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Abstract: Vasohibins (VASH1 and VASH2) are recently identified regulators of angiogenesis and
cancer cell functions. They are secreted proteins without any classical secretion signal sequences,
and are thought to be secreted instead via an unconventional protein secretion (UPS) pathway in a
small vasohibin-binding protein (SVBP)-dependent manner. However, the precise mechanism of
SVBP-dependent UPS is poorly understood. In this study, we identified a novel UPS regulatory
system in which essential domain architecture (VASH-PS) of VASHs, comprising regions

VASH194_150 and VASH25,_469, regulate the cytosolic punctate structure formation in the absence of
SVBP. We also demonstrate that SVBP form a complex with VASH1 through the VASH1,74 58> (Sla),
VASH1 39144 (SIb), and VASH1,33 437 (Slc), leading to the dispersion in the cytosol and extracellular

release of VASH1. The amino acid sequences of VASH-Sla and VASH-PS, containing Slb and Sic,
are highly conserved among VASH family members in vertebrates, suggesting that SVBP-
dependent UPS may be common within the VASH family. This novel UPS regulatory system may
open up new avenues for understanding fundamental protein secretion in vertebrates.
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Statement

Vasohibins (VASHs) are secreted via an unconven-
tional protein secretion (UPS) pathway. In this
study, we analyzed a series of deletion and substitu-
tion mutants constructed on the basis of VASH1 sec-
ondary structure and reveal that cytosolic punctate
structure (PS) formation and extracellular release of
VASHs are regulated by physical interaction with a
chaperone protein through three conserved domains

Grant sponsor: Grant-in-Aid for Scientific Research on Innovative
Areas ‘“Integrative Research on Cancer Microenvironment
Network” from the Ministry of Education, Culture, Sports, Science
and Technology of Japan; Grant number: JP22112009.

*Correspondence to: Shinae Kizaka-Kondoh, School of Life Science
and Technology, Tokyo Institute of Technology, Yokohama
226-8501, Japan. E-mail: skondoh@bio.titech.ac.jp

452 PROTEIN SCIENCE 2017 ‘ VOL 26:462-463

of VASHs. This novel UPS regulatory system may
open up new avenues for understanding fundamen-
tal protein secretion in vertebrates.

Introduction

Vasohibin-1 (VASH1) and vasohibin-2 (VASH2) are
members of the vasohibin family, a novel family of
angiogenic regulators.'™ Spatiotemporal analyses of
these genes in mice indicate that VASH1 and VASH2
have distinct expression patterns and opposing func-
tions; VASH1 is mainly released from endothelial cells
to terminate angiogenesis, while VASH2 is mainly
expressed in mononuclear cells to promote angiogene-
sis.* In addition, VASH2 was found to be secreted from
several types of cancer cells, including ovarian adeno-

carcinoma,® gastric cancer,® hepatocellular carcinoma,?
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endometrial cancer,’ colon cancer,® breast cancer,” and
pancreatic ductal adenocarcinoma,®
protein acts to enhance tumor growth by promoting
angiogenesis. No known functional motifs have been
identified in either the VASH1 or VASH2 amino acid
sequences, but order/disorder orientation analysis sug-
gests that the N- and C-terminal disordered regions
have distinct functions in both VASH1 and VASH2.1

Most newly synthesized secretory proteins are
secreted through the conventional endoplasmic reticu-
lum (ER)-Golgi secretory pathway, in which proteins
with a signal peptide are first recognized by a signal
recognition particle and allowed to enter the ER, from
where they are translocated to the Golgi apparatus
using vesicles covered with coat protein complex II;
they are then modified and processed in the Golgi,
sorted into secretory vesicles, and finally released into
the extracellular space.'>® However, the VASHs con-
tain no classical secretion signal sequences and are
hypothesized to be released via nonconventional pro-
tein extracellular transport systems, the so-called UPS
pathways, into the extracellular space.! So far, two
types of UPS have been discovered: Interleukin
(IL)—1B,*15 11.-33,16 Acb1,''° tissue transglutami-
nase,?? galectin-3,%! macrophage migration inhibitory
factor,”> and insulin-degrading enzyme®? are all
secreted through vesicle
autophagosome-like vesicles, recycling endothomes,
secretory lysosomes, multivesicular bodies, and exo-
somes, or via microvesicle shedding,'®>?* whereas pro-
teins such as the fibroblast growth factors (FGF's) are
secreted via non-vesicular translocation across the
plasma membrane.'®?? In the case of the VASHs, small
vasohibin-binding protein (SVBP), a coiled-coil protein
composed of 66 amino acids,?® may be involved in the
extracellular release of the VASHSs, because overex-
pression or knockdown of SVBP has been shown to
enhance or reduce VASH1 secretion, respectively.2®
However, the secretion mechanism of the VASHs via
SVBP-dependent UPS is poorly understood.

