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Systemic administration of PDGF-AA induces
atrial fibrosis and enhances AF susceptibility in
Langendorff-perfused hearts. (A) Representa-

vehicle tive histological sections with Masson's trichrome
staining for visualization of fibrosis (blue staining)
in the atrium, ventricle, and kidney of mice admin-
istered PDGF-AA or vehicle. Scale bars: 20 um.
(B) Scatter plot of the duration of AF episodes
occurting during 3 series of bursts in mice admin-
istered PDGF-AA (n = 8) or vehicle (1 = 6). Dura-
PDGF-AA tion of AF episodes occurring after each burst are
plotted. (C) Incidence of AF episodes during 3
serles of bursts in mice administered PDGF-AA
(n = 6) or vehicle (n = 6). (D) Mean duration of AF
B Vehicle episodes during 3 series of bursts in mice admin-
12 istered PDGF-AA (n = 6) or vehicle {n = 6). Data
are presented as mean + SEM. "P < 0.05 versus
19 10 vehicle; **P < 0.01 versus vehicle.
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of Pdgfa, leading to progression of a susceptible AF substrate
in pressure-overloaded hearts: At present, it reniains uncer-
rain whether atrial mast cells are the sole source of PDGF-A.
Indeed, mast cell activation can influence the function of many
ditferent cell types (12, 24), and especially, macrophages may
serve as a source of PDGF-A (38). Further studies using an intri-
cate genetic model to delete Pdgfe specifically in mast cells will be
required to dissect the importance of mast cell-derived PDGF-A
in the pathogenesis of AR,

Several clinical studies have proved the efficacy of pliarmaco-
logical inhibition of the renin-angiotensin system in the preven-
trion of atrial fibrosis and promotion of AF (40). The therapeutic
approach to atrenuating ot reversing the AF substrate is appeal-
ing: OQur study highlighced the pathogenic role of mast cells in
promoting the AF substrate in pressure-overloaded hearts. OF
course, this observation must be further investigated in future
studies using large animal models for testing applicability to
clinical conditions because variability among species and experi-
mental models may give rise to differerices in anactomical and
elecerophysiological parameters (41). As a starting point for

investigations; we propose that the mast cell-PDGF-A axis will
be a promising therapeutic target for the upstream prevention
of AF in stressed hearts.

Methods

Mice; TAC operation, and echocardiography. All of the experimental protacols
wereapproved by the Institutional Animval Care and Use Commitece of Chiba
University. C57BL/6 mice, mase cell=deficient W/W¥ mice, and congenic +/+
litrermates were purchased from Japan SLC. For TAC operation, 10-weel-old
male mice were anesthetized by i:p: injection of pentobarbital; and respira-
tion was artificially controlled with a tidal volume of 0.2 mland a respiratory
rate of 110 breaths/min, The transverse aoita was constriceed with 7-0 nylon
strings by ligating the aorta with splintinga blunted 27 gauge needle, which
was temoved after the [igation, After aortic constriction, the cliest was closed
and mice were allowed to recover from anesthesia;. We confirmed chac the
magnitudeof initial pressure elevation after aortic banding was identical in
all groups of mice, The surgeon had no information about the mice used in
this study. For evaluation of cardiac dimensioris and contractility, ranscho-
racic echocardiography was performed on conscious mice with the Vevo 770
Imaging System using a 25-MHz linear probe (Visual Sonics).
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Table 3
Echocardiographic measurements in TAG-APAS or TAC-IgG mice

TAC-lyG TAC-APAS
Number 10 10
HW/BW (mg/g) 5.71+0.18 5.67 £0.16
HR (bpm}) 633.30  16.06 657.00 £ 11.91
LVDd {mm) 3.54 £0.09 3.50 £ 0.08
LVDs (mm) 2.07 £0.00 2.01£0.09
FS (%) 417+ 1.48 44,2 +1.51

0.84 £ 0.01 0.81:0.01

LVPWth (mm)

Muast cell stabilization and BM reconstitntion. For stabilization of mast cells,
cromolyn (50 mg/kg/day; Sigma-Aldrich) or vehicle was administraced
daily to mice by i.p. injection (14) for the duration of the experiment
(10 days after TAC operation). For BM reconstiturion, BM cell suspensions
were harvested by flushing the femurs and tibias of 8-week-old W/Wv or
+/+ mice. The 5-week-old CS7BL/6 mice were preconditioned with total
bedy irradiation (9.5 Gy) 6 hours before transplantation. BM cell suspen-
sions (1.0 x 107 cells per mouse) were transfused via che tail vein to the
preconditioned recipient mice. The recipient mice were subjected to BM
reconsticution for 6 weeks and were subjected to TAC operation.

