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Neuropilin-2 Promotes Extravasation and Metastasis by
Interacting with Endothelial a5 Integrin
Ying Cao’, Luke H. Hoeppner', Steven Bach?, Guangqi E', Yan Guo?, Enfeng Wang', Jianmin Wu®,

Mark J. Cowley®, David K. Chang®*®, Nicola Waddell®, Sean M. Grimmond®, Andrew V. Biankin®*%,
Roger J. Daly®, Xiaohui Zhang?, and Debabrata Mukhopadhyay’

Abstract

Metastasis, the leading cause of cancer death, requires tumor cell intravasation, migration through the
bloodstream, arrest within capillaries, and extravasation to invade distant tissues. Few mechanistic details
have been reported thus far regarding the extravasation process or re-entry of circulating tumor cells at
metastatic sites. Here, we show that neuropilin-2 (NRP-2), a multifunctional nonkinase receptor for
semaphorins, vascular endothelial growth factor (VEGF), and other growth factors, expressed on cancer
cells interacts with a5 integrin on endothelial cells to mediate vascular extravasation and metastasis in
zebrafish and murine xenograft models of clear cell renal cell carcinoma (RCC) and pancreatic adenocar-
cinoma. In tissue from patients with RCC, NRP-2 expression is positively correlated with tumor grade and is
highest in metastatic tumors. In a prospectively acquired cohort of patients with pancreatic cancer, high
NRP-2 expression cosegregated with poor prognosis. Through biochemical approaches as well as Atomic
Force Microscopy (AFM), we describe a unique mechanism through which NRP-2 expressed on cancer cells
interacts with o5 integrin on endothelial cells to mediate vascular adhesion and extravasation. Taken
together, our studies reveal a clinically significant role of NRP-2 in cancer cell extravasation and promotion of
metastasis. Cancer Res; 73(14); 4579-90. ©2013 AACR.

Introduction

Tumor metastasis is the primary cause of mortality in
patients with cancer (1) and occurs when a very small popu-
lation primary tumor cells intravasate the walls of blood and/
or lymphatic vessels, enter the circulation, arrest within
capillaries, extravasate from the bloodstream, and colonize
a distant organ (2). To effectively prevent and treat cancer
metastasis, a detailed understanding of the molecular mechan-
isms that regulate the capillary extravasation of tumors cells
from the primary site and subsequent metastatic invasion of
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distant organs is necessary. While this particular focus of
cancer metastasis remains understudied, recent evidence sug-
gests that neuropilins (NRP) may be involved in extravasation
and metastatic invasion.

NRPs constitute a family of type I transmembrane proteins,
including neuropilin-1 (NRP-1) and neuropilin-2 (NRP-2). Ini-
tially, NRP-1 and NRP-2 were discovered as class 3 semaphorin
and vascular endothelial growth factor receptors (3-12). While
NRP-1 and NRP-2 share 45% protein sequence homology in
their protein sequences, some of their functions differ. NRP-1
homozygous knockout mice die at E12.5 to E13.5 with severe
neural and vascular disorders (13), whereas homozygous NRP-
2 mutant mice are viable, only showing minor defects in the
neural and circulatory system (14-16). Given the more dis-
pensable role of NRP-2 in neural and vascular development
compared with NRP-1, less is known about its biologic
properties.

Recent evidence suggests that NRP-2 is expressed in tumor
tissue and plays a role in tumor progression and metastasis
(17-20). NRP-2 is highly expressed on the surface of cancer cells
from pancreatic neuroendocrine tumors (21), pancreatic duc-
tal adenocarcinomas (22), and colorectal carcinomas (17), and
NRP-2 expression on tumor cells cosegregated with poor
prognosis in cohorts of patients with osteosarcoma (23) and
breast cancer (24). NRP-2 expression also correlates with
lymph node metastasis in breast cancer (24) and papillary
thyroid carcinoma (20). However, the molecular mechanisms
through which NRP-2 promotes tumor metastasis remain
unknown, although several studies have implicated NRP-2 in
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the regulation of CXCR4 (24) and survival signaling (17, 22, 25).
Therapeutically targeting NRP-2 expressed on tumor lymphat-
ic endothelial cells through blocking antibody has shown some
advantages, including inhibition of tumor lymphangiogenesis,
thereby restricting tumor lymphogenous metastasis (18).

Here, we report that NRP-2 promotes cancer metastasis
using renal cell carcinoma (RCC) and pancreatic cancer mod-
els. NRP-2 expressed on tumor cells functions as an adhesion
molecule through a transinteraction with o5 integrin on the
surface of endothelial cells. This interaction represents a
potential mechanism through which NRP-2 promotes cancer
metastasis.

