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Abstract

Vasohibin-2 (VASH?2) is expressed in various cancers and promotes their progression.
We recently reported that pancreatic cancer patients with higher VASH2 expres-
sion show poorer prognosis. Herein, we sought to characterize the role of VASH2
in pancreatic cancer. We used LSL-Kras®'?P: LSL—Trp53R172H; Pdx-1-Cre (KPC) mice, a
mouse model of pancreatic ductal adenocarcinoma (PDAC), and cells isolated from
them (KPC cells). Knockdown of Vash2 from PDAC cells did not affect their prolif-
eration, but decreased their migration. When Vash2-knockdown PDAC cells were
orthotopically inoculated, liver metastasis and peritoneal dissemination were re-
duced, and the survival period was significantly prolonged. When KPC mice were
crossed with Vash2-deficient mice, metastasis was significantly decreased in Vash2-
deficient KPC mice. VASH2 was recently identified to have tubulin carboxypeptidase
activity. VASH2 knockdown decreased, whereas VASH2 overexpression increased
tubulin detyrosination of PDAC cells, and tubulin carboxypeptidase (TCP) inhibitor
parthenolide inhibited VASH2-induced cell migration. We next clarified its role in
the tumor microenvironment. Tumor angiogenesis was significantly abrogated in vivo
when VASH2 was knocked down or deleted. We further examined genes downregu-
lated by Vash2 knockdown in KPC cells, and found chemokines and cytokines that
were responsible for the recruitment of myeloid derived suppressor cells (MDSC).
Indeed, MDSC were accumulated in PDAC of KPC mice, and they were significantly
decreased in Vash2-deficient KPC mice. These findings suggest that VASH2 plays an
essential role in the metastasis of PDAC with multiple effects on both cancer cells
and the tumor microenvironment, including tubulin detyrosination, tumor angiogen-

esis and evasion of tumor immunity.

Abbreviations: CAS, cancer-associated fibroblasts; EMT, epithelial-to-mesenchymal transition; GM-CSF, granulocyte-macrophage colony-stimulating factor; G-MDSC, granulocytic

myeloid-derived suppressor cells; IHC, immunohistochemistry; MDSC, myeloid derived suppressor cells; NF-kB, nuclear factor kappa B; PDAC, pancreatic ductal adenocarcinoma; TAM,
tumor associated macrophages; TCP, tubulin carboxypeptidase; VASH, vasohibin.
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1 | INTRODUCTION

Pancreatic cancer is an extremely malignant cancer, with a 5-year
survival rate of <5%. Although surgical resection is the only possible
curative treatment, this cancer is often advanced and metastasized
when diagnosed.! Standard chemotherapies for pancreatic cancer
provide only slightly increased survival periods owing to high resis-
tance and aggressiveness that has been associated with the tumor
microenvironment such as collagen deposition, high number of acti-
vated CAF and increased inflammatory cell infiltration.?”

We have isolated VASH1 as an endothelium-derived angiogen-
esis inhibitor,® and VASH2 as its homolog.” Although VASH1 and
VASH2 have no classical signal sequence for their secretion, they
are efficiently secreted through binding with another newly discov-
ered protein, SVBP (small vasohibin binding protein).® The VASH
gene is highly conserved between species. Lower organisms possess
a single ancestral VASH gene, which has evolved into VASH1 and
VASH?2 genes in vertebrates. Whereas VASH1 is expressed in en-
dothelial cells, VASH2, which is more similar to the ancestral VASH,
is not expressed in normal tissues except in the testis after birth.?
However, VASH2 is overexpressed in various cancer cells, and pro-
motes tumor angiogenesis, accumulation of CAF and EMT of cancer
cells. % VASH2 knockdown or blockade in cancer cells including
human ovarian cancer and hepatocellular carcinoma showed signifi-

cant anticancer effects,m‘“’ls’lé

and VASH2 has consequently been
identified as a potential molecular target for anticancer therapy.

