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To our knowledge, this is the first report to show that vimentin can
play a role in TGF-f activation by the LAP fragment.

2. Materials and methods
2.1. Materials

Peptide-25, Peptide-25N, N-terminally biotin-labeled peptide
and Peptide-21 were synthesized as previously described [9]. Bo-
vine aortic endothelial cells (BAECs) were cultured in Dulbecco's
modified eagle medium containing 10% fetal bovine serum {FBS)
as previously described.

2.2. Cross-linking of Peptide-25N to the target molecule using BAECs

The confluent monolayers were crosslinked with 100 uM Pep-
tide-25N using 2 mM Sulfo-EGS (Pierce Biotechnology, Rockford,
IL) and harvested in detachment buffer (DB; 0.25M sucrose,
0.3 mM PMSF, 10 mM Tris, 1 mM EDTA, pH 7.4, 10 pug/mL of leu-
peptin, antipain, and pepstatin, 50 pg/mL aprotinin, 100 pg/mL
soybean trypsin inhibitor, 10 pg/mL bestatin and benzamidin
hydrochloride, and 300 uM PMSF). In some experiments, cross-
linking of Peptide-25N to the suspended cells was performed as
described above and the precipitated cells were suspended in DB.
Samples were stocked at ~20 °C. The cells stocked were thawed,
precipitated, and solubilized in reducing sample buffer for SDS-
PAGE. To purify the target molecule, the membrane fraction was
obtained in supernatant by solubilization in the buffer containing
8.5 M urea and 2% Nonidet P-40 and centrifugation.

2.3. Purification of a target molecule by avidin-biotin affinity
chromatography and SDS-PAGE

The membrane fraction was applied onto the avidin-biotin
affinity chromatography column (Ultralink Immobilized Mono-
meric Avidin Gel, Pierce Biotechnology) equilibrated with starting
buffer (SB: 1.25M urea, 2% NP-40, 125mM NaCl, 10 mM Tris,
1 mM EDTA, pH 7.4). After washing the column with SB, strongly
bound molecules including the target molecule of Peptide-25N
were eluted in the buffer (2 M urea, 2% NP-40, 125 mM NaCl,
100 mM glycine, pH 2.8). The target molecules fractionated by
the avidin-biotin affinity chromatography were precipitated by
incubation in cold acetone at —20 °C over night, centrifuged, dried
in vacuo, and applied to SDS-PAGE. The bands corresponding to
the target complex containing Peptide-25N and to the co-eluted
protein were cut out and extracted in reducing sample buffer at
37 °C over night. The purity of the target molecule preparation
was confirmed by SDS-PAGE with Ag-staining using 2D-Silver
Stain Il “DAIICHI" (Daiichi Pure Chemicals, Tokyo, Japan).

2.4. Detection of the complex containing Peptide-25N by avidin
staining

The proteins separated on SDS-PAGE were blotted onto a poly-
vinylidene fluoride (PVDF) membrane (Millipore, Billerica, MA) and
the complex containing Peptide-25N was detected using avidin-
biotinylated horseradish peroxidase (HRP) complex solution (Elite
Vectastain ABC kit; Vector Laboratories, Burlingame, CA) and visu-
alized using ECL substrate solution and ECL film (Amersham Biosci-
ences, Piscataway, NJ).

2.5. Amino acid sequencing of the co-eluted protein

The piece cut from the gel was applied to endoproteinase Asp-N
(Roche Diagnostics GmbH, Mannheim, Germany) digestion and the

produced peptide fragments were separated by RP-HPLC using a
MIC-15-03-MRP column (LC PACKING, San Francisco, CA) on
SMART system (Amersham). Fragments were applied to Edman
degradation by a LC system (492cLC, Applied Biosystems Japan,
Tokyo, Japan) and a protein sequencer (PPSQ-10, Shimadzu, Kyoto,
Japan). The co-eluted protein was identified by the N-terminal
sequence determination of the fragments followed by the compar-
ison with protein database SWISS-PROT.

2.6, Western blot analysis with anti-vimentin monoclonal antibodies

The complex containing Peptide-25N, and the co-eluted protein
extracted above were applied to SDS~PAGE followed by silver
staining or Western blot analysis with anti-vimentin monoclonal
antibody (mAb), clone V9 (ICN Pharmaceuticals, Aurora, OH),
HRP-linked whole anti-mouse IgG., ECL substrate solution, and
ECL film (Amersham).

2.7. Binding assay of Peptide-25N to immobilized vimentin protein

The wells of 96-well black plates coated with 2 pg/mL of bovine
vimentin (PROGEN, Heidelberg, Germany) were blocked with PBS
containing 1% bovine serum albumin (PBS-BSA) for 2 h. Five micro-
gram per milliliters of anti-vimentin mAb VIM3B (IgG2a) (PRO-
GEN) or anti-a-actin mouse mAb clone ASM-1 (IgG2a) (PROGEN),
or vehicle and then Peptide-25N solution was added. The wells
were incubated with HRP-conjugated avidin (Amersham) in BSA-
PBS for 1 h. After each step, wells were washed. The wells were
incubated with ELISA Pico (Pierce) for 5 min. The chemilumines-
cence was detected using a plate reader (EnVision 2102 Multilabel
reader, Perkin Elmer, Waltham, MA). In some experiments, the sol-
uble vimentin was added in the presence of 1 uM Peptide-25N.

2.8. FACS analysis

To detect surface proteins, BAECs were harvested non-proteo-
lytically by cell dissaciation buffer (GIBCO BRL, Carisbad, CA) and
not permeabilized. The first Ab was 5 pg/mL of anti-bovine vimen-
tin mAb clone VIM3B4 (1gG2a) or of mouse IgG2a and the second
Ab was 8 ug/mL of fluorescein isothiocyanate (FITC)-conjugated
anti-mouse IgG2a Ab (Santa Cruz Biotechnology, Santa Cruz, CA).
Intact living cells which excluded propidium iodide were analyzed
by FACS Vantage (Becton Dickinson, Bedford, MA). The difference
in vimentin expression was evaluated by Kolmogrov-Smirnov test.

2.9. Binding assay of Peptide-25N to BAECs

Binding assays using BAECs were performed at 37 °C as de-
scribed previously [9]. BAECs plated in a 96-well black plate were
preincubated with 5 pg/mL of anti-bovine vimentin mouse mAb
(clone VIM3B4) or with vehicle for 30 min. Cells were incubated
for 60 min with 100 pg/mL of biotin-labeled or unlabeled peptide
and then in HRP-conjugated streptavidin (Amersham) for further
30 min, the amount of bound peptide was detected by the addition
of ECL Western blotting detection reagent (Amersham) and mea-
sured by Luminescencer JNR (Atto Co., Tokyo, Japan).

2.10. Wound migration assay

Wound migration assays were performed as described previ-
ously [9]. Cells were incubated with 100 pg/mL of peptide in pre-
incubation (6 h) and in incubation (24 h) step after wounding. In
some experiments, 5 pug/mL of anti-vimentin mouse mAb clone
V9 (IgG1) (NeoMarkers, Fremont, CA) or of mouse IgG1 were added
in both steps.
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2.11. Statistical analysis

The statistical significance of differences in the data was evalu-
ated by use of analysis of variance (ANOVA) and P values were cal-
culated by Tukey's method. For comparison of two groups, the
t-test was used. A value of P<0.05 was accepted as statistically
significant.

3. Results

To identify the membrane protein of binding partner for Pep-
tide-25, the cross-linking experiment combined with avidin stain-
ing was performed (Fig. 1) and revealed a specific band bound to
Peptide-25N in BAECs (the arrow in lane 1), This band was not de-
tected in the absence of Peptide-25 in spite of the presence of Sul-
fo-EGS, a cross-linker (lane 2). Therefore, we decided to purify and
identify this band as the target molecule bound to Peptide-25.

The membrane fraction was applied to avidin-biotin affinity
chromatography and then SDS-PAGE (Fig. 1B). This target mole-
cule (band A) and a co-eluted protein (band B) were further puri-
fied by SDS-PAGE. Firstly, the co-eluted protein with the
consistent molecular size of 55 kDa [ 10] was identified as vimentin
as a result of amino acid sequencing. To confirm it, the bands A and
B were applied to Western blot analysis (Fig. 2). The band A (lanes
9 and 10) and the band B (lanes 6-8) reacted with an anti-vimentin
mAb (Fig. 2). This result was reproduced, when another anti-
vimentin mAb, clone VIM3B4, was used (data not shown). There-
fore, we concluded that the target molecule to which Peptide-
25N bound was vimentin (band B) and band A was the complex
of vimentin and Peptide-25N (about 2.7 kDa).

