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Abstract

Background: Prostate‐specific membrane antigen (PSMA) is highly expressed

in poorly differentiated, metastatic, and castration‐resistant prostate cancers.

Recently, 68Ga‐PSMA positron emission tomography/computed tomography has

been successfully developed as an effective diagnostic tool for prostate cancer.

However, the pathophysiological functions of PSMA in prostate tumors remain

unclear.

Methods: We examined the protein expression of PSMA in tumor endothelial cells

in human prostate tumors by immunohistochemistry. Prostate cancer tissues were

resected by robotic surgery in 2019 at Ehime University from patients with

prostate cancer. In vitro, we prepared conditioned medium (CM) derived from a

PSMA‐positive human prostate cancer cell line, LNCaP, cultured on collagen I gels.

We then examined PSMA expression in human umbilical vascular endothelial cells

(HUVECs) cultured with the CM. We assessed angiogenic activities by treatment of

HUVECs with LNCaP‐derived CM using a tube formation assay that mimics

angiogenesis.

Results: Immunohistochemistry of PSMA and CD31, a marker of endothelial cells,

and PSMA‐expressing tumor endothelial cells were observed in 4 of 33 prostate

cancer patients (12.1%). We also found that the 10,000g pellet fraction of the

LNCaP‐derived CM containing PSMA‐positive membranes, such as microvesicles

transformed HUVECs “PSMA‐negative” into “PSMA‐positive.” Furthermore, treat-

ment of HUVECs with the 10,000g pellet fraction of the LNCaP‐derived CM sig-

nificantly promoted tube formation, mimicking angiogenesis in a PSMA‐dependent

manner.
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Conclusions: Our findings revealed the existence of PSMA‐positive tumor en-

dothelial cells in human prostate tumors, which enhances tumor angiogenesis in

prostate cancer tissues.

K E YWORD S

human umbilical vascular endothelial cells (HUVECs), LNCaP, prostate cancer specimen,
prostate‐specific membrane antigen (PSMA), tube formation, tumor endothelial cells

1 | INTRODUCTION

Prostate‐specific membrane antigen (PSMA) is highly expressed

in poorly differentiated, metastatic, and castration‐resistant human

prostate cancers.1–3 In contrast, normal prostate epithelial cells

express less PSMA.4,5 Clinically, 68Ga‐PSMA PET/CT has been suc-

cessfully established as an effective diagnostic tool for prostate

cancer.6–11 A Lutetium‐177 labeled‐anti‐PSMA antibody and PSMA

ligands have been developed as targeted molecular radiotherapy for

castration‐resistant prostate cancer patients.12–14

From a molecular standpoint, PSMA is a type II transmembrane

protein that possesses both glutamate carboxypeptidase II and

folate hydrolase enzyme activities.15–17 Although normal human

endothelial cells express lower levels of PSMA,4,5 tumor endothelial

cells in various solid tumor tissues (e.g., thyroid cancer, glioma,

breast cancer, nonsmall cell lung cancer, colorectal cancer, renal

cell carcinoma) express PSMA at high levels.18–24 The tumor an-

giogenic activities in mice lacking PSMA were drastically reduced.18

Mechanistically, PSMA regulates angiogenesis by modulating in-

tegrin signaling.19 In the case of glioblastoma, PSMA promotes

angiogenesis by regulating the nuclear factor kappa B signaling

pathway.20 These data suggest that PSMA enhances the angiogenic

activity of tumor endothelial cells in various solid tumors. However,

in human prostate cancers, the pathophysiological significance of

PSMA in prostate cancer tissues, including tumor angiogenesis,

remains unclear.

Here, we performed immunohistochemistry of PSMA in human

prostate cancer tissues and found that PSMA‐expressing tumor

endothelial cells were observed in 4 of 33 prostate cancer patients

(12.1%). In vitro, the 10,000g pellet fraction of conditioned medium

(CM) derived from PSMA‐positive prostate cancer cell line (LNCaP

cells) transformed normal endothelial cells “PSMA‐negative” into

“PSMA‐positive.” Treatment of endothelial cells with the 10,000g

pellet fraction of CM derived from LNCaP cells significantly pro-

moted tube formation, mimicking angiogenesis. We also showed

that the 10,000g pellet fraction of CM derived from LNCaP cells

included PSMA proteins and membranes. Our results suggest that

PSMA‐expressing prostate cancer cells release PSMA‐positive

membranes such as microvesicles, which transform neighboring

endothelial cells from PSMA‐negative into PSMA‐positive, pro-

moting tumor angiogenesis.