Induction of AF in ex vive and in vivo bearts. For induction of AF in ex
vivo hearts, hearts were rapidly excised after i.p. injection of heparin
(0.5 U/g) and urethane (2 mg/g) and immediately mounred onta a
Langendorff perfusion apparatus (42). The hearts were perfused wich
a nontecirculating Krebs-Henseleit buffer (119 mM NaCl, 4.8 mM KCl,
1.2 mM KH;POy, 1.2 mM MgS80y, 2.5 mM CaCl,, 10 mM glucose, and
24.9 mM NaHCO3), which was equilibraced with 5% CQ5/95% O, at
37°C. All isolaced hearts were stabilized for § minutes by perfusion at
constant flow (3.0 £ 0.2 ml/min) before programmed electrical stimu-
lation. The whole system temperature was kepr ac 37°C. Two chlori-
nated silver wires were placed on the base of che heart as indifferent
and common ground electrodes. A pair of recording electrodes were
placed on the apex and anterior wall of the heart to record venericular
clectrograms. Bipolar stimulating electrodes were pressed against the
right atrium surface, and bipolar recording elecrrodes were placed on
the left acrium surface to record atrial electrograms.

For induction of AF in in vivo hearts, mice were aneschetized with i.p.
injection of pentobarbital and supported by artificial ventilation: The body
cemperatire of mice was monitored and kept at 37°C using a heating pad
during the experiments. A 2-French cachever electrode (Japan Lifeline) was
placed at the esophageal position dorsal to the lefe atrium. A surface ECG
was simiultaneously recorded using clectrodes ina lead-IT configuration.

Iinducibility of AF was tested by applying a 2-second burst using che
automated stimulatar. The first 2-second burst had a cyelelength (CL)
of 40 ms; decreasing in each successive burse with a 2-microsecond dec-
rement down toa CL of 20 ms. A'series of burses was repeated 3 tinies
after stabilization for & minutes: AF duiation was defined as the interval
between the rapid irregular acrial rhythui triggered afrer che bursts and
che onset of first normal sinus beat,

Histological analysss. Hearts were excised and immediarely fixed in 10%
neutralized formalin, and they were then embedded in paraffin. Serial
sections of atrinim at 5 pm were stained with Masson’s trichrome for
evaluation of fibrosis: We determined mast cell number and morphol-
ogy wich: roluidine blue staining (0:1%; Sigma-Aldrich) and rhoda-
mine-avidin scaining (1:100; Vecror Laboratories) (20,'26): Specificity
of mast cell detection was confirmed by staining sections of W/Wvand
+/+ 'mice at the same dilution of the reagent, The total number of mast
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cells was counted manually and blindly in 3 microscopic sections from
each mouse, and the tatal area was determined using computer-assisted
image analysis (ImageJ; heeps//rsbweb.nil.gov/ij/).

Hydroxyproline assay, We evaluated collagen content in the atrium by
quantification of hydroxyproline, as described previously (43). In buief, che
acrium was weighed and then hydrolyzed in 6 N HCl at 100°C overnighr.
Hydrolyzed rissue was neurralized with NaOH, vacuum dried at 50°C,
and resuspended in { ml of § mM HCL An aliquot of 20 Wl hydrolyzed
tissue was added co 180 ul of HO in a glass tube. Thereafter, we mixed
100 ul of chloramine-T solution (0.14 g chloramine-T, Sigma-Aldrich;
2 ml Hz0, 8 ml hydroxyproline assay buffer) with the diluted hydrolyzed
tissue solution. The ingredients of hydroxyproline assay buffer were as fol-
lows: 11.4 g sodium acetate anhydrous (Sigma-Aldrich), 7.8 g crisodium
citrace dihydrare (Sigma-Aldrich), 40 ml H20 {pH adjusted to 6.0), and
77 ml isopropanol, bringing the final volume to 200 ml wich H,O. After
incubation for 10 minutes at room temperature, 1.25 ml Ehdlich's reagent
(6.0 g p-dimethylaminobenzaldehyde [Sigma-Aldrich], 18 ml 60% perchlo-
rate [Fluka], 78 ml isopropanol) was added and mixed. The samples were
incubared ar $5°C for 20-25 minutes, and the sample absorbance was read
at 558 nm. We used trans-4-hydroxy-L-proline (Sigma-Aldrich) (ranging
trom 0 to 4 mg) to draw the standard curve.