We found that binding of Peptide-25 to EC surface was the key
step for the augmented binding and activation of latent TGF-g [9].
To clarify whether vimentin is involved in this phenomenon, firstly
we performed the binding assay. Peptide-25N bound to the immo-
bilized vimentin protein in a dose dependent manner and anti-
vimentin mAb (IgG2a) inhibited it, whereas anti-oi-actin mAb, an
irrelevant IgG2a, did not (Fig. 3A). Soluble vimentin suppressed
the binding of Peptide-25N in a dose-dependent manner
(Fig. 3B). These results indicate that vimentin could be a binding
partner of Peptide-25. Next, we conducted FACS analysis using
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Fig. 2. Western blot analysis of the target fraction with anti-vimentin monocionat
antibody. Proteins from band A (lanes 4, 5, 9, and 10) and B (lanes 1-3 and 6-8)
(Fig. 1B) were applied to SDS-PAGE followed by silver staining or Western blot
analysis using anti-vimentin mAb, clone V9. The amount corresponding to cuiture
area (cm?); 119 for lanes 1,4, 6, and 9; 11.9 for lanes 2, 5, 7, 10; 1.19 for lanes 3 and
8. The complex of Peptide-25N and its crosslinked protein, and the co-eluted
protein were indicated by arrows A and B, respectively.

alive and membrane-intact BAECs and found that vimentin can ex-
ist on cell surface (Fig. 4A). Moreover, anti-vimentin mAb signifi-
cantly suppressed the binding of peptide-25 to cells (Fig. 4B).
These results indicate that Peptide-25 can directly and specifically
interact with vimentin on cell surface.

Finally, we performed wound migration assay which is widely
used to quantify activation of latent TGF-p [6,7,9,11,12]. Mature
TGF-B, an active form, shows inhibitory activity te EC migration.
Fig. 5 shows that Peptide-25 decreased the migration of ECs as
we previously reported {9]. This inhibitory activity of Peptide-25
was attenuated by anti-vimentin mAb. In contrast to Peptide-25,
Peptide-21 showed no significant activity (Fig. 5). Peptide-21 (from
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Fig. 1. Detection and purification of the target molecule of Peptide-25N. (A) Membrane fraction of BAEC was applied to SDS-PAGE with avidin staining and the candidate of
the target molecule of Peptide-25N was detected (an arrow). (B) The target molecule fraction was obtained from the avidin-biotin affinity chromatography and applied onto
SDS-PAGE followed by avidin (lane 1) or CBB staining {lane 2). Arrow A indicates the putative complex containing biotinylated Peptide-25N and arrow B does the co-eluted

protein.
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Fig. 3. Specific binding of Peptide-25N to immobilized vimentin protein. (A) Binding of Peptide-25N to immobilized vimentin protein was verified by adding anti-vimentin
mAbD clone VIM3B, unrelated anti-a-actin mAb clone ASM-1 or vehicle, The data are shown as the mean and $.D. from four samples. ‘P < 0.005. {B) Binding of Peptide-25N to
immobilized vimentin protein was investigated by adding soluble vimentin. Background of the system is also shown. The data are shown as the mean and S.D. from four

samples.
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Fig. 4. Contribution of vimentin in binding of Peptide-25 to cell surface of BAECs, (A) The expression of vimentin on cell surface of BAECs was analyzed by FACS. A, Mouse
IgG2a as a negative control; B, anti-vimentin mAb (VIM3B4). The intensity of VIM3B4 (B) was significantly higher than that of control (A) (P < 0.001). (B) Binding of biotin-
labeled (25N) or unlabeled (25U) peptide to BAECs was measured as described in Section 2. In some experiments, anti-vimentin mAb (VIM3B4) was added. The data are

shown as the mean and S.D. of eight samples. "P < 0.01.
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Fig. 5. Contribution of vimentin in LTGF-B activation by Peptide-25. To detect
activity of TGF-p, migration assay was performed in the presence of Peptide-25 or
Peptide-21 (negative control) as described in Section 2. In some experiments anti-
vimentin mAb or mouse 1gG1 as a negative control was added. The data are shown
as the mean and SD of four samples, P<0.05 and P<0.01.

Glu113 to Arg131 in the LAP molecule) could not augment LTGF-§
binding to cells and activation [9]. Therefore, we concluded
that vimentin is involved in the latent TGF-B activation by
Peptide-25.

4. Discussion

Vimentin is one of the cytoskeletal proteins classified as an
intermediate filament. However, vimentin is secreted by activated
macrophages in response to inflammatory signals for efficient kill-
ing of microorganisms [13], suggesting the involvement of vimen-
tin in immune function. Macrophages are thought to be the
principle source of TGF-B during inflammatory response [14] and
active TGF-B is thought to be involved in various inflamed diseases
such as rheumatoid arthritis [ 15]. One of the mechanisms of LTGF-
B activation is partial enzymatic cleavage or degradation of LTGF-§
by such as plasmin, matrix metalloprotease, and calpain|5,6,8] and
the inflamed diseases show the elevated activity of those cell-asso-
ciated proteases [5,16]. We speculate the mechanism of LTGF-p
activation by the LAP fragments as following: (1) degradation of
LAP by elevated proteclysis on cell surface generates LAP frag-
ments, (2) active TGF-f is released from latent complex and exerts
its activities, (3) the LAP fragments bind to vimentin on cell sur-
face, (4) binding of LTGF-B to the cell surface is augmented by
the LAP fragment, and (5) the additional activation occurs. To our
knowledge, this is the first report indicating that vimentin is in-
volved in the LTGF-B activation mechanism. The precise mecha-
nisms remain to be elucidated how the LAP fragments and
vimentin can work together to draw the LTGF-f complex to the cell
surface. It is critical to control the excessive activation of LTGF-B
for the treatment. We expect to develop a new type of TGF-§ inhib-
itors through the study of activation of LTGF-p.
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Pregnancy Hypertension/Preeclampsia

Effect of Recombinant Placental Growth Factor 2 on
Hypertension Induced by Full-Length Mouse Soluble fms-Like
Tyrosine Kinase 1 Adenoviral Vector in Pregnant Mice

Hirotada Suzuki, Akihide Ohkuchi, Shigeki Matsubara, Yuji Takei, Masato Murakami,
Masabumi Shibuya, Mitsuaki Suzuki, Yasufumi Sato

Abstract—The first aim of our study was to develop a pregnant mouse model for preeclampsia using adenoviral vector
containing mouse {ull-length soluble fims-like Lyrosine kinase 1 (sFlt-1) but not truncated sFlt-1. The second aim was (o
evaluate effects of recombinant mouse (rm) vascular endothelial growth factor (VEGF) and rm placental growth factor (PIGF)
on a preeclampsia model induced by adenoviral vector containing mouse full-length sFlt-1. We injected adenoviral vector
containing mouse full-length sFlti-1 on day 8.5 or 9.5 of gestation into pregnant Institute of Cancer Research mice. resulting
in hypertension, proteinuria, and similar glomerular histological changes as those seen in human preeclamptic women with
glomerular endotheliosis on day 16.5 or 17.5 of gestation. The preeclampsia models were treated with 100 pelkg of
rmVEGF164 (n=5), 100 pg/kg of rmPIGF-2 (n=>5), or vehicle (n=7) twice a day for 2 days IP. The rmVEGF164 teatment
significantly decreased the mean blood pressure on day 16.5 or 17.5 of gestation compared with the vehicle treatment (85+4
versus 972 mm Hg: P=0.018). The rmPIGF-2 treatment also significantly decreased the mean blood pressure on day 16.5
or 17.5 ol gestation compared with the vehicle treatment (863 versus 97+2 mm Hg: P=0.018). However, proteinuria was
not affected by either mVEGF164 or rPIGF-2. In conclusion, we, for the first time, created a mouse preeclampsia mode! using
mouse full-length sFlt-1. VEGF and PIGF may be promising for ameliorating hypertension in women with preeclampsia.
Additional study of PIGF as a potential drug for preeclampsia is warranted. (Hypertension. 2009;54:1129-1135.)

Key Words: adenoviral vector m soluble fms-like tyrosine kinase | m vascular endothelial growth factor
® placental growth factor m preeclampsia ® animal models m therapy

Preeclumpsia is associated with maternal and infantile
morbidity and mortality.’? It has been shown that the
concentration of soluble tms-like tyrosine kinase 1 (sFlt-1), a
circulating antiangiogenic protein, is increased in women
with preeclampsia®* and increased levels of sFlt-1 and
reduced levels of free placental growth factor (PIGF) are
potentially usetul for predicting the subsequent development
of preeclampsia.** SFit-1 acts by adhering to the receptor-
binding domains of vascular endothelial growth factor
(VEGF)-A and PIGF, preventing their interaction with endo-
thelial receptors on the cell surface. Recent studies have
indicated that patients with cancer receiving anti-VEGF anti-
body therupy may have an increased incidence of proteinuria
and hypertension because of a decrease in their circulating
VEGF levels.* Nonpregnant and pregnant rodents administered
anti-VEGF antibodies or sFlt-1 manifested proteinuria and
hypertension.*?* These results strongly indicate that increases in
sFlt-1 and decreases in VEGF/PIGF in the maternal circulation
may cause the occurrence of preeclampsia.