Here, we suggest a regulatory system of
chaperone-dependent UPS by which SVBP promotes
the extracellular release of the VASHs. Notably, we
demonstrate that VASHs have a unique domain archi-
tecture containing critical sequences for distinct func-
tions: PS formation, dispersion in the cytosol, and
extracellular release. SVBP regulates these functions
through sequence-specific interaction with the VASHs
and translocates these proteins from the cytosol into
the extracellular space on cellular demand.

where this

intermediates such as

Results

Analysis of subcellular localization and
extracellular release of VASH1 by

tracking system

Fluorescence and bioluminescence are highly sensi-
tive tools for the spatial and quantitative analyses of
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intracellular and extracellular proteins. To analyze the
subcellular localization and extracellular secretion of
VASH1, superfolder green fluorescent protein
(sfGFP)*" or Renilla luciferase 8.6-535 (RLuc)®® was
fused to the C-terminal end of VASH1, constructing
VASH1-sfGFP or VASH1-RLuc, respectively?® [Fig.
1(A)]. SVBP was also fluorescently visualized by fusing
it with a red fluorescent protein, mRuby22° [SVBP-
mRuby2; Fig. 1(A)]. After transient transfection of
VASH1-sfGFP c¢cDNA into HeLa cells, VASH1 was
found to show cytoplasmic PS formation [Fig. 1(B)],
which did not fully overlap with any organelles exam-
ined, such as ER, mitochondria, or lysosome [Fig. 1(C)].
However, when VASH1 was coexpressed with SVBP or
SVBP-mRuby2, these PS were completely absent and
VASH1 was dispersed throughout the cytosol [Fig.
1(B)]. In our previous report, SVBP was shown to stabi-
lize VASH1 by increasing its solubility and inhibiting
ubiquitination in the cytosol, eventually enhancing
VASH1 extracellular release.?® Thus, we evaluated the
level of VASH1 protein in both the culture medium and
the cell lysate by measuring bioluminescence after
coexpression of VASH1-RLuc and SVBP. In the pres-
ence of SVBP, VASH-1 fused to RLuc at the C-terminal
end (VASH1-RLuc) significantly increase RLuc activity
in the medium while VASH-1 fused to RLuc at the
N-terminal end [RLuc-VASH1; Fig. 1(A)] and RLuc
alone did not [Fig. 1(D)]. Furthermore, the fusion of
sfGFP to the N-terminal end of VASH1 [sfGFP-VASH1;
Fig. 1(A)] led to the PS formation regardless of
co-expression of SVBP [Fig. 1(E)]. These results dem-
onstrate that N-terminal structure of VASH1 is impor-
tant for SVBP-dependent dispersion in the cytosol and
extracellular release and that the fusion of reporter
proteins to the C-terminus successfully track the intra-
cellular behavior of VASH1, revealing that VASH1
intrinsically shows PS formation in cells and that
SVBP inhibits this PS formation and enhances extra-
cellular release of VASH1.