2 | MATERIALS AND METHODS

2.1 | Antibodies

The following antibodies were purchased from the manufacturers as in-

dicated: rabbit anti‐CD31 antibody (ab28364, dilution 1:1000; Abcam),

mouse anti‐PSMA antibody (Clone 3E6, M3620, dilution 1:1000 for im-

munohistochemistry; Dako), donkey Alexa488‐conjugated anti‐rabbit

immunoglobulin G (IgG) antibody (A21206, dilution 1:500; Life Technol-

ogies Corporation), donkey Alexa594‐conjugated anti‐mouse IgG anti-

body (A21203, dilution 1:500; Life Technologies Corporation), rabbit

anti‐PSMA antibody (12702S, dilution 1:1000 for western blotting

and immunofluorescence; Cell Signaling Technology), mouse anti‐

glyceraldehyde 3‐phosphate dehydrogenase (GAPDH) antibody (5A12,

dilution 1:6000; Wako), goat Cy3‐conjugated anti‐rabbit IgG antibody

(A10520, dilution 1:2000; Molecular Probes), goat Alexa488‐conjugated

anti‐mouse IgG antibody (A11001, dilution 1:2000; Molecular Probes),

horseradish peroxidase (HRP)‐conjugated anti‐rabbit IgG antibody

(W4011, dilution 1:2000; Promega), and HRP‐conjugated anti‐mouse IgG

antibody (W4021, dilution 1:2000; Promega).

2.2 | Plasmids

PSMA was amplified with the Halo‐PSMA vector (FHC9160; Promega)

using the following primer pairs: Myc‐PSMA‐F: ATGGAACAAAAAC

TCATCTCAGAAGAGGATCTGATGTGGAATCTCCTTCACGA and PSMA‐

R: TTAGGCTACTTCACTCAAAG, PSMA‐F: ATGTGGAATCTCCTTCAC-

GA and PSMA‐myc‐R: TTACAGATCCTCTTCTGAGATGAGTTTTTGTT

CGGCTACTTCACTCAAAGTCT. The PCR products were introduced into

the blunt ends of the CSII‐CMV‐MCS‐IRES2‐Bsd vector (a kind gift from

Dr. Hiroyuki Miyoshi, RIKEN).

2.3 | Cell culture

LNCaP, PC3, and DU145 cells were purchased from ATCC and

maintained at 37°C with 5% CO2 in RPMI (Wako) supplemented with

10% fetal bovine serum (FBS), 20 U/ml penicillin, and 100 µg/ml

streptomycin. HEK293T cells were maintained at 37°C with 5% CO2

in Dulbecco's modified Eagle medium (Wako) supplemented with
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10% FBS, 20 U/ml penicillin, and 100 µg/ml streptomycin. Human

umbilical vascular endothelial cells (HUVECs) were purchased from

Lonza. HUVECs were maintained at 37°C with 5% CO2 in EBM‐2

(Lonza) according to the manufacturer's instructions. HUVECs at

passages 2–4 were used for the experiments. HUVECs cultured on

collagen I gels were treated with the CM. PC3 cells that stably ex-

press Myc‐PSMA or PSMA‐myc were established by selection with

50 µg/ml blasticidin S (Wako) after infection with lentivirus carrying

the Myc‐PSMA or PSMA‐myc gene.

2.4 | Transfection

For transfection of plasmids into HEK293T cells, GeneJuice

(Millipore) was used according to the manufacturer's instructions. At

48 h posttransfection, the cells were subjected to subsequent ex-

periments. Transfection of prostate cancer cells with small inter-

fering RNAs (siRNAs) (10 nM) was performed using RNAimax

(Invitrogen) according to the manufacturer's instructions. Sub-

sequent experiments were performed 72 h posttransfection. The

following validated siRNA duplex oligomers were purchased and

used for knockdown experiments: GGGCGAUCUAGUGUAU-

GUUAACUAU (siPSMA; Invitrogen). Control siRNA was purchased

from Sigma‐Aldrich (SIC‐001).