SFIt-1, a human natural soluble form of the VEGF receptor
(VEGFR) 1, is produced in conditioned culture medium of
human umbilical vein endothelial cells® and in the tropho-
blasts. ! SFIt-1 is encoded by the flt-1 gene and is truncated
between N-terminal immunoglobulin-like domains 6 and 7.2
Becuuse the N-terminal first and second domains of Fit-1 are
necessary and sufficient for the binding of VEGF-A with
near-native affinity,'>" truncated sFli-1'-3 containing the
first to third domains, but not full-length sFit-1, has been used
for the studies evaluating the eftect of sFlt-1 on hypertension
and proteinuria in mouse or rat models.*”'5-1Y However,
there are 2 differences between the fuli-length sFlt-1 and
truncated sFIt-11-3: first, the full-length sFlt-1 has a 31-amino
acid carboxyl lesion derived from an intron, which is signif-
icantly homologous to that in mammals,'t and, second, the
truncated sFl-1* Jacks the immunoglobulin-like loop 4,
which is essential to stabilize receptor dimerization of the
extracellular domains of Flt-1, in addition to VEGF.1%14
Therefore, the effect of sFlt-1 on the occurrence of hyperten-
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sion or proteinuria may be ditferent between truncated sFlt-1
and natural full-length sFlt-1.

It has been reported that the effect of excess circulating
sFli-1 can be ameliorated by the administration of recombi-
nant VEGF-A.7-" However, in humans, a decrease in PIGF is
related to the later occurrence of preeclampsia.?¥-22 There-
fore, we also hypothesized that not only VEGF-A, but also
PIGF. may play a pivotal role in the occurrence of hyperten-
sion and proteinuria in both humans and rodents. To our
knowledge. the effect of the administration of PIGF into a
rodent model of preeclampsia via a mouse (m)-sFlt-1 adeno-
viral vector has not been examined.

First, we evaluated an adenovirus encoding the full-length
mouse-sFlt-1 gene (Ad m-sFlt-1) for the induction of hyper-
tension and proteinaria in pregnant mice. Second, we evalu-
ated the effects of recombinant mouse (rm) VEGF164 (rm-
VEGF164) and rmPIGF-2 on hypertension and proteinuria in
a mouse preeclampsia model induced-by Ad m-sFlt-1,

Methods

An expanded Materials and Methods section is available in the online
Data Supplement (available at http://hyper.ahajounals.org). Briefly, in
the first experiment, an Ad m-sFlt-1, which was created in our previous
study.?® and an adenovirus encoding B-galactosidase gene (Ad LucZ)
were propagated in HEK293cells. The viral lysates were purified and
concentrated through 2 cycles of CsCl step gradients,™ Nine- (o
12-week-old CD1 (Institute of Cancer Research) mice were injected in
the tail vein with 3 10% plague-forming unit (PFUs; low dose), 1 x10"
PFUs (tmedium dose). or 2> 10" PFUSs thigh dose) of Ad m-sFlt-1 (n=9,
n=6. and n=6. respeclively) and with 3X 10® PFUs (low dose), 1 x 10”
PFUs (medium dose), or 2 10° PFUs thigh dose) of Ad LacZ (n=7.
n=6, and n=7, respectively) on day 8.5 or 9.5 of gestation. The control
pregnancy mice were not injected with anything (n=7). The mean blood
pressures (MBPs) were measured by the tail-cuff method (Softron Lid)
on 4 different days: (1) before mating, (2) just before the injection of
adenovirus, (3) onday 13.5 or 14.5 of gestation, and (4) on day 16.5 or
17.5 of gestation. The urine albumin:creatinine (Alb/Cre) ratios on day
16.5 or 17.5 of gestation were measured. In the second experiment,
pregnant mice were injected in their tail vein with 210 PFUs (high
dose) of Ad m-sFlt-1 on day 8.5 or 9.5 of gestation, rmVEGF164 (100
ug/ke diluted in 500 pl of PBS: n=5) was administered IP twice a day
for 2 days from the evening on day 14.5 or 15.5 of gestation. In other
mice, rimPIGF-2 (100 pg/ke dituted in 500 pL of PBS: n=3) and the
vehicle (500 uL of PBS; n=7) were udministered IP twice a day for 2
days. The MBP and Alb/Cre ratio were also measured. All of the animal
housing and experiments were approved by the institutional animal care
and research advisory committee of both the University of Tohoku and
Jichi Medical University. The pharmacokinetics of rmVEGFI164 and
mPIGF-2 in nonpregnant mice and pregnant mice are shawn in the
online Data Supplement (available at hup:/hyper.ahajournals.org, Fig-
ure STA through SiD).

Results

Expression of Proteins by the Adenoviral Vector .

In mice administered Ad LacZ, B-galactosidase activity was
observed in the liver but not in the placenta by 5-bromo-4-
chloro-3-indolyl B-p-galactoside staining, suggesting that Ad
m-sFit-1 was expressed in the liver. The levels of mouse
sFlt-1 (nanograms per milliliter) on day 16.5 or 17.5 of gestation
increased significantly in the medium and high doses of Ad
m-sFlt-1 compared with the medium and high doses of Ad LacZ,
respectively (85 [58 to 95] versus, 12 [12 to 29), P=0.002; 93
[82 to 130] versus 25 [21 to 33). P=0.001, respectively; Figure
1A). The levels of mouse sFit-1 on day 16.5 or 17.5 of gestation

were not different among the control and the mice administered
the low. medium. and high dose of Ad LuacZ (P=0.76 by
Kruskal-Wallis test).

Plasma Levels of Angiogenic Factors in Mice
Administered Ad m-sFit-1

The plasma levels of mouse VEGF-A (picograms per milli-
liter) on day 16.5 or 17.5 of gestation in the mice adminis-
tered high-dose Ad m-sFlt-1 were significantly lower than in
the mice administered high dose Ad LacZ (47 {43 to 52)
versus 95 [93 to 113} P=0.001: Figure 1B). On the contrary,
the levels of mouse PIGF-2 (picograms per milliliter) on day
16.5 or 17.5 of gestation were almost the same among the
control mice, the high-dose Ad LacZ group, und the high-
dose Ad m-sFlt-1 group (21 {14 to 26], 25 [21 to 35], and 30
{23 to 38]; Figure 1C). )

Blood Pressure and Proteinuria in Pregnant Mice
Administered Ad m-sFlt-1

Inn the control mice and the mice administered low, medium, and
high doses of Ad LacZ, MBP (millimeters of mercury) was
almost the same during the prepregnancy period und during
pregnancy (Figure 1D). In the mice administered high-dose Ad
m-sFlt-1, MBP was significantly increased between day 8.5 or
9.5 and day 13.5 or 14.5 (76£2 versus 914, P=0.028) and
between day 13.5 or [4.5 and day 16.5 or 17.5 (914 versus
101£3: P=0.028). although such increases were not seen in the
mice administered low or medium doses of Ad m-sFit-1 (Figure
1E). The MBP on day 16.5 or 17.5 of gestation in the high-dose Ad
m-sFit-1 group was significantly higher than that in the high-dose
Ad LacZ group (10123 versus 81211 P=0.010) and the control
group (83x4: P=0.005). The urine Alb/Cre ratios (milligrams
per gram) on day 16.5 or 17.5 of gestation in the mice
administered low, medium, and high doses of Ad m-sFlt-1 were
significantly increased compared with those in the mice admin-
istered low, medium, and high doses of Ad LacZ, respectively
(5.8 [4.5 to 14] versus 2.7 [2.4 to 2.9]. P=0.030; 92 [43 10 148]
versus 10 {4.9 10 22], P=0.015; 58 {30 to 161} versus 5.2 [4.0 to
13], P=0.020, respectively), although the urine Alb/Cre ratio in
the low-dose Ad m-sFlt-1 group was not significantly different
from that in the control mice (8.3 [3.6 to 11]; Figure 1F).