Materials and Methods

Cell culture

Human RCC cell lines 786-0, A-498, 769-P, Caki-1, and Caki-2
were purchased from American Type Culture Collection
(ATCC) and maintained according to their instructions. Nor-
mal kidney epithelial cell lines renal proximal tubular epithelial
(RPTE), and HK-2 (ATCC) were maintained in keratinocyte
serum-free medium (K-SFM) plus 0.05 mg/mL bovine pituitary
extract (BPE) and 5 ng/mL human recombinant epider-
mal growth factor (EGF). Human umbilical vein endothelial
cells (HUVEC; Lonza) were cultured in endothelial basal medi-
um (EBM) supplemented with the EGM-MV Bullet Kit [5% fetal
bovine serum (FBS), 12 ug/mL bovine brain extract, 1 ug/mL
hydrocortisone, and 1 pg/mL GA-1000]. HUVEC of passage 3 to
5 were used throughout all experiments. Plates for HUVECs
culture were always coated by bovine collagen type I (BD
Biosciences). Pancreatic cancer cell line ASPC-1 (ATCC) was
maintained in RPMI-1640 plus 10% FBS. All cell lines were
certified by indicated cell bank and periodically authenticated
by morphologic inspection.

As we found that NRP-2 is a trypsin-sensitive membrane
protein, in all of the experiments we used 5 mmol/L EDTA/PBS
to detach the cells from the culture plate.

Antibodies

Western blot antibodies for NRP-2 (sc-5542), o2 integrin, o3
integrin, 05 integrin, 06 integrin, otV integrin, AKT, phosphor-
AKT, phosphor-p38, phosphor-Erk1/2, p38, p53, and -Actin
were from Santa Cruz Biotechnology. Goat anti-GFP antibody
was from Abcam. Mouse anti-HA antibody was from Sigma.
Goat anti-NRP-2 antibody (AF-2215) for immunohistochem-
istry and blocking was from R&D Systems, Inc. o5 integrin
antibody [Clone: 5H10-27(MFR5)] was purchased from Biole-
gend for blocking. For immunohistochemistry staining, anti-
VWF antibody was from Millipore and anti-LYVE was from
Angiobio. HRP-conjugated secondary antibodies were pur-
chased from Santa Cruz Biotechnology.

siRNA and shRNA

Human NRP-2 siRNA and control siRNA were purchased
from Qiagen. siRNA transfection was carried out by Hiperfect
from Qiagen; Lentiviral shRNA plasmids targeting human NRP-
2 shRNAs and control plasmid were purchased from Open-
Biosystems Inc. Lentivirus was prepared by transfecting the
shRNA plasmid together with Gagpal and Vsvg plasmid into

293T cells. After 2 days of lentivirus infection, cells were
selected by 2 pg/mL puromycin and stable selected cells were
used in the following experiments.

The targeting sequences of human NRP-2 siRNA and shRNA
are CACAAA GAT TTAAAC AAG AAA and CCG TTT CCA GAT
GAC AGG AAT T, respectively.

Preparation of whole-cell extracts

Cells were washed twice with cold phosphate-buffered
saline (PBS), lysed with ice-cold RIPA lysis buffer [50 mmol/
L Tris (pH 7.5), 1% NP-40, 150 mmol/L NaCl, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate (SDS)] with 1%
proteinase inhibitor cocktails (PIC; Sigma-Aldrich), and 1%
Halt phosphatase inhibitor cocktail (Pierce), incubated on ice
for 30 minutes, and centrifuged at 14,000 rpm at 4°C for 10
minutes. Supernatant was collected, and protein concentra-
tion was measured by Bradford method (Bio-Rad Protein
Assay).

Western blot

Proteins were denatured by adding 6 x Laemmli SDS sample
buffer and were heated for 4 minutes. Equal amounts of total
protein per lane were subjected to SDS gel electrophoresis
followed by wet transfer of the protein to polyvinylidene
fluoride (PVDF) membrane. The membrane was blocked by
incubation in TBS-T buffer (50 mmol/L tris-HCl, pH 7.4, 150
mmol/L NaCl, and 0.05% Tween 20) containing 5% nonfat milk
or BSA. The primary antibody was diluted in TBS-T containing
5% nonfat milk or BSA overnight at 4°C, and horseradish
peroxidase (HRP)-conjugated secondary antibody (Santa Cruz
Biotechnology) was diluted in TBS-T and incubated for 1 hour
at room temperature. Immunodetection was conducted with
the SuperSignal West Pico Substrate (Thermo Scientific).

Cell migration and invasion assay

Transwell chambers with a diameter of 6.5 mm and a pore
size of 8 um (Corning Costar Corporation) were used in the
migration and invasion assay. For the migration assay, cells
were detached from the plate by 5 mmol/L EDTA to avoid
cleavage of any membrane proteins by trypsinization. The
cells were resuspended in SFM and adjusted into 2 x 10°
cells/mL. Cell suspension of 200 UL was added to the top
chamber and serum containing medium of 600 UL was
added to the bottom chamber of the transwells. The cells
were then incubated for 2 hours at 37°C in a CO, incubator.
Cells that remained in the top chamber were removed by
gently scraping with a cotton swab. Cells that had invaded
through the filter were fixed in 100% methanol and then
stained with 0.2% crystal violet dissolved in 2% ethanol. Cells
migrated through the membrane were counted by using
bright-field optics with a Nikon Diaphot microscope
equipped with a 16-square reticule (1 mm?). Four separate
fields were counted for each filter. The average of the 3
separate experiments has been documented.

The invasion assay was conducted similarly to the migration
assay except that transwell chambers were precoated with 4
mg/mL Matrigel (BD Biosciences), and the incubation time
was 6 hours.
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Cell proliferation assay

Cells (1 x 10*) were seeded into 24-well plates, subjected to
the siRNA treatment, and cultured for 2 days in the complete
medium. 1 pCi [*H]-thymidine was added to each well and, 4
hours later, cells were washed with cold PBS, fixed with 100%
cold methanol, and collected for the measurement of trichlor-
oacetic acid-precipitable radioactivity.