Microtubules (MT) are a major component of cytoskeletons,
and show important functions ranging from intracellular transport
to cell motility and cell division. MT are composed of repeating a-
and B-tubulin heterodimers, and they are subjected to a number of
post-translational modifications including the tyrosination-detyros-
ination cycle. Tubulin tyrosination is mediated by tubulin tyrosine
ligase whereas its detyrosination is mediated by TCP. One such
modification, namely tubulin detyrosination, is reported to be accu-
mulated in cancer cells during tumor development and is correlated
with histological grade in breast cancer.r”'® VASH have recently
been identified to have TCP activity, which catalyzes the C-terminus
tyrosine residue of a-tubulin.?*2° Thus, VASH2 may influence cancer
cell behavior by augmenting tubulin detyrosination.

We recently showed VASH2 expression in KPC cell lines and that
its expression correlates with poor prognosis in PDAC patients.!
Furthermore, VASH2 amplification occurs frequently in primary
PDAC (10%).2? Herein, we used LSL-Kras®'?P*; LSL-Trp53R172H/,
Pdx-1-Cre (KPC) mice, a mouse model of PDAC, and a KPC-derived
pancreatic cancer cell line to examine the role of VASH2 in pancre-
atic cancer. We further crossed KPC and Vash2-deficient mice, and
examined the role of VASH2 in pancreatic cancer progression. The
present study indicates that VASH2 plays an important role in the

metastasis of pancreatic cancer. Its possible roles both in PDAC cells
and in the tumor microenvironment are described herein.

2 | MATERIALS AND METHODS

2.1 | Genetically engineered mouse models

LSL-Kras®¥2P/*, LSL-Trp53RY72H/*: pdx-1-Cre mice were generated as
described previously.?® Vash2:9%/tZ mice were maintained as de-
scribed previously.?* To analyze the role of Vash2 in pancreatic can-
cer, we then generated K-rasLSLC*?P"*; Trp53LSLRY72H*, vash2 Lacz/+
mice and these mice were crossed with Pdx-1-Cre; Vash2M%* mice
to generate LSL-Kras®'?P*; LSL-Trp53RY7?H/*. p(x-1-Cre; Vash29<?/*
(KPC Vash2%?’*) mice and LSL-Kras®?P"*; LSL-Trp53R172H/*, peix-1-Cre;
Vash2ta#/tacZ (KpC Vash2'%?/1%Z) mice. These mice were killed and
used for examination at a humane endpoint. Survival endpoints in-
cluded lack of responsiveness to manual stimulation, immobility, or
inability to eat or drink. Mice were maintained and treated in ac-
cordance with the protocol approved by the Committee on Animal
Experimentation of Tohoku University, Japan.

2.2 | Cell culture

Murine pancreatic cancer cells (KPC cells) were isolated from
the tumors of KPC mice as described previously.25 shRNA se-
quence for murine Vash2 expression suppression was 5'-
TTCGAAGATTCCTATAAGAAATA for KPCcells,and forhuman VASH2
expression suppression was 5- GGGCTATCAAATCCGAATTTAGC
for PANC-1 cells. The respective sequence was inserted into a pBAsi-
mUé6 Pur expression vector (Takara Bio, Kusatsu, Japan) or pBAsi-hU6
Neo expression vector (Takara Bio) for mouse Vash2 shRNA or human
VASH2 shRNA expression, respectively. KPC and PANC-1 cells were
transfected with the respective vector or empty vector for control
by using FUGENE HD (Promega Corporation, Madison, WI, USA)
transfection reagent. After transfection, cells were selected in puro-
mycin or G418 (FUJIFILM Wako Pure Chemical Corporation, Tokyo,
Japan)-containing medium. Next, bulk cells were seeded at a density
of 0.5 cells/well in 96-well plates. After confirmation of gene expres-
sion by RT-gPCR, mouse Vash2 knockdown clones from KPC cells and
human VASH2 knockdown clones from PANC-1 were established.
Cells were maintained in DMEM (FUJIFILM Wako Pure Chemical
Corporation) with 10% FBS (Sigma-Aldrich, St Louis, MO, USA) and
penicillin-streptomycin (FUJIFILM Wako Pure Chemical Corporation).