2.5 | Lentiviral expression

Lentiviruses carrying Myc‐PSMA or PSMA‐myc were generated as

described previously (Watanabe, 2020). The CSII‐CMV‐MCS‐IRES2‐

Bsd, pCAG‐HIVgp, and pCMV‐VSVG‐RSV‐Rev vectors were kind

gifts from Dr. Hiroyuki Miyoshi (RIKEN).

2.6 | Western blotting

Western blotting was performed as described previously.21

2.7 | RT‐PCR

Real‐time PCR was performed as previously described.22

The following pairs of primers were used:

5′‐CAGCTGGAAATATCCTAAATCTGA‐3′ (PSMA sense primer),

5′‐TTGGATGAACAGGAATACTTGGAA‐3′ (PSMA antisense primer),

5′‐TGCACCACCAACTGCTTAGC‐3′ (GAPDH sense primer) and 5′‐

GGCATGGACTGTGGTCATGAG‐3′ (GAPDH antisense primer).

2.8 | Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde in phosphate buffered

saline (PBS) for 30min at room temperature and permeabilized with

0.1% Triton X‐100 in PBS for 15min at room temperature. For

staining of endogenous PSMA, cells were fixed with 10%

F IGURE 1 Expression of PSMA protein in human prostate cancer tissues and adjacent benign prostate tissues (n = 33). Representative
images of immunohistochemical staining for PSMA and CD31 (a marker of endothelial cells) in human prostate cancers (A) and their adjacent
benign prostate tissues (B) are shown. The neighboring sections of human prostate cancer tissues were subjected to fluorescence
immunohistochemistry for PSMA (red) and CD31 (green). The PSMA‐positive tumor endothelial cells are indicated by arrowheads. White arrows
indicate PSMA‐positive prostate cancer cells. The PSMA‐negative normal endothelial cells are indicated by yellow arrowheads. Yellow arrows
indicate PSMA‐negative normal prostate cells. Bars: 100 µm. See also Table 1. Case 1. 67‐year‐old male PSA 9.65 ng/ml, Gleason score 4 + 5,
pT2c EPE0, RM0, ly1, v0, n0, and sv0. Case 2. 68‐year‐old male PSA 5.5 ng/ml, Gleason score 4 + 5, pT2c EPE0, RM1, ly1, v0, n1, sv0. Case 3. 69‐
year‐old male PSA 11.49 ng/ml, Gleason score 4 + 5, pT2a EPE0, RM0, ly1, v0, n1, sv0. Case 4. 68‐year‐old male PSA 13.4 ng/ml, Gleason score
4 + 4, pT3a EPE1, RM0, ly1, v1, n1, and sv0. PSMA, prostate‐specific membrane antigen [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Clinical information of human prostate cancer tissues
containing PSMA‐positive or PSMA‐negative tumor endothelial cells

Prostate tumors with
PSMA‐positive tumor
endothelial
cells (n = 4)

Prostate tumors with
PSMA‐negative
tumor endothelial
cells (n = 29)

Median age, years

(range)

68.25 (67–69) 69.66 (51–80)

Gleason score

≥8 4 10

<8 0 19

Median preoperative
PSA, ng/ml (range)

11.49 (5.5–13.4) 6.346 (3.8–24.0)

EPE+ 1 (25%) 5 (17.24%)

RM+ 1 (25%) 5 (17.24%)

ly+ 4 (100%) 14 (48.27%)

v+ 1 (25%) 0 (0%)

n+ 4 (100%) 21 (72.41%)

sv+ 0 (0%) 3 (10.34%)

Note: A total of 33 prostate cancer specimens were resected in robotic
surgeries at Ehime University Hospital. The number of PSMA‐positive or
PSMA‐negative tumor endothelial cells neighboring human prostate

epithelial cancer cells in prostate tumor tissues were counted. We defined
CD31‐positive endothelial cells as being PSMA‐positive when PSMA
staining signals exceeded the threshold of 80