Cell adhesion assay

HUVECs were cultured in 6-well plate till confluency. In
general 1 x 10° 786-O cells were resuspended into SFM and
added onto HUVECs for 30 minutes at 37°C. Plates were
washed by PBS gently to remove unadhered cells. Cells adhered
on the HUVECs were counted under a x4 microscope and 5
fields were taken for each well. In some cases, HUVECs or 786-
O cells were preincubated with blocking antibodies (5 [tg/mL)
as indicated at 4°C for 30 minutes, and then cell adhesion assay
was conducted.

Zebrafish cancer cell extravasation model

Cancer cells were trypsinized, counted, and labeled with Cell
Tracker Orange CMTMR (Invitrogen) according to the man-
ufacturer's instructions. Cells were resuspended in PBS con-
taining DNase I and heparin, and 50 to 200 cells were micro-
injected into the pericardium of anesthetized 3 dpf Tg(Fli-GFP)
zebrafish. The zebrafish were put in 37°C embryo water for 24
hours following injection and then imaged on a ZEISS LSM 780
confocal microscope using standard FITC and dsRed filter sets.

Plasmids

The following plasmids were used in this experiment: lucif-
erase/EGFP in pSIN lentiviral vector; wild-type NRP-2 in
PMMP retroviral vector; c-terminal HA-tagged NRP-2 in pMMP
retroviral vector; c-terminal EGFP-tagged o5 integrin in
pEGFP-N3 vector.

Construction of the NRP-2 expression vector

NRP-2 cDNA in pcDNA3.1 plasmid was obtained from Dr.
Shay Soker. The NRP-2 gene was subcloned into the pMMP
retroviral vector by Agel and Blpl. Virus preparation and cell
infection were carried out as previously described (26).

In vivo tumor model

RCC subcutaneous model. Female 6-week-old nude mice
were obtained from NIH. To establish tumor growth in mice,
2 x 10° cells, resuspended in 100 UL of PBS, were injected into
the right flank of the mice subcutaneously. Tumors were
measured every 2 weeks. Primary tumor volumes were calcu-
lated with the formula V = 1/2a x b* where a is the longest
tumor axis, and b is the shortest tumor axis.

Before the primary tumor reached a certain size (10% of the
body weight), the mice were anaesthetized and the primary
tumors were surgically removed. The mice were housed for
another 4 to 6 months and were subjected to luciferase
imaging.

Metastasis was monitored by the bioluminescence IVIS
Imaging System 200 (Xenogen Corp.). Before imaging, animals
were anesthetized with an intraperitoneal injection of keta-

mine/xylazine and injected intraperitonealy with 100 pL 40
mg/mL p-luciferin potassium salt in PBS. After 10 minutes of
incubation with luciferin, digital image was acquired.

Pancreatic cancer orthotopic model. Male 8-week-old
SCID mice were obtained from NIH. Mice were anesthetized
and 2 x 10° control shRNA or NRP-2 shRNA ASPC-1 cells,
resuspended in 100 UL of PBS, were injected into the pancreas
of the mice. After 15 days, mice were sacrificed and primary
tumors were weighted and liver metastasis was imaged by IVIS
Imaging System 200 by detecting the GFP signal.

The mice were housed in the institutional animal facilities.
All animal work was conducted under protocols approved by
the Mayo Clinic Institutional Animal Care and Use Committee.

Immunohistochemistry staining

Tumors were removed and fixed in neutral buffered 10%
formalin at room temperature for 24 hours before embedding
in paraffin and sectioning. Sections were deparaffinized and
then subjected to vVWF and LYVE immunochemistry staining.
Stable diaminobenzidine was used as a chromogen substrate,
and the sections were counterstained with a hematoxylin
solution.

Patient RCC tissue microarrays (TMA) were brought from
BioMax, Inc. NRP-2 staining was conducted by using goat anti-
NRP-2 antibody and anti-goat immunostaining kit from R&D
systems.

Expression array and survival analysis

The gene expression data is from The International Cancer
Genome Consortium (ICGC) pancreatic cancer project that is
stored at Gene Expression Omnibus (GEO) with accession
number GSE36924. It includes gene expression data from 90
primary tumor samples, 88 of which contain patient outcome,
and was used in the survival analysis according to previously
described methods (27). To confirm the microarray probe
quality, we: aligned the probe sequences to the genome using
UCSC BLAT (28); and also used an Illumina reannotation
pipeline (29). Both methods confirmed that the probes for
NRP1 and NRP2 perfectly and uniquely matched the 3’ end of
the intended gene, though both genes have a number of splice
isoforms.