Coculture of BMMCs with cardiac myocytes or fibroblasts. The BM cells were
harvested from C57BL/6 mice and culcured for § weeks in RPMI 1640
medium (GIBCO; Invitrogen) supplemented with 10% FBS (Equitech-Bio),
0.1 mM MEM Non-Essential Amine Acids Solution (GIBCO; Invitrogen),
4 mM L-glutamine, 25 mM HEPES, | mM sodium pyruvate, S0 uM B-mer-
caprocthanol, 100 U/mi penicillin, 100 pg/ml streptomyein, and 30 ng/ml
of recombinant murine IL-3 (PeproTech GmbH) at 37°C in §% CO,(44), By
5 weeks in culture, mast cells were enviched to more than 95%, as assessed
by the presence of metachromatic granules in roluidine blue-stained cells
and by cell-surface expression of FeeRI (Upstate) using flow cytomerric
analysis. The cardiac myocytes and fibroblasts were prepared Fiom hearts
of 1-day-old Wistai racs, as desctibed previously (45). Dissociated cells were
preplated orito 10-cm culture dishes for 30 minutes, which permitted pref-
erential actachment of fibroblasts to the boteom of the dish. Nonadher-
entcardiac myocytes (3.5 x 10% cells/3.5-cm dish) or adherent fibroblasts
(2.0 x 108 cells/3.5-em dishj were plared on 3.5-co dishes and caleured for
24 hours in medium (DMBM [GIBCO;, Invitrogen], supplemented with
10% FBS, 100 U/ml penicillin, and 100 jig/ml strepromyciny. The cells were
starved under a serum-free cotdition for 24 hours before iniriation of the
coculeure. BMMCs (5.0 % 108 cells/3.5-cm dish) were placed outo lapers
of cardiac myocytes or fibroblasts and were continuously cocultured in
DMEM withaut supplementation wich FBS. Forscabilization of BMMCs
in vitro, BMMCs were pretreated with 103 M cromolyn (Sigma-Aldiich)
for 30 minuees before initiation of coculture,and cromolyn treatmenitwas
conrtinued throughout the coculture:

Real-time RTEPCR analysis, Total RNA was exeracred by using RNeasy Kit
(QIAGEN), and single-stranded cDNA was transcribed by using QuaneiTece
Reverse Transcription Kit (QIAGEN) according to the manafacturer’s pro-
tocol. We conducted quantitative real-time PCR analysis with the Universal
ProbeLibrary Assays (Roche Applied Science) according to the manufacrus
er'sinstructions. Amplification conditions were as follows: initial denarur-
ation for 10 minutes at 95°C followed by 45 cycles of 10 seconds at 95°C
and 25 seconds at 60°C. Individual PCR produices were analyzed by melt:
ing-point analysis. The expression level of a gene was normalized relarive
ro that of Gupdh by using a comparative C¢ method. The primcr sequences
and universal probe numbeis were designed with the ProbeFinder software
as follows: Pdgfir; §"-GTGCGACCTCCAACCTGA-3 and 5-GGCICATCT-
CACCTCACATCT-3', no.'52; Pdefb, S'-CGGCCTGTGACTAGAAGTCC-3
and 3-GAGCTTGAGGCGTCTTGG:3 , no. 32; Col3al, 5-TCCCCTG-
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Figure 8

Attenuation of atrial fibrosis and AF by neutralization of PDGFR-«. (A) Scatter plot of duration of AF eplsodes occurring during 3 series of bursts

under Langendotff perfusion in TAC-APAS (n = 9) or TAC-IgG mice (n
gendorif perfusion: (n = 9). *P < 0.05 versus control [gG. (C) Mean durati

= 9} (B} Incidence of AF episodes during 3 series of bursts under Lan-
on of AF episodes during 3 series of bursts under Langendorff perfusion

(= 9). **P < 0.01 versus control IgG. (D} Incidence of AF episodes during 3 series of fransesophageal bursts (n = 6). (E} Mean duration of AF
episodes during 3 series of transesophageal bursts (n = 6). (F) Representative histological sections with Masson’s trichrome staining for visual-

ization of atrial fibrosis (blue staining). Scale bars: 20 um. (G} Hydroxyp

roline content in the alrium (1= 9). Number of mice for each experiment

is Indicated in the bars. **P < 0.01 versus control IgG. Data are presenited as mean + SEM.