Abbreviations: EPE, extraprostatic extension; ly, lymph invasion; n, lymph node
metastasis; PSA, prostate specific antigen; PSMA, prostate‐specific membrane
antigen; RM, resection margin; sv, seminal vesicle invasion; v, venous invasion.
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trichloroacetic acid in PBS for 15min at 4°C and permeabilized with

0.05% saponin in PBS for 5min at room temperature. After blocking

with 3% bovine serum albumin in PBS for 30min at room tempera-

ture, the cells were incubated with primary antibodies and then with

fluorophore‐conjugated secondary antibodies. To stain the nuclei,

fixed cells were treated with Hoechst 33342 (dilution 1:2000;

Molecular Probes) at room temperature for 1 h.

2.9 | Confocal microscopy

Confocal microscopy was performed using the A1R laser confocal mi-

croscope (Nikon) with a ×60 1.27 Plan‐Apochromat water immersion

lens. Images were analyzed using the ImageJ or FIJI software (NIH).

2.10 | Preparation of CM

The 1.5 × 105 cells/ml of prostate cancer cells were seeded on 6‐well

plates coated with 500 µl of collagen I gel in each well. Three days

later, the culture medium was removed and replaced with 2ml of

fresh RPMI medium in each well. The cells were incubated for 3 days,

after which the media were collected and centrifuged at 1000g for

5 min. The supernatants were saved and defined as the conditioned

media. For the concentration of a 10,000g pellet fraction of CM,

10ml of CM was centrifuged at 10,000g, and the supernatants were

removed. The pellet was resuspended in 1ml of EBM‐2.

2.11 | Tube formation assay on collagen I gels

Tube formation assays were performed as previously described.23

Tube length was measured using ImageJ or FIJI (NIH).

2.12 | Centrifugation

The CM was centrifuged at 1000g for 10min at 4°C to pellet the

debris. The supernatant media was subjected to centrifugation at

10,000g for 10min at 4°C, and the pellets were designated as

10,000g pellets. The supernatant was transferred to an ultra-

centrifuge tube for further centrifugation at 100,000g for 60min at

4°C (Optima XL80K; Beckman Coulter Inc.), and the pellets were

defined as 100,000g pellets. The collected supernatant was passed

through 0.35 µm filter to remove the larger protein aggregates or

vesicles.

2.13 | Immunohistochemistry

Immunohistochemistry was performed on 10% neutral buffered

formalin‐fiixed and paraffin‐embedded tissue samples, which were

cut on a microtome (3–5 µm thick) and stained according to

standard protocols. The antibodies used in these studies were a

mouse monoclonal to PSMA (M3620; Dako) and a rabbit polyclonal

against CD31 (ab28364; Abcam). Human prostate tumor samples

were prepared from 10% neutral buffered formalin‐fiixed surgical

samples. All samples were judged by pathologists of Ehime Uni-

versity. Sampling was approved by the local institutional review

board and ethics committee of Ehime University Hospital

(Approval No. 1812008).

2.14 | Membrane labeling

The membrane labeling assay was performed using a PKH26 Red

Fluorescent Cell Linker Mini Kit for General Cell Membrane Labeling

(MINI26‐1 kit; Sigma‐Aldrich) according to the manufacturer's instruc-

tions. Briefly, 10,000g of the pellet was suspended in 1ml Diluent C and

mixed with 2× dye Solution; 1ml of diluent with 4µl of the PKH26 dye

solution. The pellets were then washed with PBS and centrifuged three

times at 10,000g. Pellets (10,000g) were suspended in 1ml of EBM‐2.

2.15 | Statistical analysis

Statistical comparisons were made using the two‐tailed the Student t test

or one‐way analysis of variance, followed by Tukey's post hoc test.