Determination of the domain necessary

for PS formation in VASHs

We hypothesized that VASH1 has domain architec-
ture that facilitates the PS formation, and that
SVBP can inhibit this PS formation by specific
protein-protein interactions with VASH1, thereby
enhancing the extracellular release of VASH1. To
verify this hypothesis, we first identified the domain
necessary for formation of PS within the VASH1
sequence (VASH1-PS). The cDNAs of various VASH1
deletion mutants, D1 (1-344), D2 (1-300), D3
(1-270), D4 (1-160), D5 (1-90), D6 (331-365), D7
(301-365), D8 (271-365), D9 (91-270), and D10
(91-180) [Fig. 2(A)], were fused to sfGFP ¢cDNA and
transiently introduced into HeLa cells. After 48 h,
localization of the fusion proteins was observed with
fluorescence microscopy [Fig. 2(B)]. The D1, D2, D3,
D9, and D10 mutant proteins formed clear PS while
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Figure 1. VASH1-reporting systems. A: Schematic diagrams of VASH1 fusion proteins. Green fluorescent protein sfGFP and
bioluminescent enzyme RLuc were each genetically ligated to the C-terminal (VASH1-sfGFP and VASH1-RLuc) or N-terminal
(sfGFP-VASH1 and RLuc-VASH1) of VASH1. Red fluorescent protein mRuby2 was ligated to the C-terminal of SVBP. B:
Fluorescence micrographs of Hela cells cotransfected with VASH1-sfGFP-encoding vector and empty (EV), SVBP-encoding or
SVBP-mRuby2-encoding (SVBP-mR2) vectors. Nuclei were stained with Hoechst 33342 (blue) and merged images of all colors
are shown in the bottom panels. Bar = 10 um. C: Merged fluorescence micrographs of HelLa cells cotransfected with
VASH1-sfGFP-encoding vector and empty (EV) or SVBP-encoding vectors. Nuclei and ER, mitochondria, or lysosome were
stained with Hoechst 33342 (blue) and ER-ID (red), MitoTracker (red), or LysoTracker (red), respectively. Bar =10 pm. D:
SVBP-dependent release of VASH1-RLuc, RLuc-VASH1, and RLuc from the cells. Release index was calculated as in
methods section. Mean = S.E.M. of four independent experiments is shown. (*P < 0.005). E: Fluorescence micrographs of
Hela cells cotransfected with sfGFP-VASH1-encoding or sfGFP-encoding vectors and empty (EV) or SVBP-encoding vectors.
Bar=10 um.
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Figure 2. Determination of the domain necessary for PS formation in VASHs. A: Summary of mutant VASH1 D1-D10. The
sfGFP-fused mutants that formed PS in Hela cells are colored in blue. B: Fluorescence micrographs of Hela cells transfected
with mutant VASH1-sfGFP-encoding vectors. C: Diagram of predicted secondary structures and alignment of sequences of
VASH1-PS and VASH2-PS. Amino acid sequences predicted to form a-helix-1, B-sheet-1, a-helix-2, a-helix-3, and a-helix-4
are indicated by magenta, orange, blue, green, and black underlines, respectively. *: Identical amino acids shared by
VASH1-PS and VASH2-PS. D: Fluorescence micrographs of HelLa cells cotransfected with VASH1-PS-sfGFP-encoding
(VASH1-PS), VASH2-PS-sfGFP-encoding (VASH2-PS), or VASH2-sfGFP-encoding (VASH2) vectors and empty (EV) or
SVBP-mRuby2-encoding (SVBP-mR2) vectors. Nuclei were stained with Hoechst 33342 (blue) and merged images of all colors

are shown in the bottom panels. Bar =10 um.

the D4, D5, D6, D7, and D8 mutant proteins formed
no visible PS in the cells, indicating that the region
comprising amino acid residues 91-180 contains
VASH1-PS.

Human VASH2 (355 amino acid residues), a mem-
ber of vasohibin family, has 52.5% amino acid sequence
homology with human VASH1 (365 amino acid resi-
dues),'! suggesting that a corresponding domain to
VASH1-PS similarly facilitates the PS formation of
VASH2 in the cytosol. Sequence alignment using Clus-
talW?! revealed that the VASH2 sequence 80—169 cor-
responded to the VASHI1-PS with 63.3% homology
[Fig. 2(C)]. Furthermore, its secondary structure as
predicted with the PSIPRED program®? revealed that
VASH1-PS and VASH2-PS have conserved amino acid
compositions of 100% for B-sheet 1 and a-helix 3, 71.4%
for a-helix 2, 45.5% for a-helix 1, and 35.5% for the
random coil [Fig. 2(C)], suggesting the importance of
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secondary structure in this domain. To examine wheth-
er VASH1-PS and VASH2-PS have the same function
in cytosolic PS formation, VASH1-PS and VASH2-PS
was expressed as a fusion protein with sfGFP in HeLa
cells and its intracellular localization was observed
with fluorescence microscopy [Fig. 2(D)]. The result
showed that both VASH1-PS-sfGFP and VASH2-PS-
sfGFP formed PS within the cells, confirming the com-
mon PS domain function in the VASHs. Notably, coex-
pression of VASH1-PS-sfGFP or VASH2-PS-sfGFP
with SVBP-mRuby2 also exhibited PS formation
within the cells, confirming that the PS domain alone
cannot facilitate SVBP-dependent dispersion in the
cytosol.

Analysis of domain architecture of VASH1-PS
To further analyze VASH1-PS, we designed the next
set of deletion mutants based on the secondary
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Figure 3. Analysis of domain architecture of VASH1-PS. A: Summary of mutant VASH1 D10-D17. The sfGFP-fused mutants
that formed PS in Hela cells are colored in blue. The alanine substitution regions in D15, D16, and D17 are represented with
open boxes. The predicted secondary structures within VASH1-PS are also shown as Figure 2(C). B: Fluorescence micrographs
of Hela cells transfected with mutant VASH1-sfGFP-encoding vectors are shown. Bar = 10 um. C: Representative surface
structures and potential of VASH1-PS during 5.0-10.0 ns trajectories. In the surface structures of VASH1-PS, the coil, a1, B1,
a2, and o3 domains are highlighted in gray, magenta, orange, blue, and green, respectively. In the potential interacting surfa-
ces, the positively charged and negatively charged regions are indicated in blue and red, respectively.