2.3 | Adenoviral infection

For VASH2 overexpression in SUIT-2, we used adenovirus vectors
encoding human VASH2 (AdVASH2).2* SUIT-2 cells were plated in
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6-well plates at 3 x 10° cells/well and cultured overnight at 37°C
in DMEM containing 10% FBS. On the following day, medium was
replaced with DMEM containing 2% FBS and cells were infected
with AdVASH2 or AdLacZ at a final MOI of 50. Cells were incubated
for an additional 48 hours, followed by western blot analysis and
Transwell migration assays were carried out.

2.4 | Tail vein injection of mouse KPC cells

Athymic nude mice (Charles River Laboratories, Wilmington, MA,
USA) were divided into two groups (KPC/shControl and KPC/sh-
Vash2 cells), and 3 x 10° cells suspended in 100 pL PBS were injected
into the tail vein of the mice. Twenty days after, wet weight of lungs

was measured.

2.5 | Orthotopic implantation of KPC cells

Wild-type mice of mixed 129/SvJae and C57BL/6 genetic back-
ground were injected with 5 x 10° cells suspended in 50 puL HBSS
(FUJIFILM Wako Pure Chemical Corporation) into the pancreas.
Four weeks later, visible metastatic lesions in liver and mesentery
were analyzed and volumes of ascites were measured and specimens

were used for IHC.

2.6 | Cell proliferation assay

Cells were plated in 96 wells at 3 x 10° cells/well and cultured over-
night at 37°C in DMEM containing 10% FBS. Subsequently, at differ-
ent time points (0, 24, 48, 72 hours), 10 pL cell proliferation reagent
WST-1 (Sigma-Aldrich) was added and cells were further incubated
for 1 hour at 37°C. Absorbance was then determined at 450 nm.

2.7 | Cell migration and invasion assays

Cell migration was determined using a 24-well Transwell with
an 8.0 um pore polycarbonate membrane insert (Corning Inc.
Corning, NY, USA). Cells were added at 5 x 10% cells/well to the
upper chamber (insert); and the lower chamber was filled with
DMEM containing 10% FCS. The cells were allowed to migrate
for 16 hours (KPC), 6 hours (PANC-1), or 24 hours (SUIT-2), and
those that had migrated across the filter were fixed in methanol
and stained with crystal violet. Total number of migrated cells was
counted in at least five fields using ImagelJ software. Invasion was
determined by using a 24-well Matrigel invasion chamber (Corning
Inc.). Following incubation in DMEM 2% FCS, 5 x 10* cells were
added to the upper chamber, after which the lower chamber was
filled with DMEM 10% FCS. The cells were incubated for 24 hours,
and invaded cells were counted.

2.8 | Western blot analysis

Cells were harvested from the culture dish with a scraper in RIPA
buffer containing 0.1% SDS (Nakalai Tesque, Kyoto, Japan). Equal

amounts of proteins were separated by SDS-PAGE, blotted onto
PVDF membranes (Bio-Rad, Hercules, CA, USA). Next, the membrane
was incubated with anti-detyrosinated tubulin (Abcam, Cambridge,
UK), anti-alpha-tubulin (Abcam), anti-human Vash2 mAb (5E3 clone)’
and the appropriate HRP-conjugated secondary antibody. Bands
were detected using Immobilon Western Chemiluminescent HRP
substrate (Merck Millipore, Burlington, MA, USA) and LAS-4000
(Fuji Photo Film; Fuji, Tokyo, Japan).

2.9 | Quantitative real-time reverse transcriptase-
polymerase chain reaction

For preparation of total RNA from cultured cells and mouse tis-
sue, total RNA was isolated using an RNeasy mini kit (Qiagen,
Hilden, Germany) according to the manufacturer's instructions.
Complementary DNA was prepared from total RNA using ReverTra
Ace (ToYoBo, Osaka, Japan). qRT-PCR was carried out using a CFX96
real-time PCR detection system (Bio-Rad) according to the manufac-
turer's instructions. Each mRNA level was measured and normalized

to p-actin. Sequences of the primers are shown in Table S1.