F IGURE 2 PSMA was detected in HUVECs cultured with the conditioned medium derived from LNCaP cells. (A) Confocal images of prostate
cancer cells (PC3, DU145, LNCaP cells) cultured in condition 1 or condition 2. The scheme of each condition by which each conditioned medium
(CM) was prepared is shown on the right. To prepare the CM, 1.5 × 105 cells of prostate cancer cells were seeded on 6‐well plastic dishes
(condition 1) or collagen I gels (condition 2). Three days later, the media were replaced with fresh media. The cells were then incubated for
another 3 days, then the media were collected as CM. Bars: 100 µm. (B, C) Confocal images of HUVECs cultured with the CM derived from
LNCaP cells (B) or PC3 and DU145 cells (C). The CM was diluted to half of its concentration with EBM‐2. The resulting solution was added to the
HUVECs seeded on the collagen I gels. Seventy‐two hours later, cells were subjected to immunofluorescence staining for PSMA. Bars: 100 µm.
(D) Western blots of HUVEC lysates cultured with the CM derived from prostate cancer cells in condition 2 for 72 h. The CM was diluted to half
of its concentration with EBM‐2. The resulting solution was added to the HUVECs seeded on the collagen I gels. The lysates from LNCaP cells
were used as a positive control of PSMA expression. (E) The mRNA expression of PSMA in HUVECs cultured with the CM derived from LNCaP
cells in condition 2 for 72 h. The CM was diluted to half of its concentration with EBM‐2. The resulting solution was added to the HUVECs
seeded on the collagen I gels. Data are mean ± SEM from three independent experiments. **p < .01. HUVEC, human umbilical vascular
endothelial cell; mRNA, messenger RNA; PSMA, prostate‐specific membrane antigen [Color figure can be viewed at wileyonlinelibrary.com]
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3 | RESULTS

3.1 | PSMA is expressed in tumor endothelial cells
as well as prostate epithelial cells in human prostate
tumors

We performed immunohistochemical evaluations of the expression of

PSMA protein in the tumor endothelial cells of human primary prostate

cancer tissues that were surgically resected at Ehime University Hospital

by immunohistochemistry. Unexpectedly, we found that CD31‐positive

tumor endothelial cells showed slight expression of PSMA in 4 of 33

cases (12.1%), whereas all prostate cancer cells highly expressed PSMA

(Figure 1A and Table 1). Since normal endothelial cells in normal prostate

tissues do not express PSMA (Figure 1B),5 these data suggest that PSMA‐

positive prostate cancer cells may possess the ability to transform PSMA‐

negative endothelial cells into PSMA‐positive endothelial cells.

3.2 | CM derived from LNCaP cells induce PSMA
expression in HUVECs

Since tumor endothelial cells neighboring PSMA‐positive prostate cancers

express PSMA (Figure 1A and Table 1), we speculated that PSMAmay be

able to transform PSMA‐negative endothelial cells into PSMA‐positive

tumor endothelial cells. To address these mechanisms, we produced CM

derived from various human prostate cancer cell lines (PC3, DU145, and

LNCaP cells) cultured on plastic dishes (condition 1) or collagen I gels

(condition 2) (Figure 2A). We found that, among the prostate cancer cells

tested here, LNCaP cells expressed the PSMA protein (Figure 2A). LNCaP

cells cultured on collagen I gels formed spheres (Figure 2A). HUVECs

seeded on collagen I gels were then cultured with CM obtained under

conditions 1 or 2. As shown in Figure 2B, HUVECs cultured with CM

derived from LNCaP cells in condition 2 expressed PSMA protein,

although control HUVECs cultured with EBM‐2 medium showed un-

detectable levels of PSMA protein. CM derived from LNCaP cells in

condition 1 had a relatively weaker ability to induce PSMA expression in

HUVECs compared to CM derived from LNCaP cells in condition 2

(Figure 2B). We then prepared and used CM derived from prostate

cancer cells in condition 2. In contrast to the CM derived from LNCaP

cells, PSMA protein was not detected in HUVECs cultured with CM

derived from PC3 or DU145 in condition 2 (Figure 2C). Biochemically, we

confirmed that CM derived from LNCaP cells, but not PC3 or DU145

cells, in condition 2 induced the protein expression of PSMA in HUVECs

(Figure 2D). The messenger RNA (mRNA) expression of PSMA was also

significantly induced by treatment of HUVECs with CM derived from

LNCaP cells in condition 2 (Figure 2E). These data suggest that a PSMA‐

positive prostate cancer cell line, LNCaP, releases factors in its CM that

can transform PSMA‐negative HUVECs into PSMA‐positive HUVECs.