structure, D11-D17. D11 (91-164, Ax3), D12 (121-
180, Acoil), D13 (152-180, Acoil, al, 1), and D14
(161-180, Acoil, al, B1, «2) [Fig. 3(A)] and con-
structed plasmids expressing these mutants as
fusion proteins with sfGFP. Transient expression of
these mutants in HeLa cells exhibited that none of
the mutant proteins formed any PS [Fig. 3(B)],
indicating that both the random coil (91-120) and
a-helix 3 (165-180) are necessary for PS formation.
In contrast, alanine-substituted mutants within the
B-sheet 1 region, D15 (133-137A), D16 (139-144A),
and D17 (145-149A) [Fig. 3(A)], formed PS [Fig.
3(B)], indicating that these regions are not required
for PS formation. These results confirmed that the
amino acid sequence 91-180 is necessary and
sufficient for VASH1-PS, in which several essential
domains for PS formation are connected via nones-
sential spacer sequence.

To understand the mechanism underlying PS
formation of VASH1, we carried out in silico predic-
tions of the surfaces of VASHs-PS with 10 ns molec-
ular dynamic (MD) simulations. The 5.0-10.0 ns
trajectories of VASH1-PS revealed that the coil and
a-helix 2 are likely to form a positively charged
anterior surface and that the «-helixes 1 and 3 com-
pose hydrophobic posterior surface [Fig. 3(C)l, sug-
gesting that these deviations of surface potential in
VASH1-PS contribute to PS formation.
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Identification of motifs in VASH1 necessary

for the SVBP-dependent cytosolic dispersion
and extracellular release

To identify the amino acid sequences in VASH1 neces-
sary for its SVBP-dependent dispersion in the cytosol,
the mutant containing intact VASH1-PS and thus
showing PS formation in the cytosol (D1, D2, D3, D9,
D10, D15, D16, and D17 in Figs. 2 and 3) were coex-
pressed with SVBP in HeLa cells and their intracellu-
lar localization was observed [Fig. 4(A)]. Although D2
was distributed throughout the cell, D3 showed PS
formation regardless of coexpression with SVBP, indi-
cating the involvement of the 271-300 sequence in the
SVBP-dependent dispersion in the cytosol. To further
narrow down the sequence required for SVBP-
dependent dispersion of VASH1, D18 (274-282A), an
alanine-substitution mutant in the 274-282 sequence
(SIa), was constructed [Fig. 4(B)] and coexpressed
with SVBP in HeLa cells. In this case, the SVBP-
dependent cytosolic dispersion was not observed,
revealing that Sla is essential for this event [Fig.
4(C)]. In addition, among the alanine-substitution
mutants (D15, D16, and D17) in PS domain, D15 and
D17 showed SVBP-dependent cytosolic dispersion,
while D16 did not, indicating that the 139-144
sequence (SIb) is also crucial for SVBP-dependent
dispersion in the cytosol [Fig. 4(A)]. These results sug-
gest that D15 and D17 may interact with SVBP but

Chaperone-Dependent UPS of VASHs
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Figure 4. Identification of sequences in VASH1 necessary for the SVBP-dependent whole cell distribution and extracellular-
release. A: Fluorescence micrographs of Hela cells cotransfected with mutant VASH1-sfGFP-encoding and SVBP-encoding
vectors. Bar =10 um. B: Summary of VASH1 D1, D2, D3, D9, D10, D15, D16, D17, and D18 mutant proteins. The sfGFP-fused
mutants that distributed throughout the cells when coexpressed with SVBP, are colored in magenta. The alanine substitution
regions in D15, D16, and D17 are represented with open boxes. The predicted secondary structures within VASH1-PS are
shown as Figure 2(C) and motifs necessary for PS formation (closed bar), SVBP interaction (Sla and Slb, yellow boxes) and
extracellular release (Slc, yellow box) are also shown. C: Fluorescence micrographs of HelLa cells cotransfected with
D18-sfGFP-encoding vectors (D18) and empty (EV) or SVBP-encoding vectors. Bar = 10 um. D: Immunoprecipitation of the
VASH1-SVBP protein complex. Cell lysate from Hela cells cotransfected with VASH1-RLuc-encoding (WT), D15-RLuc-
encoding (D15), D16-RLuc-encoding (D16), D17-RLuc-encoding (D17), D18-RLuc-encoding (D18), or empty (EV) vectors and
SVBP-Flag-encoding or empty (EV) vectors were immunoprecipitated with anti-Flag antibody. Immunoprecipitates were
analyzed by Western blotting using anti-RLuc antibody. E: SVBP-dependent extracellular release of mutant VASH1-RLuc.
Release index was calculated as described in methods section. Mean = S.E.M. of four independent experiments is shown.