Histopathology in Mice Administered Ad m-sFIt-1
Glomerular histologies viewed by light microscopy in
mice administered high-dose Ad m-sFlt-1 (Figure S2D and
S2E) and those in the mice administered high-dose Ad
LacZ (Figure S2A and S2B), scanning electron microscopy
of glomerulus in mice administered high-dose Ad m-sFlt-1
and Ad Lac Z (Figure S2F and S2C). and the mean fetal
and placental weights among the control mice, the high-
dose Ad LacZ group. and the high-dose Ad m-sFlt-1 group
(Figure S2G and S2H) were shown in the online Data
Supplement. These results were written in the online Data
Supplement.

Relationship Among the Plasma Levels of Mouse sFlt-1,
Mouse VEGF-A, Blood Pressure, and Proteinuria

Among all of the data in control mice, mice administered Ad
LacZ. and mice administered Ad m-sFlt-1, there was an
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Figure 1. Data from pregnant mice administered nothing, Ad LacZ, and Ad m-sFit-1. A, Plasma levels of m-sFit-1 on day 16.5 or 17.5
of gestation. B, Plasma levels of m-VEGF-A {picograms per milliliter) on day 16.5 or 17.5 of gestation. C, Plasma levels of m-PIGF-2
(picograms per miliiliter) on day 16.5 or 17.5 of gestation. D, MBP (millimeters of mercury) during the prepregnancy period, on day 8.5
or 9.5 of gestation, on day 13.5 or 14.5 of gestation, and on day 16.5 or 17.5 of gestation. ¢, ], /., and © represent the values in the
control pregnant mice and pregnant mice administered low-dose (3x10® PFU), medium-dose (1x10° PFU), and high-dose (2x 109 PFU)
Ad LacZ, respectively. E, MBP (millimeters of mercury) during the prepregnancy period, on day 8.5 or 9.5 of gestation, on day 13.5 or
14.5 of gestation, and on day 16.5 or 17.5 of gestation. O, W, A, and @ represent the values in pregnant mice administered high-dose
Ad LacZ and mice administered low-dose, medium-dose, and high-dose Ad m-sFlt-1, respectively. F, Urine Alb/Cre ratios (milligrams

per gram) on day 16.5 or 17.5 of gestation. *P<0.05; "P<0.01.

inverse relationship between the plasma levels of log10sFlt-1
and loglOVEGF-A (r=-0.29: P=0.042; Figure 2A); posi-
tive relationships between the plasma levels of loglOsFlt-1
and MBP (r=0.24; P=0.098: Figure 2B) and between the
plasma levels of loglOsFIt-1 and urine loglO(Alb/Cre:
r=0.44; P=0.002: Figure 2C); and inverse relationships
between the plasma levels of loglOVEGF-A and MBP
(r=—0.33; P=0.023; Figure 2D) and between the plasma

levels of loglOVEGF-A and urine loglO(AIb/Cre; r=—0.44;
P=0.002: Figure 2E). Thus. the circulating levels of sFit-1
are significantly positively related to the degree of protein-
uria, whereas the circulating levels of VEGF-A are signifi-
cantly inversely related to both blood pressure and protein-
uria. Our results indicate that decreased levels of circulating
VEGF-A cause the increases in blood pressure seen in the
mice administered Ad m-sFlt-1,
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Figure 2. Scattergrams showing the relationship between the plasma levels of log10sFit-1 and log10VEGF-A (A; r=—0.29; P=0.042),
between the plasma levels of log10sFit-1 and MBP (B; r=0.24; P=0.098), between the plasma levels of log10sFit-1 and urine
log10(Alb/Cre) (C; r=0.44; P=0.002), between the plasma levels of log10VEGF-A and MBP (D; r=0.33; P = 0.023), and between the
plasma fevels of log1OVEGF-A and urine log10(Alb/Cre) (E; r=—0.44; P=0.002). The large open circles represent combined data from
the control mice and mice administered low, medium, and high doses of Ad LacZ. The small, medium, and large closed circles repre-
sent data from mice administered low, medium, and high doses of Ad m-sFlt-1, respectively.

Effects of rmVEGF164 and rmPIGF-2 in Mice
Administered High-Dose Ad m-sFIlt-1

In pregnant mice administered high-dose Ad m-sFlt-1 com-
pared with mice administered vehicle, the levels of mouse
VEGF-A (pg/ml) 3 to 4 hours after the last administration of
rmVEGF164 were significantly increased (356 [121 to 793]
versus 59 [56 to 68]; P=0.010; Figure 3A), and the level of
mouse PIGF-2 (pg/ml) 3 to 4 hours after the last administra-
tion of rmPIGF-2 was also significantly increased (244 [133
to 244] versus 60 {52 to 74]: P=0.010: Figure 3B).

The rmVEGF164 treatment significantly decreased the MBP
(mm Hg) on day 16.5 or 17.5 of gestation compared with the
vehicle treatment (85+4 versus 97+2; P=0.018; Figure 3C).
The rmPIGF-2 treatment also significantly decreased the MBP
on day 16.5 or 17.5 of gestation compured with the vehicle
treatment (863 versus 97%2: P=0.018). However, the urine
Alb/Cre levels were not affected by treatment with either
rmVEGF164 or rmPIGF-2 (Figure 3D). The rmVEGF164 treat-
ment and rmPIGF-2 treatment did not ameliorate glomerular
histology viewed by light microscopy in pregnant mice admin-
istered high-dose Ad m-sFlt-1 compared with those adminis-
tered vehicle.

Discussion
In this study. we created a pregnant mouse model of pre-
eclampsia, showing hypertension, proteinuria, and glomerular
change, like endotheliosis, by transfecting a high dose

(2> 10" PFUs) of adenovirus encoding tull-length m-sFlt-1.
In addition, we revealed that rmVEGF164 and rmPIGF-2
ameliorate the hypertension induced by the administration of
a high dose of Ad m-sFit-1 in pregnant mice.

Development of a Pregnant Mouse Model of
Preeclampsia Using Ad m-sFlIt-1 and the Relationships
Between the Serum Levels of m-sFit-1/m-VEGF-A/m-
PIGF-2 and Hypertension/Proteinuria
We, for the first time, created a mouse preeclampsia model using
full-length m-sFit-1 instead of truncated m-sFit-1, which has
been used in previous mouse preeclampsia models.7-15-19 [n the
previous rat models using truncated m-sFle-1, both hypertension
and proteinuria emerged after low-dose (1 X 10%-PFU) adminis-
tration of Ad m-sFlt-1.% On the contrary. we needed a higher
dose of Ad m-sFlt-1 to generate both hypertension and
proteinuria. In our study. increases in the plasma levels of
sFlt-1 were related to the occurrence of proteinuria, and
decreases in the plasma levels of VEGF-A were related to the
occurrence of both hypertension and proteinuria. Therefore.
the circulating levels of sFlt-1 and VEGF-A may be impor-
tant for the occurrence of hypertension and proteinuria. It is
possible that the in vivo expression of sFlt-1 in the liver per
administered dose of adenovirus or the circulating levels of
sFit-1 or VEGF-A were different between the 2 studies.

It is well known that the administration of sFlt-1 into
rodents results in the occurrence of proteinuria.*7-10-25 Kamba

Downloaded from hyper.ahajournals.org at TOHOKU UNIVERSITY on April 6,2010

— 227 —



Suzuki et al

A *
| — |
10003 M
= ey
£
2 A
2 1004 O %
b A
<
I oy
-0
g
o 104
s
O
=
! Ad m-sFit-12X 10° PFU
non Vehicle rm VEGF g4
n=6 n=7 n=5
C 120 7
— 100 A
()}
I
£ 801
E
a 601
@
= 40 1
20
0 . : . . ;
-5 0 5 10 15 20
Gestation days
! ‘ i
Mating Adiv. rbproteinip.

w

Mouse PIGF-2 {(pg/mi)

o

Alb/Cre (mg/g)

Effect of Recombinant PIGF on a Preeclampsia Model 1133

*
1000 | ——
.
<& [ ]
100 % °
O
10
! Ad m-sFit-1 2 X 10° PFU
non Vehicle rm PIGF-2
n=6 n=7 . n=5
10000
1000
;]
4 LS
100 E" e ——
A .
10 ga A
1
Ad m-sFit-1 2 X 10° PFU
Vehicle rm VEGFg, rm PIGF-2
n=7 n=5 n=5