A previous study has shown that CM derived from PSMA‐positive

prostate cancer cell lines (LNCaP or MDA‐PCa‐2b cells) cultured on

plastic bottom dishes rarely induced PSMA expression in HUVECs.24 In

contrast, CM derived from LNCaP cells cultured on collagen I gels in-

duced PSMA expression in HUVECs cultured on collagen I gel

(Figure 2A,B). Collectively, collagen I gels are critical for LNCaP cells to

release factors that transform PSMA‐negative HUVECs into PSMA‐

positive HUVECs.

3.3 | The 10,000g pellet fractions of CM derived
from LNCaP cells can transform PSMA‐negative
HUVECs into PSMA‐positive HUVECs

We then sought to identify the fractions in the LNCaP‐derived CM

from LNCaP cells, which can transform PSMA‐negative HUVECs into

PSMA‐positive HUVECs. We fractionated the CM from LNCaP cells

into 10,000g pellets, 100,000g pellets, and 100,000g supernatant by

centrifugation. Half of the 100,000g supernatant was filtered to re-

move large microsomes. HUVECs were then cultured with the CM

fractions from LNCaP cells. As shown in Figure 3A, HUVECs cultured

with the 10,000g pellet fraction expressed the PSMA protein in their

cytosol. The other fractions did not induce the same transformation

of HUVECs from PSMA‐negative into PSMA‐positive (Figure 3A).

Since the 10,000g pellet fraction includes comparatively large ve-

sicles such as microvesicles,25–28 it is likely that microvesicles re-

leased from LNCaP cells may be able to induce this transformation.

To examine the possibility that cell membranes derived from LNCaP

F IGURE 3 Fractionation of the CM derived from LNCaP cells. (A) Confocal images of HUVECs cultured with each fraction of CM derived
from LNCaP cells. Each fraction was diluted to half of its concentration with EBM‐2 or suspended with EBM‐2, and added to the HUVECs
seeded on the collagen I gels. Seventy‐two hours later, cells were subjected to immunofluorescence staining for PSMA. The PSMA‐positive
HUVECs were shown by arrowheads. Bars: 100 µm. The representative images from three independent experiments were shown. (B) Confocal
images of HUVECs cultured with 10,000g pellet fractions of CM derived from LNCaP cells. The 10,000g pellet fraction was labeled with a
membrane marker dye, before the suspension in EBM‐2 medium. The labeled 10,000g pellet was cultured with HUVECs for 6 h, and cells were
subjected to immunofluorescence staining for PSMA. Bars: 10 µm (left) and 2 µm (right; magnified images of squares in left images). The
representative images from three independent experiments were shown. (C) Western blots of 10,000g pellet fraction of CM derived from
LNCaP cells. The lysates from HUVECs and LNCaP cells were used as negative and positive controls of PSMA expression, respectively. The
representative blot data from three independent experiments were shown. (D) Confocal images of HUVECs cultured with the CM derived from
PC3 cells that stably express Myc‐PSMA or PSMA‐myc. The CM was diluted in half with EBM‐2, and added to the HUVECs seeded on the
collagen I gels. Seventy‐two hours later, cells were subjected to immunofluorescence staining for PSMA. Bars: 100 µm. The representative
images from three independent experiments were shown. CM, conditioned medium; HUVEC, human umbilical vascular endothelial cell; mRNA,
messenger RNA; PSMA, prostate‐specific membrane antigen [Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 4 The tube formation assay of HUVECs cultured with 10,000g pellet fraction of CM derived from prostate cancer cells. (A)
Representative images of tube formation. HUVECs seeded on collagen I gel were treated with the 10,000g pellet fraction of CM derived from
LNCaP cells for 6 h, and packed on collagen I followed by VEGF‐A stimulation for 66 h. HUVECs were stained with Calcein‐AM before
acquisition of images. To examine the PSMA dependency, the CM was prepared from LNCaP cells depleted of PSMA. Bars: 100 µm. (B) The
quantitation of (A). Total tube lengths from three independent experiments were measured and normalized to those of cells cultured with normal
EBM‐2. Data are the means ± SEM. *p < .05; n.s., not significant. (C) Western blots of LNCaP cell lysates, 72 h posttransfection with the indicated
siRNAs. (D) Confocal images of PC3 cells stably expressing Myc‐PSMA or PSMA‐myc. Bars: 100 µm. (E) Representative images of tube
formation. HUVECs seeded on collagen I gel were treated with the 10,000g pellet fraction of CM derived from PC3 cells for 6 h, and packed in
collagen I followed by VEGF‐A stimulation for 66 h. HUVECs were stained with Calcein‐AM before acquisition of images. Bars: 100 µm. (F) The
quantitation of (E). Total tube lengths from three independent experiments were measured and normalized to those of PC3 (parental). Data are
the means ± SEM. *p < .05; **p < .01. CM, conditioned medium; HUVEC, human umbilical vascular endothelial cell; mRNA, messenger RNA;
PSMA, prostate‐specific membrane antigen [Color figure can be viewed at wileyonlinelibrary.com]
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cells were endocytosed into or fused to HUVECs, we labeled the