Red line indicates release index = 1.

D16 and D18 may not. To investigate the interaction
between these mutants and SVBP, immunoprecipita-
tion analysis was applied for these mutants and
revealed that wild type VASH1 and D17 formed a com-
plex with SVBP but neither D15, D16, nor D18 could
[Fig. 4(D)]. These results indicate that in addition to
Sla and SlIb, sequence 133-137 (SIc) in PS domain is
essential for the VASH1-SVBP complex formation and
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suggest that SIa and SIb are enough and necessary
for interaction with SVBP to inhibit PS formation but
not enough to make a tight complex formation.

To determine the causal relationships among
cytosolic dispersion, the tight complex formation with
SVBP, and extracellular release of VASH1, mutant
proteins were fused to RLuc and expressed with SVBP
in HeLa cells, followed by the measurement of the
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Figure 5. Multiple sequence alignment of VASH-PS and VASH-Sla. Amino acid sequences of VASH-PS and VASH-SIa of
VASH family proteins in the vertebrates (except for reptiles) were analyzed for homology. *: Identical amino acid sequence

shared among these species.

luciferase activities [Fig. 4(E)]. After 48 h incubation,
we found that the extracellular release of the mutants
that lacked either Sla or SIb (D3, D4, D5, D6, D7, DS,
D9, D10, D11, D12, D13, D14, D16, and D18) was not
enhanced by SVBP [Fig. 4(E)]. In contrast, the
mutants having intact SIa and SIb (D1, D2, and D17)
were increased in SVBP-dependent release from the
cells, except for the D15 mutant [Fig. 4(E)], which
lacks Slc [Fig. 4(B)]. SIc was required for the tight
complex formation with SVBP as shown by fail of
complex formation between SVBP and D15 mutant
harboring alanine-substitution in SlIc [Fig. 4(D)], sug-
gesting the importance of the strong binding between
VASH1 and SVBP for extracellular release. The D1,
D2, and D17 mutants, which all contain Sla, SIb, and
Slc, successfully exhibited SVBP-dependent extracel-
lular release as indicated by the significantly high
luciferase activity in their culture media.

Conservation of VASH-PS and Sla amino

acid sequences among VASH family

Human VASHI1-PS is highly conserved across the
vertebrates except for reptiles (100% for chimpanzee,
100% for bovine, 97% for rat, 98% for mouse, 96%
for chicken, 81% for zebrafish, and 80% for Xeno-
pus). Notably, SIb and SIc are highly conserved and
tryptophan residue within Sla is perfectly matched
among these species (Fig. 5). These results support
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the hypothesis that all three motifs, Sla, SIb, and
Sle, play important roles in SVBP-dependent UPS of
VASHs.

Discussion
In this study, we successfully demonstrated a novel
UPS regulatory system, SVBP-dependent extracellu-
lar release of VASH1, by identifying the contributing
small-domain architectures, Sla (274-EWKHSVLDV-
282), SIb (139-QFFEIK-144) and Slc (133-QYNHT-
137): Sla, SIb, and Slc are necessary for a physical
association with SVBP and the extracellular release
of VASH1 (Fig. 4). These motifs are highly conserved
among VASH family members in the vertebrates
(Fig. 5), strongly suggesting that VASH proteins
uses the same secretion mechanism as VASH1, while
opposite function between VASH1 and VASH2 may
be due to their disordered regions in the N- and
C-termini.

To understand the VASHs’ UPS, we constructed
a series of VASH1 mutants and analyzed their
behavior by fluorescence- and luciferase-reporter
tracking systems (summarized in Table I). The
results suggest that VASH’s UPS are controlled by
SVBP through two distinct regulations. The first
regulation is PS formation. In the absence of SVBP,
VASHs form PS in the cytosol and thus their secre-
tion is suppressed. Mutants’ analysis revealed that

Chaperone-Dependent UPS of VASHs



Table I. Relationship between Status of Domain Architecture and SVBP-Dependent Extracellular Release

Domain architecture

Steps of SVBP-dependent extracellular release

SVBP-dependent Complex SVBP-dependent
VASH1/ PS formation cytosolic formation extracellular
mutants PS Sla SIb Slc without SVBP dispersion with SVBP release
WT O @) O O + + + +
D1 O O O O + + / +
D2 O O O O + + / +
D3 O O O + - / -
D4 O O - / / -
D5 - / / -
D6 - / / -
D7 - / / -
D8 O - / / -
D9 @) O O + - / -
D10 O O O + - / -
D11 O O - / / -
D12 O O - / / -
D13 - / / -
D14 - / / -
D15 O O O + + - -
D16 O O O + - - -
D17 O O O @) + + + +
D18 O O O + - - -
O, intact; +, positive response; —, negative response; /, not done.