GAATCTGTGAATC-3 and 5" TGAGTCGAATTGGGGAGAAT-3 no. 49;
mouse Gapdh, S"TGTCCGTCGTGGATCTGAC-3 and §-CCTGCTTCAC:
CACCTTCTTG-3'; no. 80; rat Gapdh, 5-TGGGAAGCTGGTCATCAAC-3'
and §-GCATCACCCCATTTGATGTT-3, n0.9.

ELISA of PDGF-AA. The concentrations of PDGF-AA in the conditioned
medium were assayed by using Human/Mouse PDGF-AA Quantikine
ELISA Kit (R&D Systeins) according to the manufacturer’s protocol.

Cell prolifesation assay. Cardiac fibroblasts (2 x 10* cells/well} were placed
on a 48-well place and were culeured for 24 hours in medium (DMEM
supplemented with 10% FBS, 100 U/ml penicillin, and 100 pg/ml strepto-
mycin) at 37°C in 3% COy: After 24 hours of starvation under serum-free
canditions, we replaced the medium with that conditioned by coculture
of BMMCs and cardiac fibroblasts, After 24 hours of culture; cells were
harvested, and subjected to semiquantification of che viable cell numbers
that are proportional to the amount of ATP by using CellTiter-Glo Lumi-
nescent Cell Viability Assay Kit (Promega).

252 The Journal of Clinical Investigation

huoeprffwwavici.org .. Volume 120

Systenric administration of PDGF-AA. Mint-osmotic pumps (model 2002,
Alzet) were subeutancously implanted in 10-week-old male mice to deliver
recombinant mutine PDGF-AA (0.2 ug/day; PeproTech) or vehicle: At
10days afrer implantation, miceé were sacrificed for analysis,

Inbibition of PDGF-A by a nentvalizing anti-PDGFR-o antibody. To antago-
nize the effeces of BMMC-derived PDGF-A in vitro, we precreated BMMCs
with 2 pg/ml of clone APAS (200 ng/day) (27) or control 1gG2a (eBiosci-
enice) for 30 nitnutes before initiation of caculeure and continued the treat-
ment throughout the coculture. To inhibit the effects of PDGF-A in vivo,
we administered anti-PDGFR-« antibody (200 ug/day) (27) or control
TgG2a by i.p. injection to mice for che duration of the experimene (10 days
after TAC operation). APAS; a fat monoclonal anti-mouse PDGFR-o anti-
body (IgG2a), was described previously (46).

Statistics. All data are presented as means + SEM. Two-group compari-
son was analyzed by anpaired 2-tailed Student’s £ cest, and'multiple-group
comparison was performed by I-way ANOVA followed by the Fisher's pro-
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tected least significanc difference test for comparison of means. P < 0.0§

was considered to be statisrically significant.
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Inhibition of Semaphorin As a Novel Strategy for
Therapeutic Angiogenesis

Junji Moriya,* Tohru Minamino,* Kaoru Tateno, Sho Okada, Akiyoshi Uemura, Ippei Shimizu,
Masataka Yokoyama, Aika Nojima, Mitsuhiro Okada, Hisashi Koga, Issei Komuro

Rationale: The axon-guiding molecules known as semaphorins and their receptors (plexins) regulate the vascular
pattern and play an important role in the development of vascular network during embryogenesis. Semaphorin
(Sema)3E is one of the class 3 semaphorins, and plexinD1 is known to be its receptor. Although these molecules
have a role in embryonic vascular development, it remains unclear whether the Sema3E/plexinD1 axis is involved
in postnatal angiogenesis.

