastasis (Weber et al., 2016). Treatments that specifically target the αVβ3 integrin have also been
reported to be effective at inhibiting PrCa progression (Jiang et al., 2017). In contrast, the role of NgR2 in cancer progression has
been minimally reported (Osman et al., 2021; Quaglia et al., 2022). In this study, we conclude that αVβ3 expression is crucial for
NgR2 expression in sEVs. Previous reports have established NgR2 as having multiple purposes in neuronal functions, including
the regulation of axonal growth anddendritic cell adhesion tomyelin (Barton et al., 2003;McDonald et al., 2011).Our report shows
that αVβ3 is required for NgR2 expression in both cells and sEVs and suggests that their interactions in sEVs may control their
impact on recipient cell uptake in the tumour microenvironment. There is debate on whether αVβ3 is required for sEV uptake;
previous studies have shown that αVβ3 expression in cells is a crucial component to sEV uptake and relies on the interactions
with proteins such as dynamin and FAK (Altei et al., 2020; Fuentes et al., 2020); in contrast, our laboratory has reported that αVβ3
expression in sEVs is not required for recipient cell uptake (Krishn et al., 2019). Whether the interaction of the αVβ3 integrin
with NgR2 in cells is essential for sEV uptake in recipient cells requires further investigation.
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