VASH1-PS (sequence 91-180 of VASHI, Figs. 1-3)
and VASH2-PS (sequence 80-169 of VASH2, Fig. 2)
are crucial elements for the PS formation of these
proteins in the cytosol. Because predictive structures
of VASH1-PS based on the MD simulations revealed
that the positively charged anterior is exposed on
the surface [Fig. 3(C)] and because amphipathic pep-
tides such as MPG and Pep-1, which are composed
of positively charged and hydrophobic amino acids,
have been known to associate rapidly with oligonu-
cleotides and polypeptides through noncovalent elec-
trostatic or hydrophobic interactions and to form
stable complexes with them,® we have proposed a
possible mechanism showing PS formation of VASHs
in the cytosol: VASH1-PS may directly form com-
plexes with oligonucleotides and polypeptides in the
cytosol via its positively charged anterior surface. In
addition, positively charged proteins can bind to
negatively charged anionic lipids such as phosphati-
dylglycerol, phosphatidylserine, phosphatidic acid,
and phosphatidylinositol,>* suggesting that VASH1-
PS may bind anionic lipids within some membrane
structures to form PS in the cytosol. What VASH-PS
is bound to in the cytosol is under investigation but
membranes of the ER, mitochondria and lysosome
may not become candidates because the PS did not
fully overlap with them [Fig. 1(C)].

The second regulation is tight complex formation
with SVBP. Coexpression of SVBP with VASH1
completely inhibits VASH1 PS formation and facili-
tates its secretion [Figs. 1(D) and 4]. VASH1 mutants
lacking either Sla or SIb motif (D16 and D18), which
are not able to form a complex with SVBP, exhibited PS
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even when SVBP was coexpressed (Fig. 4), indicating
that the complex formation through Sla and SIb motifs
is essential for SVBP-dependent dispersion in the cyto-
sol and extracellular release. The requirement of com-
plex formation with SVBP for VASH-extracellular
release is exhibited by the VASH1-PS mutants with an
intact Slc (D4, D11, and D12), which were able to dis-
perse in the cytosol regardless of SVBP expression
(Figs. 2 and 3), but failed to be released into the extra-
cellular space (Fig. 4) and a substitution mutation in
Slc (D15), which dispersed in the cytosol in the pres-
ence of SVBP but failed to be released due to inability
to form a tight complex with SVBP (Fig. 4).

From these results, we propose a SVBP-dependent
UPS pathway of the VASHs (Fig. 6). VASHs intrinsical-
ly form PS probably through binding to unknown tar-
gets in the cytosol via positively charged sequences in
their PS domain [Fig. 6-a], and upon secretory stimula-
tion SVBP enhances the UPS of VASHs via two chaper-
one functions in the cytosol: SVBP inhibits the PS
formation of VASHs by forming a tight complex via SI
motifs, leading to dispersion of VASHs in the cytosol
[Fig. 6-b, 6-c], and then interact with the plasma mem-
brane [Fig. 6-d], resulting in their release into the
extracellular space via an unknown mechanism [Fig.
6-e]. This process may be involved in as yet undefined
pathways, which include vesicle intermediates and
direct export.

We previously reported that the full-length
VASH1 protein (44 kDa) is post-translationally proc-
essed, resulting in at least three smaller forms (42,
36, and 27 kDa)®® and also that the 42 kDa
(sequence 30-365) protein was mainly detected in
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SVBP

VASH1

Cytosol
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/ charged surface

Punctate distribution

Plasma membrane

Extracellular space

Figure 6. Hypothetical UPS pathway of the VASHSs. In the absence of SVBP, VASHs form PS through positively charged sur-
face of PS to unknown targets in the cytosol (a). When SVBP is expressed, it binds to VASHs-Sla and Slb (b) and inhibits the
PS formation. VASH-SIc reinforces the binding between SVBP and VASH (c) and SVBP-VASH complexes distribute throughout
the cytosol, following which they interact with plasma membrane (d) and are secreted into the extracellular space (e).

the cytosol, whereas the 36 kDa (sequence 77-365)
and 27 kDa (sequence 77-318) proteins were exten-
sively secreted in the presence of SVBP.2 All secreta-
ble truncated forms contain VASH1-PS and VASHI1-
Sla, supporting the critical importance of this domain
architecture for their secretion. Although the extracel-
lular release of the truncated 42 and 36 kDa protein
are easily evaluated using cells expressing VASH1-
sfGFP and -RLuc, we are not able to detect the
truncated 27 kDa protein, which lacks C-terminal
region of VASH1. However, D2 (1-300) shows SVBP-
dependent extracellular release, suggesting that trun-
cated C-terminal region (319-365) of 27 kDa protein
has few functions on the extracellular release.