10,000g pellet fraction of the CM derived from LNCaP cells with a

membrane dye. This was then added to the medium containing

HUVECs. We found that the membrane dye partially colocalized with

PSMA in HUVECs (Figure 3B). The 10,000g pellet fraction of CM

derived from LNCaP cells included PSMA proteins (Figure 3C). The

CMs derived from PC3 cells stably overexpressing Myc‐PSMA or

PSMA‐myc transformed PSMA‐negative HUVECs into PSMA‐

positive HUVECs (Figure 3D). Taken together, these data suggest

that PSMA‐positive membranes released from PSMA‐expressing

prostate cancer cells could transform HUVECs from a PSMA‐

negative to a PSMA‐positive state.

3.4 | The 10,000g pellet fractions of CM derived
from PSMA‐expressing prostate cancer cells promote
angiogenesis in vitro

Finally, we examined the effects of the 10,000g pellet fraction of CM

derived from PSMA‐expressing prostate cancer cells on endothelial

function. To this end, we performed a tube formation assay of HUVECs

to mimic angiogenesis. The 10,000g pellet fraction of CM derived from

LNCaP cells significantly enhanced tube formation in HUVECs

(Figure 4A,B). PSMA knockdown significantly suppressed the increase

in tube length of HUVECs (Figure 4A–C). We also prepared a 10,000g

pellet fraction of the CM derived from PC3 cells that exogenously

overexpressed PSMA (Figure 4D). The 10,000g pellet fraction of the

PSMA‐expressing PC3 cell‐derived CM significantly promoted tube

formation in HUVECs compared to that derived from parental PC3

cells, which do not endogenously express PSMA (Figure 4E,F). These

data suggest that PSMA‐positive membranes released from PSMA‐

expressing prostate cancer cells enhance angiogenesis in vitro.

4 | DISCUSSION

PSMA is highly expressed in prostate cancer tissues, and its expression

increases with tumor aggressiveness, metastatic disease, and disease

recurrence.1–3 PSMA is also expressed in several normal tissues such

as the salivary glands, kidney, epididymis, ovary, ileum‐jejunum, and in

astrocytes, while normal prostate tissues express less PSMA.4,5 Re-

cently, it has been reported that tumor endothelial cells of various solid

malignant cancer tissues express PSMA, although normal endothelial

cells do not express PSMA.29–35 In the case of prostate tumors, a

previous study showed that tumor endothelial cells neighboring human

prostate cancer cells did not express PSMA.5 Our present results in-

dicate that, although the percentage of prostate cancer tumors con-

taining PSMA‐positive tumor endothelial cells is low (12.1%), PSMA‐

positive tumor endothelial cells exist in human prostate tumors (-

Figure 1A and Table 1). One remaining issue is the low PSMA positivity

in tumor endothelial cells in prostate tumors in which prostate tumor

epithelial cells highly express PSMA. We found that, in vitro, the tissue

culture of both LNCaP cells (PSMA‐positive) and HUVECs (PSMA‐

negative) on collagen I gels is critical to transform PSMA‐negative

HUVECs into PSMA‐positive HUVECs (Figure 2B) as well as the pro-

motion of angiogenesis (Figure 4A). The CM derived from LNCaP cells

cultured on plastic dishes did not induce tube formation of HUVECs,36

suggesting the necessity of collagen I gels to release angiogenic factors

in 10,000g pellet fractions (such as microvesicles) from LNCaP cells. It

is likely that the potency of PSMA‐positive prostate cancer cells to

transform PSMA‐negative endothelial cells into PSMA‐positive en-

dothelial cells could be influenced by their environments (e.g., extra-

cellular matrix) in prostate tumors in vivo.