2.10 | Microarray analysis

KPC/shControl cells and KPC/shVash2 cells were harvested and total
RNA was extracted as described above. RNA integrity was confirmed
by Agilent 2100 bioanalyzer (Agilent Technologies, Santa, Clara, CA,
USA). Briefly, total RNA was converted to cDNA, followed by in vitro
transcription and labeling of Cy3-CTP into nascent cRNA. After labe-
ling, cRNA was subjected to Agilent SurePrint G3 Mouse GE 8 x 60K
Microarrays (Agilent Technologies). Fluorescence signals were scanned
as described in the manufacturer's protocol. Signal intensities were cal-

culated by Feature Extraction Software (Agilent Technologies).

2.11 | Transfection and luciferase assays

KPC cells were transiently cotransfected with pNFkB-Met-Luc re-
porter plasmid (Clontech Laboratories, Mountain View, CA, USA) and
internal control pSV-g-Galactosidase Vector (Promega Corp., Madison,
WI, USA) by FugeneHD (Promega Corp.). After 48 hours, the medium
was replaced with DMEM containing 10% FCS, collected 8 hours
later, and luciferase activities were quantified using a Ready-To-Glow
Secreted Luciferase Reporter System (Clontech Laboratories). Values
were normalized relative to B-galactosidase activity detected by f-

Galactosidase Enzyme Assay System (Promega Corp.).

2.12 | Immunohistochemical analysis

Tumor tissues were fixed with 4% formalin, dehydrated in etha-
nol, embedded in paraffin, cut on microtome and stained with
H&E or antibodies according to standard protocols. Antibodies
used in the analysis were detyrosinated tubulin (Abcam), alpha-
tubulin (Merck Millipore), E-cadherin (Cell Signaling Technology,
Danvers, MA, USA), CD3 (Nichirei Biosciences, Tokyo, Japan),
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FIGURE 1 Vasohibin-2 (Vash2) was upregulated during pancreatic ductal adenocarcinoma (PDAC) progression and promoted PDAC
cell migration. A, Representative images of H&E staining and comparison of Vash2 mRNA expression using gRT-PCR analysis in normal
pancreatic tissue (n = 5), PanIN (n = 5) and PDAC (n = 7) from KPC mice. B-D, Comparison of (B) Vash2 mRNA expression (n = 3), (C)
proliferation using WST-1 assay (n = 2) and (D) migration using the Boyden chamber (n = 3) in KPC stable clones expressing control vector
(KPC/shControl) or mouse Vash2 shRNA vector (KPC/shVash2#1, KPC/shVash2#2). E, F, Comparison of (E) VASH2 mRNA expression, (F)
migration in PANC-1 cells stably transfected with control vector (PANC-1/shControl) or human Vash2 shRNA vector (PANC-1/shVASH2#1,
PANC-1/shVASH2#2) (n = 3). G, H, Comparison of (G) VASH2 mRNA expression and (H) migration of SUIT-2 cells infected with LacZ
adenovirus (AdLacZ) or human VASH2 adenovirus (AdVASH2) (n = 3). Error bars represent SD. Scale bars are 500 um (A) and 100 um (D, F,
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CD4 (Cell Signaling Technology), CD8 (Cell Signaling Technology),
Ly-6G (Abcam), CD11b (Abcam), F4/80 (Bio-Rad), Arginase-1
(Cell Signaling Technology), and CXCL1 (Abcam). Staining signals
were visualized using Histofine Simple Stain MAX PO (Nichirei
Biosciences) or SignalStain Boost IHC Detection reagent (Cell
Signaling Technology) followed by counterstaining with hematox-
ylin. For microscopic fluorescence analysis, secondary antibod-
ies conjugated with Alexa Fluor 488 or Alexa Fluor 555 (Thermo
Fisher Scientific, Waltham, MA, USA) were used. Nuclei were
stained with DAPI. The images were captured with DM2000 LED
(Leica Microsystems, Wetzlar, Germany) or KEYENCE BZ-9000
microscope (Keyence Corporation, Osaka, Japan).