786-0 cell-HUVEC adhesion measured by Atomic Force
Microscopy

Atomic Force Microscopy (AFM) is a technique to measure
the mechanical contact force between cells. We used AFM to
measure the interaction between cancer cells and endothelial
cells mediated by NRP-2. As illustrated in Fig. 6A, AFM mea-
surement of the interaction between an individual 786-O cell
and a HUVEC involves a series of 4 steps. The cantilever with an
attached 786-0O cell is first lowered onto a HUVEC. Following a
1-second contact at a compression force of 500 pN, the
cantilever is subsequently retracted, pulling the 786-O-HUVEC
pair apart until complete separation of the 2 cells is achieved.
During this process, the AFM continuously monitors the force
of the cantilever to report on the interaction between the 786-O
cell and the HUVEC. A typical AFM retraction trace is pre-
sented in Fig. 6B. Upon retraction of the cantilever, molecular
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linkages established between the cells pulled the cantilever
downward. The cell detachment process typically involved a
series of rupture events, as indicated by arrows (Fig. 6B), and
may correspond to the detachment of one or more adhesive
ligand-receptor bonds. We measured the "detachment work,"
which is derived from integrating the adhesive force over the
distance traveled by the cantilever up to the point of the last
bond rupture (shaded area in Fig. 6B; refs. 30-32). As previously
described (32-34), HUVECs were plated on standard 35-mm
tissue culture dishes, whereas a single 786-0 cell was coupled
to the end of the AFM cantilever (MLCT, Bruker Nano) (Fig.
6A). Cantilevers were individually calibrated using the equi-
partition theorem (35) and had spring constants ranging from
0.015 to 0.025 N/m. The AFM force measurements were carried
out by a custom-built AFM with individual 786-O cells attached
to the tip of an AFM cantilever via a Concanavalin A (Con A)-
mediated linkage (33, 34). Measurements of 786-O-endothelial
cell interactions were conducted at 25°C in EBM. At the
onset of the measurements, the 786-O cells coupled to the
AFM cantilever were positioned directly above the either
center of an isolated HUVEC, or a HUVEC-HUVEC cell junc-

tion in a Petri dish seeded with HUVECs to approximately 50%
confluency.

Statistical analysis

Statistical analysis was conducted by ¢ test or ANOVA, with P
less than 0.05 considered statistically significant. The data were
presented as means £ SD or SEM as indicated in the results.

Results

NRP-2 depletion does not affect primary tumor growth
but decreases metastasis in a RCC xenograft tumor
model

We previously showed NRP-1 controls tumorigenesis in RCC
(36). Here, NRP-2 protein expression was examined in RCC cell
lines. Similar to the NRP-1 expression profile, NRP-2 is
expressed at greater levels in aggressive RCC cell lines (786-
0, A-498, and Caki-1) compared with less aggressive RCC and
normal kidney epithelial cell lines (769-P, Caki-2, HK-2, and
RPTE cell; Fig. 1A).

To explore the role of NRP-2 in the tumorigenic ability of
cancer cells, we used an in vivo xenograft tumor model by
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Figure 1. The impact of NRP-2 on RCC tumorigenesis and lung metastasis. A, NRP-2 expression levels were compared by Western blotting among RCC and
normal renal epithelial cell lines, including 786-0, A-498, 769-P, Caki-1, Caki-2, HK-2, and RPTE. HUVECs cell lysate was used as a positive control.

B, NRP-2 expression was knocked down by NRP-2 shRNA in 786-O and A-498 cells. Knockdown efficiency was determined by Western blotting.

C and D, lung metastasis was significantly reduced in 786-O NRP-2 knockdown group compared with control group. C, representative luciferase images of
metastasis from control (top) and NRP-2 knockdown (bottom) animals. D, representative images of lungs from control (top) and NRP-2 knockdown
(bottom) animals. E, quantification of the number of metastatic nodules per lung (P = 0.023). F, immunohistochemistry for NRP-2 on TMA containing

85 stage |, 57 stage Il, 29 stage lll, and 7 stage IV tumor tissue samples from patients with ccRCC. Left, stage | primary RCC tumor sample (staining score 1);
right, stage Ill primary RCC tumor sample (staining score 3). G, immunohistochemistry for NRP-2 on metastatic and their counterpart primary tumor TMA of
patients with RCC (n = 8). Left, primary RCC tumor sample (staining score 1). Right, metastatic RCC sample matching for the left (staining score 3).
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injecting tumor cells subcutaneously into nude mice. First, we
knocked down NRP-2 expression in 786-O and A-498 cells using
lentivirus-mediated shRNA and assessed knockdown efficien-
cy by Western blotting (Fig. 1B, Supplementary Fig. S1A). Next,
2 x 10° control or NRP-2 knockdown cells were injected
subcutaneously into female nude mice. Unexpectedly, we did
not observe significant differences in the primary tumor
growth rate between control and NRP-2 knockdown in either
786-0 or A-498 cells (n = 15 and 5, respectively; Supplementary
Fig. S1B and S1C). We continued to monitor the 786-O tumor
burden mice for 4 months following the required removal
of primary tumors that had surpassed the maximum allow-
able size. Interestingly, we found that in the 786-O NRP-2
shRNA group, the mice showed much less lung metastasis
(3 in 15) than those in the control shRNA group (7 in 15; Fig.
1C). Furthermore, the metastasis nodules on the lung were
significantly less in NRP-2 knockdown group (1.80 £ 0.72 vs.
0.27 £ 0.15 for 786-O Control shRNA versus 786-O NRP-2
shRNA; P = 0.023. Mean £ SEM; n = 15; Fig. 1D and E). Taken
together, these findings suggest that NRP-2 promotes RCC lung
metastases.