In this study, we found that the 10,000g pellet fraction of CM

derived from LNCaP cells transformed PSMA‐negative endothelial

cells to PSMA‐positive endothelial cells. We also confirmed that

F IGURE 5 Scheme of this study. PSMA‐
positive prostate cancer cells release PSMA‐
positive membranes, such as microvesicles. The
PSMA‐positive membranes are endocytosed in or
fused to endothelial cells, followed by
transformation into “PSMA‐positive” endothelial
cells. PSMA expression in endothelial cells
promotes angiogenesis PSMA‐expressing
epithelial cells in human prostate tumors may
contribute to active tumor angiogenesis through
the transformation of PSMA‐negative endothelial
cells into PSMA‐positive tumor endothelial cells in
human prostate cancer tissues. PSMA, prostate‐
specific membrane antigen [Color figure can be
viewed at wileyonlinelibrary.com]
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PSMA‐positive HUVECs promoted tube formation compared with

PSMA‐negative HUVECs. Immunohistochemistry revealed that the

tumor endothelial cells neighboring the epithelial prostate cancer

cells in the resected specimen expressed PSMA. It is likely that

PSMA‐positive microvesicles are endocytosed into or fused to en-

dothelial cells in prostate tumors (Figure 5). Immunohistochemistry

showed that PSMA expression in tumor endothelial cells was de-

tected in some, but not all cases of prostate cancer. There were no

correlations between the presence of PSMA‐positive tumor en-

dothelial cells and malignancy indices such as Gleason score, serum

PSA level, vascular invasion, or metastatic state. The clinical sig-

nificance of the presence of PSMA‐positive tumor endothelial cells

should be investigated in the future.

Treatment of 10,000g pellet fractions of the CM derived from

LNCaP cells, which endogenously express PSMA, not only trans-

formed PSMA‐negative HUVECs into PSMA‐positive HUVECs but

also induced the mRNA expression of PSMA in HUVECs. PSMA‐

positive membranes released from LNCaP cells, such as micro-

vesicles, can induce transcription of PSMA. A previous study showed

that a low molecular weight fraction (10–50 kDa) in CM prepared

from SK‐RC‐13 (a renal cell carcinoma cell line), HCT‐15 (a colorectal

cancer cell line) or MDA‐MB‐231 cell (a breast cancer cell line) in-

duces PSMA expression in HUVECs.24 The microvesicles released

from LNCaP cells cultured on collagen I gels may include components

in the low molecular weight fraction (10–50 kDa). Further analysis is

needed to investigate the characteristics of the 10,000g pellet frac-

tion (e.g., microvesicles) CM derived from LNCaP cells.

The molecular mechanisms underlying the release of LNCaP cell‐

derived PSMA‐positive membranes from LNCaP cells and their up-

take into HUVECs are still unknown. The signaling pathway through

PSMA‐positive membranes, which induce angiogenesis of endothelial

cells, has not yet been dissolved. The endocytic or fusion process of

the PSMA‐positive membranes in normal endothelial cells may be

attractive targets for the development of new antiangiogenic drugs,

which could inhibit the transformation of normal endothelial cells into

PSMA‐positive tumor endothelial cells.

5 | CONCLUSIONS

We conclude that PSMA‐positive membranes released from PSMA‐

expressing prostate cancer cells transform PSMA‐negative en-

dothelial cells into PSMA‐positive endothelial cells. PSMA‐

endothelial cells acquire high angiogenic activity. PSMA‐expressing

epithelial prostate cancer cells in human prostate tumors may con-

tribute to tumor angiogenesis through the transformation of PSMA‐

negative endothelial cells into PSMA‐positive tumor endothelial cells

in human prostate cancer tissues.
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