Figure 3. Data in pregnant mice administered high-dose Ad m-sFlt-1 after treatment with vehicle, rmVEGF164, or rmPIGF-2. A, The
levels of mouse VEGF-A 3 to 4 hours after the last administration of nothing, vehicle (twice a day, 4 times), or rmVEGF164 (100 pg/kg,
twice a day, 4 times). B, The levels of mouse PIGF-2 3 to 4 hours after the last administration of nothing, vehicle (twice a day, 4 times),
or rmPIGF-2 (100 pg/kg, twice a day, 4 times). C, MBP (millimeters of mercury) during the prepregnancy period, just before the injec-
tion of Ad m-sFit-1, just before the administration of recombinant proteins or vehicle, and at 1 to 2 hours after the last administration of
recombinant proteins or vehicle. [], A, and ® represent the values in pregnant mice administered a high dose of Ad m-sFit-1 with vehi-
cle (n=7), rmVEGF164 (n=5), or rmPIGF-2 (n=5), respectively. D, Urine Alb/Cre ratios on day 16.5 or 17.5 of gestation in pregnant mice
administered a high dose of Ad m-sFlt-1 with vehicle, rmVEGF164, or rmPIGF-2. *P<0.05.

et al*® reported that proteinuria, but not hypertension,
emerged in nonpregnant mice administered adenovirus-
truncated m-sFlt-1. Sugimoto et al? reported that IV admin-
istration of an sFlt-1/Fc chimera protein into nonpregnant
mice resulted in proteinuria 3 hours after the administration.
Maynard et al” reported that IV administration of adenovirus-
truncated m-sFlt-1 into nonpregnant and pregnant rats re-
sulted in severe proteinuria. In addition. the effect of
adenovirus-truncated m-sFlt-1 in pregnant rats on the occur-
rence of proteinuria was more severe than that of adenovirus-
soluble endoglin, both of which can cause both hypertension
and proteinuria in pregnant mice.'® However, the proteinuria
presented in this mouse model is fairly modest compared with
what is presented in the rats where the Alb/Cre ratio is
frequently >> 1000 mg/g.' One possibility is that the dose
using the full-length sFItl is not enough, because it tends to
have a poor bioavailability in contrast to truncated sFltl.
Another possibility is that proteinuria may depend on the
background of the mouse strains used.

In our experiment, the decrease in the circulating levels of
VEGF-A, but not PIGF-2, was related to the increase in MBP.
The effect of VEGF-A on blood pressure has been reported in
humans.2*=2? The blocking of signal transduction of VEGF-A
by anti-VEGF monoclonal antibody®-27 and tyrosine kinase
inhibitors, such as soraferib® and sumitinib,™ induces hyper-

tension. On the contrary, the administration of rmVEGF-A
results in & decrease of MBP in rats.™-* Thus, an appropriate
circulating VEGF-A level appears to be important for the
maintenance of normal blood pressure. Although the detailed
mechanism by which a decreased level of VEGF-A affects
the occurrence of hypertension has not been elucidated, the
modulation of the production of NO by VEGF-A via endo-
thelial NO synthase activity in endothelial cells may be
related to the change in blood pressure,2-3?

The mouse PIGF-2 was not altered in this mouse model of
preeclampsia. The circulating levels of PIGF-1 are low in
preeclamptic women,*-%19-21 because the human ELISA as-
say measured free PIGF but not total PIGF. We could not
know whether the assay of the mouse PIGF-2 in our study
measured a free or total PIGF-2 assay. We speculate that the
assay of the mouse VEGF-A measured a free VEGF-A and
that the assay of the mouse PIGF-2 measured a total PIGF-2,
because the levels of VEGF-A were decreased but the levels
of PIGF-2 were not decreased by the administration of
high-dose Ad m-sFlt-1.

Effect of rmVEGF164 and rmPIGF-2 on Blood
Pressure and Proteinuria in a Pregnant Mouse
Preeclampsia Model

We revealed that rmVEGF164 ameliorates the hypertension
induced by the administration of a high dose of Ad m-sFlt-1
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in pregnant mice. Li et al'” reported the therapeutic eftect of
VEGF-A in preeclamptic rat models induced by the IV
administrution of truncated Ad m-sFlt-1 on 8 days of gesta-
tion: the SC administration of 800 pg/ke per day of recom-
binant human VEGFI121 for 6 days during day 11 to day 16
of gestation resulted in the amelioration of systolic blood
pressure. In our study, the administered doses of rmVEGF 164
were lower, and the treatment duration of rmVEGF164 was
shorter compared with the study of Li et al'?; however, the
MBP after the administration of rmVEGF164 decreased.
Therefore. the administration of recombinant VEGF-A to
women with preeclampsia may be an effective treatment for
this condition. especially for women with early onset pre-
eclampsia, in whom the delay of birth by weeks may
contribute to the reduction of neonatal complications and
neonatal stay in the newborn intensive care unit,*

We, for the first time, revealed that rmPIGF-2 ameliorates
the hypertension induced by high doses of Ad m-sFlt-1 in
pregnant mice. To the best of our knowledge. this is the first
experiment that showed the antihypertensive effect of rm-
PIGF on the hypertension induced by Ad m-sFit-1 in pregnant
mice. Hypotension induced by VEGF-A is mainly mediated
by VEGFR2.* Because PIGF binds only to VEGFRI and has
little or no direct mitogenic or permeability-enhancing activ-
ity #>* we supposed that the hypotensive effect of PIGF is
very weak. However, surprisingly, the antihypertensive effect
of PIGF was as strong as the antihypertensive effect of
VEGF-A in our preeclampsia mouse model. Recently, Osol et
al37 reported that PIGF had a vasodilatory effect on numerous
arteries and veins in rats: pregnancy significantly enhanced
sensitivity to PIGF in rat uterine arteries; the vasodilatory
effect of PIGF during pregnancy was mainly attributed to the
activation of VEGFR! but not VEGFR2; VEGFR! was
upregulated in the uterine artery wall during gestation; and
PIGF dilation was principally mediated by the release of NO
in rat uterine arteries. In addition, Osol et a7 also showed
that both rat mesenteric and human SC arteries dilated in
response to PIGF in an NO-independent manner. These
observations clearly suggest that PIGF has the ability to dilate
vessels during pregnancy: that is, PIGF has a potentially
antihypertensive etfect during pregnancy.

Possible Mechanism by Which Hypertension and
Proteinuria Emerge in a Pregnant Mouse
Administered Recombinant sFlt-1

Recently. Bridges et al* reported that placental and vascular
superoxide productions were increased and plasma VEGF-A
concentrations were decreased in pregnant rats administered
recombinant sFlt-1 chronically during days 13 to 18 of
gestation. Vasorelaxations to both acetylcholine and sodium
nitroprusside were decreased in pregnant rats administered
recombinant sFlt-1, and the decrease of vasorelaxation to
acetylcholine was attenuated by the addition of the superox-
ide scavenger Tiron, indicating elevated maternal sFlt-1, via
the decrease of VEGF, results in increased oxidative stress
that contributes to vascular dysfunction during pregnancy.®
VEGF contributes to the maintenance of an appropriate
baluance of pro-oxidant and antioxidant factors via manganese
superoxide dismutase* and NADPH oxidase,? and regulates

NO production.’** We also observed that the plasma VEGF
levels were decreased in pregnant mice administered high
doses of Ad m-sFlt-1 and the treatment of VEGF ameliorated
hypertension induced by Ad m-sFlt-1. Therefore. increased
oxidative stress and vascular dysfunction might be factors in
hypertension in the present model, although we did not
measure the oxidative stress. Taken together, VEGF antago-
nism may induce endothelial cell oxidative stress and con-
tribute to renal dysfunction and hypertension.

Conclusions

We, for the first time. created a mouse preeclampsia model
using full-length m-sFit-1 instead of truncated m-sFle-1,
which has been used in previous mouse preeclampsia mod-
els.3743-19 Not only rmVEGF164. but also PIGF-2, amelio-
rated hypertension in the mouse preeclampsia madel induce
by full-length m-sFlt-1. Additional study of PIGF as a
potential drug for preeclampsia is warranted.