Lung is a common site of RCC metastasis, occurring in 50 to
60% of patients with RCC with metastases (37). RCC metastasis
usually occurs through hematogenous spread to the lung
parenchyma and less frequently involves the lymphogenous
route (38). Therefore, we sought to determine whether the
decreased metastasis we observed upon NRP-2 knockdown
was the result of reduced blood or lymphatic vessels in the
primary tumor. Thus, we conducted pathologic examination of
blood and lymphatic vessel density in the primary tumor using
vWF and LYVE staining and found no significant difference in
tumors derived from 786-0 control shRNA cells compared with
tumors formed from 786-0 NRP-2 shRNA cells (Supplementary
Fig. S2A-D).

High NRP-2 expression in patients with RCC is associated
with advanced tumor stage

To access the relativity between NRP-2 expression and
tumor progression in patients with RCC, we explored the
NRP-2 expression pattern in clear cell RCC (ccRCC) patient
samples using paraffin-embedded TMA. This TMA contained
85 stage I, 57 stage II, 29 stage III, and 7 stage IV ccRCC tumor
tissue samples. NRP-2 staining intensities of the tumor tissue
were scored as 0 (no staining), 1 (weak staining), 2 (moderate
staining), and 3 (strong staining). The NRP-2 levels were
significantly higher in the stage III and IV (n = 36) ccRCC
samples than in stage I and IT tissue (7 = 142; P= 0.002; Fig. 1F),
suggesting that NRP-2 expression correlates with advanced
tumor stage.

NRP-2 expression in metastasis is higher than in primary
RCC tumors

Next, we used another RCC TMA, which contained 8 primary
RCC tumor samples as well as matched tumor samples from
metastatic sites, including lung, intestine, lymph node, spleen,
bone, adrenal gland, and thyroid. NRP-2 staining intensities
were scored as described above. NRP-2 expression was found
to be significantly higher in the matched metastatic carcinoma

than the primary tumors (P = 0.0062, n = 8; Fig. 1G), which
supports our finding that NRP-2 promotes cancer metastasis.

NRP-2 knockdown does not affect cancer cell migration
and invasion in vitro

NRP-2 has been shown to regulate cellular proliferation,
migration, and invasion by other groups using a variety of cell
lines. Therefore, we assessed these cellular processes in NRP-2
knockdown 786-O and A498 cells to better understand the
mechanism through which NRP-2 mediates tumor metastasis.
None of these cellular behaviors were significantly changed
after NRP-2 depletion (Supplementary Fig. S3A). We further
examined classical cell survival and proliferation signaling
pathways such as phospho-Akt, phospho-MAPK, phospho-
p38, and p53 levels. Again, no significant changes were
observed following NRP-2 knockdown in 786-0O and A-498 cells
(Supplementary Fig. S3B).

NRP-2 promotes extravasation of 786-0 cells in zebrafish

In general terms, the tumor metastasis process consists of
the following steps: (i) the intravasation of tumor cells from the
primary site; (ii) the migration of tumor cells through the
bloodstream, (iii) vascular adhesion of tumor cells within
distant capillaries, and (iv) the extravasation of tumor cells
from the bloodstream to invade and colonize a distant met-
astatic site. To evaluate whether NRP-2 promotes extravasa-
tion of tumor cells, we used an in vivo cancer metastasis
extravasation model (39). Control and NRP-2 overexpressing
786-0 cells (Fig. 1B) were labeled with a red tracker dye and
microinjected into the pericardium of 3 days postfertilization
(dpf) Tg(fli-GFP) zebrafish embryos. After 24 hours, we
observed NRP-2 overexpressing 786-0 cells in the extravascular
space, whereas control 786-0O cells remained in the interseg-
mental vessels (ISV; Fig. 2A and B, E and F). Furthermore, we
captured NRP-2 overexpressing 786-O cells actively extrava-
sating from the ISV, but no similar extravasation events were
seen in zebrafish injected with control 786-0O cells (Fig. 2C and
D, G and H). Together, these findings indicate that NRP-2
promotes extravasation of tumor cells.

Surface expression of NRP-2 on cancer cells mediates
their adhesion to endothelial cells

Cell-cell interactions of cancer cells with the endothelium
mediate the metastatic spread. Given that NRP-1 was first
discovered as an adhesion molecule, we sought to determine
whether NRP-2 expressed on the surface of cancer cells could
mediate an interaction between cancer cells and endothelial
cells. We hypothesized that this transinteraction may promote
the homing of cancer cells to the endothelium of a target organ,
thus promoting extravasation of tumor cells and facilitating
tumor metastasis. Through use of in vitro cell adhesion assay,
indeed, we observed that overexpression of NRP-2 in 786-O
cells enhanced their adhesion to an endothelial monolayer,
whereas knockdown of NRP-2 impaired the ability of 786-O
cells to adhere to endothelial cells (Fig. 2I). Adhesion of 786-0
cells to an uncoated or collagen I-coated plate was unaffected
by NRP-2 overexpression or depletion (Supplementary Fig. S4A
and S4B). Furthermore, the NRP-2 blocking antibody modestly
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impaired the cancer cell-endothelial cell interaction; whereas
pretreating endothelial cells with anti-NRP-2 antibody did
not inhibit their adhesion to cancer cells, despite relatively
equal levels of NRP-2 expression in HUVEC cells and 786-O
cells (Figs. 2] and 5B). The NPR-2 blocking antibody only
exhibits partial blocking at the concentration we used (5
lg/mL), which may explain the moderate effect. These results
suggest that NRP-2 mediates adhesion through an NRP-2
transinteracting partner that is highly expressed on endothelial
cells but has little to no expression on 786-0 cells.