IL-1B, one of the major inflammatory factors known
to be secreted through UPS, is secreted via secretory
vesicle intermediates.'® However, in our study, no
vesicle-like structures were observed when VASHI1-
sfGFP was coexpressed with SVBP in the cells (Fig. 1),
indicating that the UPS of VASHs may not be mediated
by vesicular translocation across the plasma membrane,
similarly to the FGFs.!® During the UPS of FGF2, its
attachment to the plasma membrane through the
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binding of PtdIns(4,5)P; was proposed as the first essen-
tial step, followed by the insertion of FGF2 oligomers
into the membrane-spanning hydrophilic pore and
externalization by the binding of membrane-proximal
heparin sulfate proteoglycans on the extracellular sur-
face of the plasma membrane.'>?>3¢ VASHs use a novel
UPS mechanism by binding to SVBP that has a coiled-
coil structure similar to the membrane-anchoring pro-
teins such as the golgin proteins, which function in the
conventional protein secretion system,?”*® suggesting
that SVBP may recruit VASHs into the plasma mem-
brane. The VASH-SVBP complexes possibly then pene-
trate the plasma membrane through their positively
charged molecular surface, as cationic proteins and pep-
tides have been similarly observed to penetrate mam-
malian cells.?**® Further study should reveal the
precise molecular mechanism of SVBP-mediated UPS of
the VASHs.

Vertebrates have highly specialized blood cells such
as erythrocytes, thrombocytes and leukocytes,® and
control vascular homeostasis with a sophisticated vascu-
lar network. VASH1-PS is highly conserved among the
vertebrates including humans (Fig. 5), suggesting that
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SVBP-dependent UPS may be a fundamental cellular
mechanism for controlling vascular homeostasis. Con-
sidering the multiple regulatory levels of the VASHs
including in terms of mRNA expression level,"*! miR-
200b-dependent mRNA silencing,® and ubiquitin-
dependent protein degradation,?® SVBP-dependent
UPS might have evolved to prevent the unnecessary
secretion of VASHs from cells and to maintain the deli-
cate balance between proangiogenic and antiangiogenic
activities in the vascular network of vertebrates.

Materials and Methods

Human cell line and culture conditions

The human cervical cancer cell line HeLa was pur-
chased from the American Type Culture Collection
(Manassas, VA) and maintained at 37°C in 5% FBS
Dulbecco’s Modified Eagle’s Medium (Thermo Fisher
Scientific, Waltham, MA) supplemented with 100
units/mL penicillin and 100 pg/mL streptomycin
(Nacalai Tesque, Kyoto, Japan).

Plasmid construction for recombinant VASH1,
VASH2, SVBP, and mutant proteins

The c¢cDNAs encoding the wild-type and D1-D18
mutant VASH1 proteins each fused with sfGFP or
RLuc were inserted into the EcoRV site of the
pcDNA3.1 plasmid (Thermo Fisher Scientific). The
c¢DNAs encoding full-length VASH2 or domain for the
PS formation of VASH2 (residues 80-169) fused with
sfGFP and for SVBP fused with mRuby2 were also
inserted into the EcoRV site of separate pcDNA3.1
plasmids.

Intracellular localization of VASH1, VASH2,
SVBP, and mutant proteins

The plasmids for the expression of wild-type and
mutant VASH1 or VASH2 fused with sfGFP (0.125
pg each) were co-transfected with 0.125 pg of
p3XFLAG-SVBP, the plasmid for the expression of
SVBP-mRuby2 fusion protein, or empty pcDNA3.1
vector, into HeLa cells in 24-well plates (5.0 X 10*
cells/well in 1 mL medium) and the cells were incu-
bated for 48 h at 37°C. For nuclear staining, 1 ug
Hoechst 33342 (Dojindo Laboratories, Kumamoto,
Japan) was added into the culture medium 10 min
before observation. For ER staining, ER-ID Red
Assay Kit (Enzo Life Sciences, NY) was used accord-
ing to the manufactures instruction. For mitochon-
dria or lysosome staining, 50 nM MitoTracker Red
(Thermo Fisher Scientific) or 75 nM LysoTracker
Red (Thermo Fisher Scientific) were added into the
culture medium 15 or 30 min before observation,
respectively. Fluorescent micrographs were obtained
with a Biorevo BZ-X710 fluorescence microscope
(Keyence, Osaka, Japan) with the appropriate filters
(Ex/Em =470 = 40 nm/520 =50 nm for sfGFP, Ex/
Em =545 + 25 nm/605 = 70 nm for mRuby2, ER-ID,
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MitoTracker, and LysoTracker, and Ex/Em =360 =
40 nm/460 + 50 nm for Hoechst 33342).