2.13 | Statistical analysis

Data are expressed as mean and standard deviation (SD) or stand-
ard error of means (SEM). For determining differences between two
groups, data were analyzed using the Student's t test. For a compari-
son of more than two groups, Holm-Bonferroni test was used. For
Kaplan-Meier plots, log-rank test was applied for statistical analyses.

P-value <.05 was considered statistically significant.

3 | RESULTS

3.1 | Vasohibin-2 is expressed in PDAC cells and
promotes their migration

To examine the role of Vash2 in pancreatic cancer, we used KPC
mice in which oncogenic Kras®?® and TP53R7?H were condition-
ally expressed under the control of the pancreas-specific Pdx-1

promoter.23

We first analyzed Vash2 expression in samples
from KPC mice at each stage, and found that Vash2 was signifi-
cantly upregulated in pancreatic tissue during PDAC progression
(Figure 1A). We then used a pancreatic cancer cell line derived
from PDAC of a KPC mouse (KPC cells),?® and established two sta-
ble Vash2-knockdown KPC cells (shVash2#1 and #2) (Figure 1B).
Knockdown of Vash2 did not significantly change the proliferation
of KPC cells in vitro (Figure 1C). We then carried out Transwell
migration assay and found that knockdown of Vash2 significantly
decreased the migration and invasion of KPC cells (Figures 1D,
S1). The human pancreatic cancer cell line PANC-1 also showed
decreased cell migration when VASH2 was stably knocked down
(Figure 1E). Conversely, VASH2 overexpression significantly in-
creased migration of human pancreatic cancer cell line SUIT-2 in
which endogenous VASH2 was almost absent (Figure 1F).

These data indicate that VASH2 expression is increased during
PDAC progression, and promotes PDAC cell migration.

3.2 | Vasohibin-2 is required for PDAC progression

To determine whether Vash2 is involved in the metastasis of
PDAC, we injected KPC cells into the tail vein of nude mice. Lung
metastasis was significantly decreased in the mice injected with

Vash2-knockdown cells (Figure 2A). Next, we inoculated KPC cells
orthotopically in the pancreas of mice. Weights of primary tumors
formed by Vash2-knockdown cells were significantly reduced in
comparison to primary tumors formed by control cells (Figure 2B,C).
Incidence of metastasis in the liver was not significantly differ-
ent, but metastases were small in Vash2-knockdown KPC cells
(Figure 2D,E). Peritoneal dissemination and ascites were significantly
reduced in Vash2-knockdown KPC cells (Figure 2D,F). When overall
survival was compared in the orthotopic mouse model, mice bearing
Vash2-knockdown cells survived longer than mice bearing control
cells (Figure 2G).

To further clarify the role of Vash2 in PDAC formation in KPC
mice, we crossed KPC mice with Vash2-deficient mice to obtain
Vash2-heterodeficient KPC mice (KPC/Vash2'%?’*) or Vash2-homo-
deficient KPC mice (KPC/Vash2-?%Z) and compared their pheno-
types. Incidences of PDAC were almost equal in all mice irrespective
of their genotype. Importantly, however, metastasis was signifi-
cantly decreased in Vash2-deficient mice in a gene-dosage-sensitive
method (Figure 3A). In these pancreatic tumors, Vash2 depletion did
not affect differentiation (Figures 3B,C and S2).

These results indicate that Vash2 plays an essential role in PDAC

metastasis.

3.3 | Vasohibin-2 increases a-tubulin detyrosination
for cancer cell migration

Our previous study showed that VASH2 modulates the metastatic
potential of tumor cells through EMT by regulation of transforming
growth factor beta (TGF-p) signaling in ovarian cancer cells.® We
confirmed EMT markers in KPC cell lines and PDAC in KPC mice.
Vash2-knockdown did not affect E-cadherin and vimentin protein
levels nor TGF-B and TGF-BRI mRNA levels in the KPC cell line
(Figure S3A,B). Furthermore, IHC analyses showed that no signifi-
cant changes were observed in E-cadherin level in KPC/Vash2t9¢%/La<Z
mice (Figure S3C). These results indicate that EMT may not be the
major cause of VASH2-induced metastatic potential.