Perspectives

Our study suggested a possible new therapy using PIGF for
preeclamptic women. However, there are several unsolved
issues. How many doses of PIGF-2 are sufficient for the
amelioration of hypertension and proteinuria in the pregnant
mouse model of preeclampsia using Ad m-sFIt-1?7 When
should the administration of PIGF be started to restrict the
occurrence of hypertension and proteinuria? What kinds of
angiogenetic factors show the best therapeutic effects? In
addition, if possible, we should make a mouse/rat model
using adenoviral human sFlt-1, because the effect of m-sFit-1
on mouse VEGF-A/PIGF might be different from that of
human sFlt-1 on human VEGF-A/PIGF. If the humun PIGF-
I/PIGF-2 is used for the prevention/therapy of preeclumpsia,
we should carefully monitor the occurrence of possible
adverse effects, such as lung edema, the development of new
blood vessels in nontargeted tissues.
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Abstract

Sprouty proteins (Sproutys) inhibit receptor tyrosine kinase signaling and control various aspects of branching
morphogenesis. In this study, we examined the physiological function of Sproutys in angiogenesis, using gene targeting
and short-hairpin RNA (shRNA) knockdown strategies. Sprouty2 and Sprouty4 double knockout (KO) (DKO) mice were
embryonic-lethal around E12.5 due to cardiovascular defects. The number of peripheral blood vessels, but not that of
lymphatic vessels, was increased in Sprouty4 KO mice compared with wild-type (WT) mice. Sprouty4 KO mice were more
resistant to hind limb ischemia and soft tissue ischemia than WT mice were, because Sprouty4 deficiency causes accelerated
neovascularization. Moreover, suppression of Sprouty2 and Sprouty4 expression in vivo by shRNA targeting accelerated
angiogenesis and has a therapeutic effect in a mouse model of hind limb ischemia. These data suggest that Sproutys are

physiologically important negative regulators of angiogenesis in vivo and novel therapeutic targets for treating peripheral
ischemic diseases.
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Introduction

Growth factor-induced signaling by receptor tyrosine kinases
(RTKs) plays several essential roles in development and patho-
genesis; accordingly, it is tightly controlled by a number of
regulatory proteins {1-3}. When a ligand binds to an RTK and
recruits a Grb2-Sos to the inner surface of a membrane, the Sos
protein binds to Ras, causing GDP/GTP exchange and thus
activating Ras. Activated Ras recruits Raf to the plasma
membrane and activates the Raf/MEK/extracellular signal-
regulated kinase (ERK) pathway. Some growth factors, such as
vascular endothelial growth factor (VEGF)-A, also activate the
Raf/MEK/ERK pathway through the RTK/phospholipase C
(PLC)-y/protein kinase C (PKC) pathway, which is a Ras-
independent pathway [4].

Sprouty (Spry) has been genetically identified as an antagonist of
fibroblast growth factor (FGF) receptor in tracheal development in
Drosophila, and is a proven negative regulator of the Ras/Raf/
ERK pathway [5,6]. Four mammalian genes with sequence
similarity to Drosophila Sprouty (Sproutyl—4) have been identified

@ PLoS ONE | www.plosone.org

{1,2]. In addition, we have identified three Sprouty-related
proteins known as Spredl-3 (Spreds), in which the C-terminal
cysteine-rich domain found in Sprouty proteins (Sproutys) is
conserved [7,8]. Since loss-of-function mutations of the SPREDI
gene have been found in human neuro-cardio-facial-cutaneous
(NCFC) syndromes [9], and since these syndromes are caused by
dysregulation of the Ras-ERK pathway, we conclude that
SPREDI is a negative regulator of RTK-mediated Ras/ERK
activation.

In the development of the cardiovascular system of Drosophila, as
in the tracheal systemn, the formation of new blood vessels from
preexisting ones {angiogenesis) involves the sprouting of endothe-
lial cells out of an epithelial layer and the branching of tubular
structures [10]. In the adult, angiogenesis only takes place during
the female reproductive cycle, during wound healing, and in
pathological situations, including tumor growth, diabetic retinop-
athy, arthritis, atherosclerosis, and psoriasis {10,11]. Angiogenesis
is tightly regulated by a balance between inducing and inhibitory
signals [12]. Growth factors, such as VEGF-A, basic FGF (bFGF),
and angiopoietins, positively regulate angiogenesis by binding to

May 2009 | Volume 4 | lIssue 5 | e5467

— 231 —



o

G BEC
Spry2 Nrp1
Spry4 CD44
GAPDH LYVE-1
Prox1

Sproutys Inhibit Angiogenesis

LEC

Figure 1. Characterization of Sprouty2/Sprouty4 DKO mice. (A, B) Gross appearance of wild-type (WT) (A) and Sprouty2/Sprouty4 DKO (B}
embryos at embryonic day 12.5. The arrow and arrowheads indicate hemorrhage and edema, respectively. (C, D} Hematoxylin-eosin (H&E) staining of
sections of WT (C) and Sprouty2/Sprouty4 DKO (D) skin. (E, F}) H&E staining and immunohistochemical staining with von Willebrand factor (vWF) of
sections of hepatic hemangiomas in Sprouty2/Sprouty4 DKO liver. vVWF was used as a blood vessel marker. (G) Expression of Sproutys in endothelial
cells. About 5.0x10* BECs and LECs were FACS-sorted at embryonic day 14.5, and were used for RT-PCR analysis. GAPDH served as a loading control.
Good separation of BECs and LECs was confirmed by BEC markers (Nrp1, CD44) and LEC markers (LYVET, Prox1). Scale bars (C-F): 100 pum.

doi:10.137 1/journal.pone.0005467.g001

their cognate RTKs and thus inducing endothelial cell prolifer-
ation, migration, differentiation, and survival [12,13]. In addition,
sphingosine-1-phosphate (S1P), which activates GPCRs, has also
been implicated in angiogenesis [14]. In contrast, proteins that
negatively regulate angiogenesis by specifically blocking RTK
signaling are less well characterized.

Previous studies have demonstrated that overexpression of
Sproutys inhibits VEGF-A- and bFGF-induced endothelial cell
proliferation and differentiation in vitre as well as branching and
sprouting of small vessels in vivo [15,16]. Moreover, Sprouty4
suppresses VEGF-A/VEGF receptor (VEGFR)-2 signaling in witro
{17-19]. We also know that Spreds, in contrast, inhibit VEGF-C
signaling, which is important in lymphangiogenesis, and that
Spred1/Spred2 double knockout (KO) (DKO) mice show abnormal
lymphatic development [18]. Yet the physiological role of Sproutys
in angiogenesis and lymphangiogenesis remains to be elucidated.

In this study we investigated the physiological function of
Sproutys in angiogenesis by performing knockout and knockdown
analyses of Sproutys. We showed that Sproutys are negative
regulators for angiogenesis rather than lymphangiogenesis in vivo.
Moreover, Sprouty4 KO mice were more resistant to hind limb
ischemia and soft tissue ischemia than wild-type (WT) mice were,
and in vive shRNA targeting Sprouty? and Sprouty4 accelerated
angiogenesis in a mouse model of hind limb ischemia. These data

@ PLoS ONE | www.plosone.org

suggest that Sprouty? and Sprouty4 are important negative
regulators of angiogenesis in »ivo that could be new therapeutic
targets for ischemic diseases.

Results

Increased developmental angiogenesis in Sprouty-
deficient mice

Overexpression studies suggest that Sprouty? and Sprouty4
possess similar negative effects on RTK-mediated ERK activation
[20]. To define the overlapping functions of Sprouty2 and
Sprouty4, we generated Sprouty2/Sproutyd DKO mice. Sprouty2/
Sprouty4 DKO mice were embryonic-lethal by embryonic day 12.5
and showed very severe defects in craniofacial and limb
morphogenesis [21]. They also showed very severe subcutaneous
hemorrhage, edema (Fig. 1A-D), and multiple hepatic hemangi-
omas (Fig. 1E,F), which suggested that they had cardiovascular
defects as well. We next investigated the expression pattern of
Sprouty? and Sprouty4 in endothelial cells during embryonic
development, and found that Sprouty2 and Sprouty4 were more
highly expressed in blood endothelial cells (BECs) than in
lymphatic endothelial cells (LECs) (Fig. 1G).

This discovery led us to examine vascularization in adult
Sprouty4 single KO mice in detail, although Sprouty4 single KO
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mice showed no obvious vascular phenotype [21]. Sprouty4 single
KO mice exhibited more vascular networks of blood vessels in the
ear than WT mice did (Fig. 2A,B). Similarly, more vascular
networks of blood vessels in the ear were observed in Sprouty?
single KO mice than in WT mice (data not shown). The numbers
of blood vessels in the skin were also increased in Sprouty4 KO mice
(Fig. 2C,D). Lymphatic vessel networks, on the other hand, were
present at the same frequency in these Sprouty4 KO mice as in WT
mice (Fig. 2A~D). Retinal vasculature is a good model system for
the study of general blood vessel development [22]. Vascular
development in the early embryo is difficult to observe, but the
murine retinal vascular system develops after birth and is therefore
easier to examine. We compared flat-mounted retinas from WT
and Sprouty4 KO mice at postnatal day (PD) 3 after injecting
FITC-dextran (Fig. 2E). As the image clearly shows, retinal
angiogenesis was enhanced in Sprouty4 KO mice compared to WT
mice,

These data suggest that, in contrast to Spredl and Spred2,
which are important negative regulators of developmental
lymphangiogenesis rather than developmental angiogenesis, as
previously reported [18], Sprouty2 and Sprouty4 are important
negative regulators of developmental angiogenesis rather than
developmental lymphangiogenesis.