NRP-2 also promotes cell-cell adhesion, extravasation,
and cancer metastasis in vivo in a pancreatic cancer
model

To extend our findings to other types of cancer cells, we used
ASPC-1, a highly metastatic pancreatic cancer cell line, to test
our hypothesis that NRP-2 promotes cancer metastasis by
mediating cancer cell-endothelial cell adhesion. ASPC-1
express high levels of NRP-2, which was knocked down by
shRNA (Fig. 3A). NRP-2 knockdown reduced ASPC-1 adhesion
ability to an endothelial monolayer in vitro (Fig. 3B). Using the
zebrafish extravasation model as described previously, NRP-2
knockdown ASPC-1 cells (Fig. 3G-J) also showed less extrav-
asation ability compared with control cells (Fig. 3C-F). Similar
to the RCC xenograft results, NRP-2 knockdown in ASCP-1 cells
did not significantly reduce the primary tumor growth (441.4
135.3 mg vs. 340.1 & 121.1 mg; P = 0.095 for ASPC-1 Consh vs.
ASPC-1 NRP-2sh, respectively; mean + SD, n = 10; Supple-
mentary Fig. S5A), but significantly reduced cancer cell liver

metastasis in a SCID mouse xenograft model (Fig. 3K and L;
Supplementary Fig. S5B).

High NRP-2 expression is cosegregated with poor patient
survival in pancreatic cancer

To gain insight into the clinicopathologic significance of
these findings, we first characterized the expression profile of
NRP-1 and NRP-2 mRNA transcripts in a prospectively
acquired cohort of patients with pancreatic cancer (27).
NRP-1 was detected in all samples and expression varied over
the cohort in a continuous fashion, whereas NRP-2 expression
was only detected in 20% of tumors when compared with
background. Next, the cohort was dichotomized into low- and
high-expression groups and a log-rank test was conducted to
compare survival. NRP-1 expression did not correlate with
patient prognosis (Fig 4A). However, use of a 20:80% (high:low)
cut-off revealed high expression of NRP-2 cosegregated with
poor patient survival (P = 0.0001618; HR 4.315; 95% CI: 1.894—
9.833; Fig 4B).

Overall, our data from preclinical models of RCC and
pancreatic cancer, and corresponding patient cohorts, support
a prominent role for NRP-2 in metastasis of different cancer

types.

Transinteraction between NRP-2 and o5 integrin

Given the key role integrins play in mediating tumor metas-
tasis (40), we hypothesized that an integrin expressed on the
surface of endothelial cells may interact with NRP-2 on cancer
cells to promote metastasis. To address this hypothesis, we
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Figure 3. NRP-2 promotes cell-cell adhesion, extravasation, and cancer metastasis in vivo in a pancreatic cancer model. A, NRP-2 was knocked down in
ASPC-1 cell by shRNA. B, NRP-2 knockdown significantly reduced ASPC-1 cell adhere to the endothelial monolayer. C-H, NRP-2 knockdown
reduced extravasation of ASPC-1 cells in a zebrafish model. Control (C-F) and NRP-2 knockdown (G-J) ASPC-1 cells were microinjected into the
pericardium of 3 dpf Tg(Fli-GFP) zebrafish and imaged 24 hours later. C and D, control ASPC-1 cells that have extravasated from the ISVs. E and F,
control ASPC-1 cell actively extravasating from the ISV. G-J, NRP-2 knockdown ASPC-1 remain in circulation within the ISV. K, representative
images of livers from control and NRP-2 knockdown ASPC-1 tumor burden mice. The cells were transfected with GFP and the GFP fluorescent
signal was examined by IVIS Imaging System 200. L, quantification of liver metastasis by quantification of the GFP signal intensity. NRP-2 knockdown

reduced ASPC-1 cell metastasis to the liver.

immunoprecipitated NRP-2 from confluent 786-O and HUVEC
coculture cell lysate and found NRP-2 and o5 integrin immu-
noprecipitate together in a complex (Fig. 5A and B), whereas
NRP-2 did not immunoprecipitate with o2, a3, 06, or aV
integrins (Supplementary Fig. S6). To determine whether the
interaction between NRP-2 and 05 integrin is a cis or trans-
binding, we transfected 293T cells with C-terminal HA-tagged
NRP-2 and C-terminal GFP-tagged o5 integrin separately,
cocultured them, and conducted immunoprecipitation with
the resulting lysate. Through immunoprecipitation with an
anti-HA antibody followed by Western blotting for GFP and
integrin 0.5, we detected an interaction between NRP-2 and 0.5
integrin (Fig. 5C and D). We also in situ crosslinked the protein
using DSP crosslinker and conducted immunoprecipitation
with anti-HA antibody and blotted with GFP and o5 integrin.
This time, NRP-2 and 0.5 integrin we detected a complex at a
molecular weight slightly higher than 250 kDa, which is indic-
ative of NRP-2 (120 kDa) and o5 integrin (150 kDa) coimmu-
noprecipitating (Fig. 5E). We found that pretreatment of
endothelial cells with anti-a5 integrin blocking antibody
modestly decreased 786-O and HUVEC adhesion, whereas