Vasohibins have recently been identified to have TCP activity,
which deletes a tyrosine residue from the carboxy-terminus of a-tu-
bulin.*?° We confirmed that detyrosinated tubulin was decreased
in Vash2-knockdown KPC cells and tissue of orthotopic tumors
(Figure 4A-C). Conversely, VASH2 overexpression strongly increased
detyrosinated tubulin and cell migration of SUIT-2 (Figure 4D). We
then asked if this TCP activity was related to cell migration. When
VASH2-overexpressed SUIT-2 cells were treated with a TCP inhibitor
parthenolide,26 the increased cell migration was almost completely
inhibited (Figure 4E). Thus, the TCP activity of VASH2 is required for
cancer cell migration and metastasis.

3.4 | Role of VASH2 in tumor angiogenesis

As we previously noted that VASH2 accelerated tumor angio-

10,12

genesis, we examined the vasculature in the orthotopic tu-

mors. Vascular area was significantly reduced in tumors formed
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FIGURE 2 Knockdown of vasohibin-2 (Vash2) expression inhibited pancreatic ductal adenocarcinoma progression in a mouse model. A,
Representative lung images and wet weight quantification of lung in nude mice injected with KPC/shControl (n = 4) or KPC/shVash2 (n = 3)
cells into the tail vein. B-F, KPC/shControl (n = 11) or KPC/shVash2 (n = 8) cells were orthotopically injected into the pancreas of wild-type
mice. B, Representative images of dissected mice. Primary tumors are delimited by the dashed lines. Yellow arrows indicate mesentery
metastases. C, Representative images of excised primary tumor specimens and tumor weights are shown. D, Incidence of metastasis or
invasion confirmed by autopsy. Fisher's exact test was used in analysis. *P < .05. E, Representative data of H&E staining of liver metastasis
and quantification of metastases (n = 3-4). Scale bars are 500 um. F, Measurements of volume of ascites. G, Kaplan-Meier analysis of survival
rates in the orthotopic model injected with KPC/shControl (n = 11) or KPC/shVash2 (n = 7). Log-rank test was used in analysis. P =.002.
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(A) Incidence of . ) . )
Liver Lung Adrenal  Peritoneum Diaphram  Ascites
PDAC
KPC 17/20 13/17 7117 12/17 8/17 77 12117
Vash2 taz* KPC 9/9 5/9 0/9 3/9 3/9 2/9 4/9
Vash2 Laztacz KPC 14/16 4/14 0/14 3/14 2114 3/14 1/14
(8) ©
; ‘ : ‘ : Well  Moderately ~ Poorly ~ Sarcomatoid
KPC 1/6 1/6 2/6 2/6
Vash2 a2+ KPC 0/6 2/6 1/6 3/6
Vash2 tacstacz KPC 1/6 0/6 2/6 3/6

FIGURE 3 Deletion of vasohibin-2 (Vash2) gene suppressed pancreatic ductal adenocarcinoma (PDAC) metastasis in KPC mice.

A, Table shows incidence of primary tumor, invasion and metastasis in KPC, KPC/Vash2"%*”* mice and KPC/Vash2"%%*%Z mice. B,
Representative histological images of PDAC in KPC mice showing well-differentiated adenocarcinoma (upper left), moderately differentiated
adenocarcinoma (upper right), poorly differentiated adenocarcinoma (bottom left), and sarcomatoid carcinoma (bottom right). H&E staining.
Scale bars indicate 100 pm. C, Table shows raw number of each differentiation status of PDAC in KPC mice (n = 6), KPC/Vash2"*/* mice

(n = 6), and KPC/Vash2-9?/49Z mice (n = 6)

by Vash2-knockdown KPC cells (Figure 5A). We next examined
tumor vasculature in KPC mice. Similar to the orthotopic model,
tumor angiogenesis was significantly decreased in Vash2-de-
ficient mice (Figure 5B), confirming the proangiogenic role of
VASH2 in PDAC.