Luciferase release assay

The plasmids for the expression of RLuc, wild-type
VASH1 fused with RLuc, and mutant VASH1 fused
with RLuc (0.125 nug each) were cotransfected with
0.125 pg of p3XFLAG-SVBP or empty pcDNAS3.1
vector, into HeLa cells in 24-well plates (5.0 x 10*
cells/well in 1 mL medium) and the cells were incu-
bated for 48 h at 37°C. Luciferase activity (RLU) in
the medium or in the cell lysates from each culture
was determined after reaction with the RLuc sub-
strate coelenterazine-h (10 ng/uLL in PBS; Promega,
Fitchburg, WI) with a GL-220 luminometer (Micro-
tec, Chiba, Japan). The rate of extracellular release
and SVBP-dependent release of RLuec, wild-type
VASH1-RLuc, and mutant VASH1-RLuc (Release
rate and release index) were calculated from eq 1
and 2, respectively

Releaserate = [BL],, /([BL],, +[BL},) (D

Releaseindex = [Releaserate]y/[Releaseratel, (2)

where [BL], and [BL]; indicate luciferase activities
in the medium and total cell lysate, respectively, and
[Release ratels or [Release ratelg indicates release
rate of cells cotransfected with SVBP encoding or
empty vectors, respectively. Experiments were per-
formed in quadruplicate, and data are represented
as the mean * standard error of the mean.

Immunoprecipitation

The plasmids for the expression of VASH1-RLuc, D15-
RLuc, D16-RLuc, D17-RLuc, D18-RLuc, or empty
pcDNA3.1 vector (2.5 ng each) were cotransfected
with 2.5 pg of p3XFLAG-SVBP or empty pcDNA3.1
vector, into HeLa cells in 10-cm dishes (1.0 X 10° cells/
dish in 10 mL medium) and the cells were incubated
for 48 h at 37°C. Cells were lysed in the buffer consist-
ing of 20 mM Tris-HC1 (pH 8.0), 137 mM NaCl, 2 mM
EDTA, and 1% Triton X-100. Cell extracts were placed
on ice for 15 min and then centrifuged at 12,000g for
10 min to collect the supernatant. The cell lysate was
incubated with mouse monoclonal anti-Flag antibody
(catalogue no. F3165, Sigma-Aldrich, St. Louis, MO)
for 1 h at 4°C and then protein G sepharose beads (GE
Healthcare, Little Chalfont, United Kingdom) for
another 1 h at 4°C. The beads were washed three
times with the lysis buffer and then immunoprecipi-
tated proteins were eluted into Laemmli sample buff-
er. The protein samples were separated on 12.5%
SDS-polyacrylamide gel and transferred to Hybond
ECL membranes (GE Healthcare). VASH1-RLuc and
SVBP-Flag were detected with rabbit polyclonal anti-
Renilla luciferase antibody (catalogue no. PMO047,
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Medical and Biological Laboratories, Aichi, Japan)
and mouse monoclonal anti-Flag antibody (Sigma-
Aldrich), respectively. Appropriate horseradish
peroxidase-conjugated secondary antibodies were
obtained from CST.

MD simulations

The initial coordinates for VASH19;_159 wWere generat-
ed from the arylamine N-acetyltransferase 3 (NAT3)
structure (PDB ID code: 4DMO), which was previous-
ly proposed to be a protein of vasohibin-like family.*?
The secondary structures of VASH1g;_ 159 were
deployed to the corresponding positions of NAT3;_g.
The system was optimized via energy minimization,
and equilibrated with backbone restraints. Then 10.0
ns production run was performed for trajectory analy-
sis using the Amber 14 program on TSUBAME (Glob-
al Scientific Information and Computing Center,
Tokyo Institute of Technology). The parameters for the
MD simulations were force field = Amber ff14SB, sol-
vent model = GB/SA, time step = 2 fs with the SHAKE
algorithm, cutoff = 999.9 A, and
temperature = 300 K using the Berendsen rescaling
method.

non-bonded

Statistical analyses

Statistical analyses were carried out with the
Student’s t-test. Values of P < 0.005 were considered
statistically significant.
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