pretreating 786-O cells with anti-a5 integrin antibody did
not have a significant effect on adhesion (Fig. 5F). These
results coincide with our findings that HUVEC cells have
much higher o5 integrin expression than 786-0O cells (Fig.
5B). Furthermore, pretreating endothelial cells with anti-o5
integrin blocking antibody eliminated their enhanced adhe-
sion to NRP-2 overexpressing 786-0 cells (Fig. 5G). Together,
these results suggest that o5 integrin is a trans-binding
partner for NRP-2.

Quantification of cancer-endothelial cell interaction
mediated by NRP-2

To quantify the adhesion between 786-O and HUVEC, we
measured the detachment work of HUVEC bound to 786-O
control, NRP-2 knockdown or overexpressing 786-O cells (Fig.
6C). In general, HUVEC cell-cell junctions are about 40% to
60% more adhesive to the 786-O. Compared with NRP-2
knockdown cells, an approximately 200% increase (P < 0.05)
of detachment work was detected on NRP-2 overexpressed
cells. Anti-0/5 integrin antibody has a profound impact on 786-
O-HUVEC adhesion. In both HUVEC bodies and cell junctions,
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Figure 4. Prognostic significance of NRP-1 and NRP-2 expression in pancreatic cancer. A, Kaplan—Meier survival curves for patients stratified on the basis
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(no correlations to patient survival were detected using a range of cut-offs). B, Kaplan—Meier survival curves for patients stratified on the basis of NRP-2 mRNA
expression showing high NRP-2 expression cosegregated with poor patient survival.

incubation of the HUVEC cells with the antibody completely
diminished the enhanced adhesion induced by NRP-2 over-
expression. In addition, 05 integrin blockages also inhibited
adhesion between 786-O control cells and HUVEC cell junc-
tions (Fig. 6C, bottom). In ASPC-1 pancreatic cancer cells,
NRP-2 knockdown significantly decreased detachment work
of HUVEC junctions and anti-o5 integrin antibody abrogated
ASPC-1-HUVEC adhesion in bodies and junctions (Fig. 6D).
These findings suggest that NRP-2 is an adhesion molecule
that could promote the adhesion between cancer cell and
endothelial cell and o5 Integrin is a transbinding partner of
NRP-2.

Discussion

In this report, we show that NRP-2 promotes metastasis of
RCC and pancreatic cancer in mouse and zebrafish models and
describe a mechanism through which NRP-2 expressed on
cancer cells interacts with o5 integrin on endothelial cells to
mediate vascular adhesion and extravasation. Based on our
work and other recent studies suggesting a link between NRP-2
expression levels and cancer metastasis (20, 24, 41), NRP-2 may
represent a promising therapeutic target for preventing met-
astatic progression in patients with cancer. Caunt and collea-
gues have shown that a therapeutic NRP-2 blocking antibody
reduces lymphatic vessels in tumor and resulted in a reduction
in metastasis to the sentinel lymph node (18). They also
observed decreased lung metastasis after NRP-2 antibody
treatment, which was generally mediated through hematoge-
nous spread and may not be explained by the reduction of
lymphatic vessels. Therefore, blocking NRP-2 may represent a
means to inhibiting the ability of cancer cells to adhere to the
endothelium, thus preventing cancer colonization in the target
organ. Our clinical results indicating that NRP-2 is upregulated

in metastatic RCC tumors and correlates with a markedly
worse prognosis in pancreatic cancer provide further evidence
that NRP-2 represents a therapeutic target that warrants
additional pursuit.

We previously reported that NRP-1 drives primary tumor-
igenesis in RCC (36). Here we show that, unlike NRP-1, NRP-2
does not promote primary tumor growth in RCC. Correspond-
ingly, others have reported that NRP-2 drives aggressive pros-
tate cancer (42) and, as discussed above, lymphatic metastases
(18). Given that K-ras mutations usually do not occur in RCC,
we confirmed that NRP-2 promotes metastasis in pancreatic
cancer, which displays a high frequency of K-ras mutations.
However, another study suggests that NRP-2 has a role in
primary pancreatic tumor growth (22). One potential expla-
nation for these disparate results could stem from differences
in the human pancreatic cancer cell lines used for the mouse
xenograft models. We used ASPC-1 cells, which possess a K-ras
mutation, whereas the Dallas and colleagues report relied on
wild-type K-ras BxPC3 cells.