3.5 | Role of VASH2 in the tumor immune
microenvironment

To further clarify VASH2 function, the downstream targets of
VASH2 in KPC cells were analyzed using microarray to compare
gene expression between control and Vash2-knockdown KPC
cells. Microarray showed that 911 genes were upregulated and
1695 genes were downregulated by Vash2 knockdown in KPC cells
(<0.5 fold). Gene enrichment analysis by KEGG pathway showed
that downregulated genes were related to inflammation, including
cytokine-cytokine receptor interaction, chemokine signaling and
tumor necrosis factor (TNF) signaling (Figure 6A). NF-xB signaling
is a classical proinflammatory signaling pathway, and we therefore
assessed NF-xB activity using a pNF-kB-MetLuc2 reporter vec-
tor which contained multiple copies of the NF-xB response ele-
ment. Knockdown of Vash2 decreased NF-kB promoter activity
(Figure 6B). We further examined gene expression included in these
pathways using RT-gPCR, and downregulation of secreted proteins
such as chemokines (Cxcl2, Cxcl5, Ccl2, Ccl5) and cytokines (Csf1,
Csf2, 1I-1A) were observed (Figure 6C). CXCL2 and CXCL5 are ligands

for CXCR2, which is expressed in G-MDSC and neutrophils.?” These
ligands recruit G-MDSC, which enable evasion of tumor immunity in
PDAC.* Csf2 encodes the cytokine GM-CSF, and tumor-derived GM-
CSF drives differentiation of G-MDSC.?® We confirmed downregula-
tion of CXCR2 ligands and GM-CSF mRNA expression (Figure 6D),
and also CXCL1 protein levels (Figure S4).

CCL2 induces recruitment of CCR2+ inflammatory monocytes,
which are precursors of TAM.% The expression of Ccl2 was signifi-
cantly reduced in PDAC of KPC/Vash2%?/*%Z mice but not in Vash2-
knockdown KPC cells (Figure 6C,D), which indicated that Vash2 may
control Ccl2 expression indirectly in mice.

Thus, VASH2 may regulate cytokine and chemokine expression,
which controls the recruitment of G-MDSC and TAM in the tumor
microenvironment.

3.6 | Vasohibin-2 is involved in the evasion of
tumor immunity

Accumulation of G-MDSC prevents cytotoxic T-cell infiltration into
the tumor, and this supports tumor progression in PDAC.*We specu-
lated that VASH2 modulates G-MDSC accumulation through the up-
regulation of CXCR2 ligands and GM-CSF. We therefore examined
the presence of CD11b* Ly6G* G-MDSC by immunohistochemical
double staining. Quantification of G-MDSC in tumor showed that G-
MDSC accumulation was decreased in PDAC of KPC/Vash2tec?/tacz
mice (Figure 7A). We next investigated T-cell infiltration in the tumor.
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IHC analysis showed that the number of CD3" T cells significantly
increased in PDAC of mice and was correlated with the number of
cytotoxic CD8" T cells (Figure 7B).

Macrophages are broadly divided into proinflammatory M1-TAM
and anti-inflammatory M2-TAM.3® We showed that deletion of the
Vash2 gene caused significant reduction of Arginase-1 positive M2-
TAM in PDAC (Figure S5).

These data suggest that VASH2 is involved in the evasion of
tumor immunity in PDAC through the accumulation of G-MDSC and
M2-TAM.

4 | DISCUSSION
Pancreatic ductal adenocarcinoma is a highly metastatic cancer.
Herein, we examined the significance of VASH2 in PDAC, and showed
that VASH2 plays an essential role in the progression of PDAC by
acting on both cancer cells and the tumor microenvironment.
VASH2 knockdown significantly reduced pancreatic cancer cell
migration, whereas its overexpression increased their migration.
Accordingly, the VASH2-induced cell migration was due to its di-
rect effect on PDAC cells. Although we and others have previously
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reported that VASH2 promotes EMT of various cancer cells, our
present study indicated that EMT was not the primary cause of
VASH2-mediated metastasis of PDAC. In contrast, the present study
indicates that cytoskeletal microtubule modification is critical for
VASH2-mediated metastasis.