Sprouty4 KO mice are more resistant to ischemia

Next, we sought to investigate the effect of Sprouty4 deficiency in
the ischemia-induced angiogenesis model, an adult neovascular-
ization assay which is useful for quantifying neovascularization in
Sprouty4 KO mice. We used mouse models of hind limb ischemia
[23] and soft tissue ischemia [24]. We used Sprouty4 KO mice,
since Sprouty4 KO mice can survive much longer than Sprouty2 KO
mice [21,25].

The former model revealed that Sproutyd KO mice were more
resistant to hind limb ischemia than WT mice were (Fig. 3A).
Sprouty4 KO mice showed a significantly elevated recovery of limb
perfusion after induction of hind limb ischemia as compared with
WT mice, and the ischemic/non-ischemic leg perfusion ratio was
much more favorable in Sprouty4 KO mice than in WT mice
(P<0.001) (Fig. 3B,C). Additionally, angiogenesis in the ischemic
hind limb was significantly increased in Sprouy4 KO mice
compared with WT mice (Fig. 3D).

The latter model was induced by creating lateral skin incisions
on the dorsal surfaces of mice. The overlying skin was
undermined, and a silicone sheet was inserted into each mouse
to separate the skin from the underlying tissue bed. As a result, the
most central portion of skin underwent the most severe ischemic
insult, which, in WT mice, ultimately led to the absence of flow
and necrosis in the central portion of the skin (Fig. 4A). In Sprouty4
KO mice, however, angiogenesis in the dorsal skin was
significantly increased compared to that in WT mice (Fig. 4B).
As a result, Sprouty4 KO mice were more resistant to soft tissue
ischemia than WT mice were, and gross evidence of necrosis in the
dorsal skin was more evident in WT mice than in Sprouty4 KO
mice (100% and 16.7% in WT mice and Sprouty4 KO mice,
respectively, n = 6) (Fig. 4A).

These data show that Sprouty4 KO mice exhibit enhanced
neovascularization in ischemia-induced models.

Increased ischemia-induced neovascularization by in vivo
shRNA targeting Sproutys

The increased vessel density in the skin and muscles of
untreated Sprouty4 KO mice (Fig. 2G,D, Fig. 3D) provides them
with elevated blood-vessel area in these regions, which is partially
responsible for their increased resistance to ischemia.

@ PLoS ONE | www.plosone.org
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To investigate in wvivo the efficiency of down-regulating
Sproutys as therapy for peripheral ischemic diseases, we
administered ischemia treatment to the hind limbs of
C57BL/6] mice, then injected shRNA targeting Sprouty2 and
Sprouty4. We suppressed both Sprouty2 and Sprouty4 simulta-
neously, because both of the mRNAs increased during hind
limb ischemia (Fig. 5A), because the phenotype of Sprouty2/
Sproutyd DKO mice demonstrated a redundant role of Sprouty2
and Sprouty4 in angiogenesis {Fig. 1), and because we have not
found any functional differences between Sprouty2 and
Sprouty4 in vitre [20]. The shRNA plasmid targeting Sprouty?
and Sproufyd efficiently suppressed the expression levels of
endogenous Sprouty2 and Sprouty4, respectively, in both real-
time PCR (Fig. 5B,C) and Western blot (Fig. 5D,E) analysis.
The shRNA plasmids targeting both Sprouty? and Sprouty4
enhanced VEGF-A-induced ERK and Akt activation in ifro in
mouse embryonic fibroblasts (MEFs), which stably expressed
VEGFR-2 (Fig. 5F). We uséed MEFs because it has been very
difficult to introduce shRNA into primary murine endothelial
cells in witro, Although we confirmed that shRNA against
Sprouty2 or Sprouty4 alone enhanced VEGF-A-induced ERK
and Akt activation (data not shown), we observed much
stronger effect by the combination of Sprouty2 and Sprouty4
shRNAs. Thus we decide to use combination of both Sprouty?2
and Sprouty4 shRNAs for further experiments.

First, we showed that injection of shRNA plasmids targeting
Sprouty2 and Sprouty4 significantly enhanced corneal neovascular-
ization induced by VEGF-A, compared to control shRNA
plasmids in a corneal micropocket assay (Fig. 6A—C). These data
indicate that Sprouty2 and Sprouty4 shRNA plasmids can efficiently
suppress the expression levels of Sprouty2 and Sprouty4 and block
the effect of endogenous Sprouty2 and Sprouty4 in vitro and in vivo.

Next, we investigated whether Sprouy? and Sprouty4 shRNA
plasmids were effective in a mouse model of hind limb ischemia.
Upon injection to the ischemic adductor muscle, Sprouty2 and
Sprouty4 shRNA plasmids reduced Sprouty? and Sprouty4 expression
in vivo (Fig. 5A). Sprouty2 and Sprouty4 shRNA plasmids induced a
significantly elevated recovery of limb perfusion after induction of
hind limb ischemia as compared with control shRNA plasmids,
and markedly improved the ischemic/non-ischemic leg perfusion
ratio (P<0.05) (Fig. 7A,B). shRNA plasmids targeting Sprouty2 and
Sprouty4 also increased capillary density compared with control
shRNA plasmids (Fig. 7C). Our data clearly demonstrate that
Sprouty2 and Sprouty4 negatively regulate angiogenesis i vivo and
would make good therapeutic targets for peripheral ischemic
diseases.

Discussion

In this study, we investigated the physiological function of
Sproutys in angiogenesis by performing a knockout and knock-
down analysis of Sproutys. In contrast to Spred1 and Spred?2, which
regulate developmental lymphangiogenesis, Sprouty2 and Spro-
uty4 are important negative regulators of developmental angio-
genesis in vivo. We found that the amounts of blood vessels in
Sprouty4 KO mice are increased in all tissues we investigated. So
we think that all peripheral blood vessels are increased in Sprouty#
KO mice. Sprouty4 deficiency enhanced ischemia-induced angio-
genesis in mouse models of hind limb ischemia and soft tissue
ischemia. Moreover, the suppression of Sprouty2 and Sprouty4
expression in vivo by shRNA targeting had a therapeutic effect in
our model of hind limb ischemia, indicating that Sproutys should
be novel therapeutic targets for treating peripheral ischemic
diseases.
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Figure 2. Blood and lymphatic vessels of Sprouty4 single KO mice. (A) Blood vessels (green) and lymphatic vessels (red) in the ears of WT and
Sprouty4 KO mice (8 weeks old) were analyzed by whole-mount immunohistochemical staining with anti-PECAM-1/CD31Ab and anti-LYVE-1 Ab,
respectively. (B) CD31-positive vessel area or LYVE1-positive area was quantified. Data shown are means=SEM. *: P<0.05. (C) Blood vessels (green)
and lymphatic vessels (red) in the dorsal skin of WT and Sprouty4 KO mice (8 weeks old) were analyzed by immunohistochemical staining with anti-
PECAM-1/CD31Ab and anti-LYVE-1 Ab, respectively. Nuclei were stained with Hoechst 33342 dye (Blue). (D) CD31-positive vessel area or LYVE1-
positive area was quantified. Data shown are means*SEM. *: P<0.05. (E) FITC-dextran-perfused flat-mounted retinal samples of WT and Sprouty4 KO
mice at postnatal day 3. Scale bars (A, C): 100 um.

doi:10.1371/journal.pone.0005467.g002
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Figure 3. Sprouty4 KO mice are more resistant in a hind-limb ischemia model. (A) Representative photos of ischemic limbs, indicated by
arrows. (B) Representative laser Doppler images for each group are depicted. Arrowheads indicate ischemic limbs. The interval of low perfusion is
displayed as dark blue; the highest perfusion interval is displayed as red. (C) Recovery of limb perfusion in WT (n=10) and Sprouty4 KO (n=7) mice
after hind limb ischemia as assessed by laser Doppler blood flow analysis on day 14. Data shown are means=SD. *; P<0.001. (D) Blood vessels (green)
in the non-ischemic or ischemic adductor muscles of male WT and Sprouty4 KO mice (8-10 weeks old) were analyzed by immunohistochemical
staining with anti-PECAM-1/CD31Ab. Nuclei were stained with Hoechst 33342 dye (blue). The CD31-positive vessel area was quantified. Data shown

are means*SEM. *: P<0.05. Scale bars: (D) 100 um.
doi:10.1371/journal.pone.0005467.g003

The roles of Sprouty and Spred proteins during gastrulation in
Xenopus tropicalis have been compared elsewhere [26]. Spred
proteins preferentially inhibit the Ras/ERK cascade that directs
mesoderm formation, whereas Sprouty proteins block the Ca®*
and PKCS3 signals required for morphogenetic movements during
gastrulation. Thus, the expression of Sprouty and Spred genes at
specific times during gastrulation might redirect FGF signals
toward mesoderm formation or morphogenesis, respectively [26].