To date, most studies of the adhesion properties of NRPs
focused on NRP-1. NRP-1 was discovered initially as a cell to
cell adhesion molecule (4), and b1b2 domain is responsible for
this adhesion ability (43). The protein interacting in a trans-
binding manner with NRP-1 was reported to be a trypsin
sensitive membrane protein, however, it has not been defined
yet (43). NRP-1 also has been implicated in mediating cell to
extracellular matrix adhesion (44). NRP-1 could form a com-
plex with other membrane proteins such as o5 integrin (45),
and PB1 integrin (46) in a cis-binding fashion, and this could
promote NRP-1-mediated cell-cell and cell-matrix adhesion.
NRP-1 can also interact with LICAM, a cell adhesion protein in
both cis and trans-binding manner (47, 48). One observation
that NRP-1 expressed on stromal cells supports hemotogenesis
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Figure 5. ob integrin is a transbinding partner of NRP-2. A and B, o2, a3, a5, 06, and oV integrins were checked in the NRP-2 coimmunoprecipitation
complex from confluent 786-O cell and HUVEC coculture. Only a5 integrin existed in the NRP-2 coimmunoprecipitation complex. C-E, o5 integrin-GFP
protein was checked in the NRP-2 coimmunoprecipitation complex from confluent 293T cells transfected with GFP-tagged o5 integrin and 293T cells
transfected with HA tagged with NRP-2. o5 integrin-GFP existed in the NRP-2-HA coimmunoprecipitation complex either noncrosslink (D) or

crosslink (E). F, preblocking a5 integrin on HUVEC significantly impaired 786-O adherence to HUVEC monolayer. Preblocking o5 integrin on 786-0 did not
significantly affect 786-O adherence to HUVEC monolayer. G, preblocking o5 integrin on HUVEC reversed 786-O adherence to HUVEC monolayer enhanced

by NRP-2 overexpression on 786-0 cells.

also indicated that NRP-1 can function by trans-interaction
with other cells (49).

NRP-2 has 45% similarity with NRP-1 and recently NRP-2
was shown to pair with a6B1-integrin in a cis-binding manner
to mediate cell-matrix (laminin) adhesion (50). In this report,
we discovered that NRP-2 on the cancer cells also possessed
the cell-cell adhesion property and that the o5 integrin on the
endothelial cells is the transbinding protein. We used AFM to
precisely measure the attachment and detachment of cancer
cells to endothelial cells via NRP-2 binding to o5 integrin and

showed that addition of anti-o5 integrin antibody prevented
interaction. We found that o5 integrin is not trypsin sensitive,
but NRP-2 as well as NRP-1 is trypsin sensitive. It is possible
that NRP-2 and NRP-1 have different or multiple trans-binding
partner proteins. The beta-propeller domain of o integrin has
similarity with sema domain of semaphorins and plexins (51,
52), which may provide the structural basis of frans-interaction
between integrin and NRPs and warrants further investigation.
Given that NRP-2 is also expressed on vein endothelial cells as
well as lymphatic endothelial cells (16), it could be envisioned

www.aacrjournals.org

Downloaded from cancerres.aacrjournals.org on September 21, 2014. © 2013 American Association for Cancer Research.

Cancer Res; 73(14) July 15, 2013

4587


http://cancerres.aacrjournals.org/

4588

Published OnlineFirst May 20, 2013; DOI: 10.1158/0008-5472.CAN-13-0529

Cao et al.

A C [ Normal D [1 Normal
v Il o5 integrin blocking | ] (x5 integrin blocking
Approach — 786-0 6 24
—
HUVEC 4 i
—~ ~ 17
Contact 9_’ 24 8_)
o o
X 0 X 0
~ CTRL OE ~ AsPC-1 NRP-2KD
g HUVEC bodies g HUVEC bodies
Retract = -
c 104 * c 44 *
(O] — [0
1S = *
A % 8 -8 *
S S 3
© O
Separation a 6 o
— T
2 -
4 -
2 1
0 0
CTRL OE AsPC-1 NRP-2 KD
HUVEC junctions HUVEC junctions
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HUVEC (top, HUVEC body; bottom, HUVEC cell junctions) measured by the detachment work. Experimental conditions were the same as in B. D, adhesion
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is SE with n > 5 in each case.
overexpression.

that endothelial NRP-2 also interacts with cancer cell o5
integrin to promote cancer cell adhesion, though we report
here that the RCC cell lines express much less 05 integrin than
endothelial cells. In o5 integrin expressing MDA-MB-231
breast cancer cells, 05 integrin promoted lung metastasis in
both a spontaneous and experimental lung metastasis model
(53), and endothelial NRP-2 may contribute to these observed
effects.

Through the use of several preclinical models, we show
that NRP-2 contributes to cancer metastasis by mediating
adhesion to endothelial cells through o5 integrin, and our
data from clinical cohorts support a role for NRP-2 in
metastatic progression. Adherence to endothelium enables
tumor cells to subsequently extravasate from the blood-
stream, and invade distant metastatic sites. Our finding is
clinically significant because recent studies have shown the
efficacy of NRP-2 blocking antibody as a potential therapy
designed to block tumor metastasis (18). NRP-2 blocking
antibody would prevent NRP-2 expressed by cancer cells

*, P <0.05 and **, P < 0.01 between the indicated groups. CTRL, control 786-O; KD, NRP-2 knockdown; OE, NRP-2

from interacting with 05 integrin expressed on the surface of
endothelial cells, thus inhibiting cancer cell adhesion to the
endothelium, the initial event in tumor cell extravasation, a
critical step in metastasis. Development of therapies to
block NRP-2 represents a promising new direction to pre-
vent cancer progression and metastasis and improve the
clinical outcome of patients with cancer.
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