Microtubules receive a variety of post-translational modifica-
tions including tubulin detyrosination. VASH2 has recently been
shown to have TCP activity.19*20 In accordance with this evidence,
the present study showed that VASH2 stimulated metastatic activ-
ity of PDAC cells, at least in part, through its TCP activity within the
cell. Accumulation of detyrosinated tubulin is documented in breast
cancers and neuroblastomas with poor prognosis.ig'g’1 In addition,
detyrosinated tubulin is involved in the metastasis of breast can-
cer cells though the formation of cellular protrusions, so-called mi-
crotentacles.?® We suggest that VASH2 may play a considerable role
in the accumulation of detyrosinated tubulin in such circumstances.

When bound to SVBP, VASH2 is efficiently secreted,®3? and this
may be responsible for the paracrine effect of VASH2 in the tumor
microenvironment. We have previously reported that when VASH2
was knocked down in cancer cells, it prevented tumor angiogenesis
in ovarian cancer cells and hepatocellular carcinoma.®! In addition,
neutralizing anti-VASH2 monoclonal antibody can inhibit VASH2-
induced tumor angiogenesis.’® Thus, VASH2 secreted by cancer
cells stimulates tumor angiogenesis, and our present study sup-
ports this theory. We evaluated and determined that cell prolifera-

tion in vitro was not affected by VASH2 expression levels, whereas

tumor weights were decreased in vivo by VASH2 knockdown. As the
reduction of vascular area was observed in the tumors of Vash2-
knockdown KPC cells, we speculated that the decrease of tumor size
was caused, at least in part, by the inhibition of angiogenesis.
Besides tumor angiogenesis, our present study showed for the
first time that VASH2 affects tumor immunity in the tumor micro-
environment. This theory is derived from the analysis of VASH2-
regulated gene expression in cancer cells. We noticed that VASH2
regulated the expression of inflammatory chemokines and cytokines
in cancer cells, which, in turn, controlled the recruitment of MDSC
and M2-TAM. Accordingly, these activities of VASH2 in the tumor
immune microenvironment is indirectly mediated by VASH2-regu-
lated genes such as CXCR2 ligands and GM-CSF in PDAC cells.
Myeloid-derived suppressor cells and M2-TAM have recently
been recognized as critical players in the tumor immune microen-
vironment. MDSC represent a heterogeneous population of im-
mature myeloid cells. Under normal conditions, these immature
cells differentiate into macrophages, dendritic cells, and granu-
locytes. But, under pathological conditions such as cancer, they
are arrested in their differentiation, resulting in the accumulation
of MDSC. Increasing evidence indicates that MDSC not only pro-
vide evasion of tumor immunity but also augment the metastatic
potential of tumor cells through promoting pre-metastatic niche
formation.®® Indeed, CXCR2 signaling is reported be responsible
for the accumulation of MDSC in PDAC, and blockade of CXCR2

signaling contributes to improved tumor immunity and reduced
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metastasis of PDAC in mice.*3* The transition of M1-TAM to
M2-TAM is another aspect of immune response during the pro-
gression of PDAC, as the accumulation of M2-TAM is evident in
PDAC.%° The present study indicates that VASH2 is responsible

for the modulation of tumor immunity through accumulation of
M2-TAM as well.
One of the most significant advancements in recent anticancer

therapy is immune checkpoint treatment. However, responses to
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such treatment are not uniform across tumor types. In particular, it
is not effective for PDAC because of its immunosuppressive tumor
microenvironment, as the accumulation of MDSC prevents the in-
filtration of cytotoxic T lymphocytes in PDAC. The present study
suggests that the expression of VASH2 in PDAC cells is critical for
this immunosuppressive tumor microenvironment of PDAC.

In conclusion, VASH2 plays an essential role in PDAC progression
with multiple functions in both cancer cells and the tumor micro-
environment. Its role in cancer cells is tubulin detyrosination which
directly accelerates the metastatic activity of PDAC cells. Its role in
the tumor microenvironment is tumor angiogenesis as a result of its
paracrine activity and the evasion of tumor immunity due to altered
gene expression of PDAC cells (Figure 8). We propose VASH?2 to be
a relevant target for the treatment of refractory PDAC.
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