@ PLoS ONE | www.plosone.org

In mammalian development, Sproutys are expressed mainly in
blood endothelial cells, while Spreds are expressed mainly in
lymphatic endothelial cells (Fig. 1G and Ref. [18]). In overex-
pression experiments, while Sproutys can inhibit VEGF-A
signaling but not VEGF-C signaling, Spreds can suppress both
types (Taniguchi K., unpublished data and Ref. [18]). Indeed,
microRNA-126 deletion suppresses VEGF-A-induced ERK acti-
vation in endothelial cells and angiogenesis through the increase of
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Figure 4. Sprouty4 KO mice are also more resistant in a soft tissue ischemia model. (A) Representative photos of ischemic dorsal skin of
male WT and Sprouty4 KO mice (8-10 weeks old). Arrows indicate necrotic skin. (B) Left: Blood vessels (green) in the ischemic dorsal skin of male WT
and Sprouty4 KO mice were analyzed by immunohistochemical staining with anti-PECAM-1/CD31Ab. Nuclei were stained with Hoechst 33342 dye
(blue). Right: The CD31-positive vessel area was quantified. Data shown are means=SEM. *: P<0.05. Scale bars (B): 100 pm.

doi:10.1371/journal.pone.0005467.g004

Spredl [27-29]. However, the effect of Sprouty deletion is more
specific to VEGF-A signaling than to VEGF-C signaling, while the
effect of Spred deletion is more specific to VEGF-C signaling than
to VEGF-A signaling (Taniguchi K., unpublished data and Ref.
[18]). In fact, Sprouty2 and Sprouty4 single-deficient mice showed
defects of blood vessels rather than lymphatic vessels, while Spred1/
Spred2 DKO mice showed abnormal lymphatic vessel development
and nearly normal blood vessel development (Fig. 2 and Ref. [18]).
In addition to this difference in expression, these results suggest
that Sproutys and Spreds might have different functions in
endothelial cells. VEGF-A/VEGFR-2 signaling is Ras-indepen-
dent and PLC-y/PKC-dependent, while VEGF-C/VEGFR-3
signaling is Ras-dependent and PKC-independent (Taniguchi
K., unpublished data and Ref. [4]). Therefore, drawing an analogy
from the different functions of Sproutys and Spreds in Xenopus
tropicalis, we propose that Sproutys inhibit PLC-y/PKC-dependent
VEGF-A signaling and angiogenesis, while Spreds inhibit Ras-
dependent VEGF-C signaling and lymphangiogenesis.

Although, in ischemia-induced angiogenesis, VEGF-A is
thought to be the primary angiogenesis-stimulating factor [30],
angiogenesis is the more complex process, as it is triggered not
only by VEGF-A but also by bFGF, S1P, angiopoietins, and others
[12-14]. In fact, it is reported that bFGF gene therapy is effective
to treat critically ischemic limb [31]. It is already known that

@ PLoS ONE | www.plosone.org

Sproutys can inhibit various RTK signals [1,2]. We have also
shown that loss of Sprouty expression results in hyperactivation of
VEGF-A and bFGF signaling as well as SIP and LPA signaling
(Fig. 5F, Taniguchi K., unpublished data and Ref. [19] and [21]).
It is reported that in vivo shRNA targeting SHP-1 also accelerated
angiogenesis in a rat model of hind limb ischemia [32]. While
SHP-1 inhibits only RTK signals, Sproutys suppress both RTK
and GPCR signals. Thus the suppression of Sproutys could be
beneficial.

Inhibition of negative feed-back loops leading to profound and
long term activation of signals often lead to a dysregulation of
neovascularisation since the overshooting response is inducing
immature vessels. However, excessive sprouting in response to
inhibition of Sproutys results in the formation of mature vessels.
Angiogenesis is a complex process that includes the recruitment
and proliferation of various cells, such as endothelial cells, mural
cells [smooth muscle cells (SMC) and pericytes], endothelial
progenitor cells (EPCs) and others. It is reported that Sprouty-family
genes are expressed in both endothelial cells and smooth muscle
cells [33], and we have confirmed that Sprouty/Spred family genes
are also expressed in bone marrow (Taniguchi K., unpublished
data). It is possible that Sproutys function not only in endothelial
cells, but also in mural cells, EPCs or myeloid cells, and that
enhanced angiogenesis of mature vessels in Sprouty4 KO mice and
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Figure 5. In vivo effects of shRNA targéting Sprouty2 and Sprouty4. (A) The in vivo effects of shRNA plasmids targeting Sproutys in the hind
limb model were evaluated by RT-PCR analysis. (B, C) Real-time PCR analysis of Sprouty2 (B) or Sprouty4 (C) mRNA expression in MEFs stably infected
with control retroviruses and retroviruses expressing either Sprouty2 shRNA (B) or Sprouty4 shRNA (C). (D, E) Western blot analysis of protein extracts
from MEFs stably infected with control retroviruses and retroviruses expressing either Sprouty2 shRNA (D) or Sprouty4 shRNA (E). The relative
intensities of Sprouty2 and Sprouty4 bands normalized by STATS expression levels are shown above. (F) Effect of both Sprouty2 and Sprouty4
knockdown on ERK and Akt activities. MEFs stably expressing VEGFR-2 were infected with control retroviruses and retroviruses expressing Sprouty2/

Sprouty4 shRNA, and stimulated with 100 ng/mL VEGF-A. Cell extracts were immunoblotted with the indicated antibodies.

doi:10.1371/journal.pone.0005467.g005

the results of our experiments with in vivo sShRNA targeting Sproutys
are partially dependent on the enhanced function or the increased
number of mural cells, EPCs or myeloid cells. Moreover, it is
possible that Sproutys are also associated with angiopoietins
signals, which are important for the maturation of blood vessels.
Further study is necessary to investigate these possibilities.

Sprouty4 KO mice were more resistant to ischemia than WT mice
were in mouse models of ischemia (Fig. 3, Fig. 4), and neovascular-
ization induced by a tumor transplantation model was also
accelerated by Sprouty4 deficiency (Taniguchi K., unpublished data).
Moreover, in vivo shRNA targeting Sprouty2 and Sprouty4 accelerated
angiogenesis in a mouse model of hind limb ischemia (Fig. 7). In this
study, muscle tissue injected with the Sproutys shRINA vectors exhibited
a significant decrease in Sproutys transcripts (Fig. 5A). This knockdown
efficiency may be due to the fact, in skeletal muscle, the efficiency of
intramuscular gene transfer has been shown to be augmented from
five- to seven-fold when the injected muscle is ischemic [34]. The
present study is the first to uncover these significant implications for
gene therapy using the Sprouty2 and Sprouty4 shRINA vectors for the
treatment of peripheral ischemic diseases. The fact that Sproutys
exhibit such broad suppression activity, inhibiting a wide variety of
angiogenic factors and cells, indicates that the suppression of Sproutys
must enhance neovascularization.

A

Spry2/Spry4 shRNA

Control shRNA

Control shRNA Spry2/Spry4 shRNA

In conclusion, Sproutys are physiologically important regulators
of angiogenesis i vivo and may be useful as new therapeutic targets
for peripheral ischemic diseases.

Methods

Mice

Sprouty?2 KO mice and Sprouty4 KO mice have been described
previously [21,25]. Sprouty2 KO mice and Sprouty4 KO mice were
generated as 129/C57BL/6] mixed background, and then
backcrossed into C57BL/6] at least five times. Gender-matched,
WT littermates were used as controls. All experiments using these
mice were approved by and performed according to the guidelines
of the Animal Ethics Committee of Kyushu University, Fukuoka,
Japan.

Cell culture

Primary mouse embryonic fibroblasts (MEFs) were prepared, as
previously described [21]. MEFs were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, Grand Island, NY,
USA) supplemented with 10% fetal bovine serum, penicillin and
streptomycin. To generate MEFs stably expressing VEGFR-2 or
shRNAs, MEFs were infected with the retroviruses produced by
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Figure 6. /n vivo effects of shRNA targeting Sprouty2 and Sprouty4 in corneal micropocket assay. (A) Corneal neovascularization was
induced by mouse VEGF-A (200 ng) on day 12 after hydron pellets had been implanted into male BALB/c mouse corneas. After implantation, 10 jig
shRNA plasmids per eye were dehvered by subconjunctival injection. Representative photos are shown. (B) Quantitative analysis of neovascularization
on day 12. Areas are expressed in mm?Z. Bars show the mean=SEM (n=5). *: P<0.05. (C) Sections of corneas implanted with VEGF-A stained by anti-
PECAM-1/CD31Ab on day 12. Scale bars (C): 100 um.

doi:10.1371/journal.pone.0005467.9g006
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