Objective: The objective of this study was to elucidate the role of SemalE/plexinD1 in postnatal angiogenesis,

Metheds and Results: Sema3E inhibited cell growth and tube formation by suppressing the vascular endothelial
growth factor (VEGF) signaling pathway. Expression of SemalE and plexinD1 was markedly upregulated in
ischemic limbs of mice (2.5- and 4.5-fold increase for Sema3E and plexinD1, respectively), and inhibition of this
pathway by introduction of the plexinD1-Fe gene or disruption of SemadE led to a siguificant increase of blood
flow vecovery (L.6- and L.5-fold increase for the plexinD1-Fe gene treatment and SemalE disruption,
respectively). Hypoxia activated the tumor suppressor protein pS3, thereby upregulating SemadE expression.
Expression of p53 and Semal3E was enhanced in diabetic mice compared with normal mice (2- and 1.3-fold
increase for p53 and SemalE, respectively). Consequently, neovascularization after VEGF treatment was poor
in the ischemic tissues of diabetic mice, whereas treatment with VEGF plus plexinD1-Fe markedly improved
neovascularization,

Conclusions: These results indicate that inhibition of SemaJE may be a novel strategy for therapeutic angiogenesis,
especially when VEGF is ineffective. (Cire Res. 2010;106:391-398.)

Key Words: angiogenesis ® semaphorins m p33 = diabetes

he vascular system and nervous system have several attract axons,5-2 but are now recognized as critical regulators
striking anatomic. similarities. Recent findings have of morphogenesis and homeostasis in various organs and
shown that the similarities between these systems extend to systems. 011 The semaphorin family comprises 21 genes in
the molecular level and that the molecular mechanisms which vertebrates and eight additional ‘genes are found in inverte-
are- important for the specification; differentiation; and pat- brates. These genes are divided into eight classes on the basis
terning “of ‘nerves also play an important- role within: the of the similarity of their structural domains; with classes 3 to
vasculature and vice versa.™4 Development of the nervous 7 containing the vertebrate semaphorins,’ Class 3 are the only
system is regulated through  the coordinated action of a semaphoring secreted in vertebrates. Semaphorin (Semia)3E is
variety of repulsive or attractive. neuronal guidance faclors, one of the class 3 semaphorins,'2 and plexinD1 is known to be
called “axon-guiding molecules,” that direct the growth of ity receptor.!® It has been reported that loss of plexinD1 or
axons into specific pathways.> Recently, these axon-guiding Sema3E causes abnormalities of vascular growth,!” suggest-
miolecules (including semaphorins) have also been shown to ing that these molecules have a crucial role in regulating the
play a pivotal role in the formation of vascular networks.'-* pattern- of vessel development during embryogenesis, }3-14
Semaphorins and: their receptors: (known as plexins) were However, it temains unknown whether Sema3E and plexinD1
mittally characterized as signaling: molecules that repel or are involved in postnatal angiogenesis.
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Non-standard Abbreviations and Acronyms
ERK extracellular signal-regulated kinase
HUVEG human umbilical vein endothelial cell
Sema semaphorin

VEGF vascular endothelial growth factor

VEGFR vascular endothelial growth factor receptor

In this study, we performed both in vive and in vitro
investigations into the role of Sema3E/plexinD1 in postnatal
angiogenesis, and we found that these 2 molecules inhibit
angiogenesis by suppressing the vascular endothelial growth
factor (VEGF) signaling pathway. Sema3E expression was
upregulated in ischemic tissue via a p53-dependent pathway.
Its upregulation was further enhanced in a diabetic model,
attenuating the effect of VEGF treatment, whereas inhibition
of Sema3E markedly improved the response to VEGF., These
findings suggest that inhibition of Sema3E may be a novel
strategy for therapeutic angiogenesis, especially when VEGF
is ineffective.

Methods
Cell Culture

Recombinant human VEGF165 (293-VE), monoclonal antihuman
VEGF antibody (MAB293) and recombinant human Sema3E were
purchased from R&D Systems (Minneapolis, Minn). PlexinD1 Fc
protein was generated by ARK Resource (Kumamoto. Japan).
Hunian umbilical vein endothelial cells (HUVECs) were purchased
from BioWhittaker (Walkersville, Md) and cultured according to the
instructions of the manufacturer. Endothelial cell proliferation was
assessed by determining cell counts after culture in the presence of
VEGF165 (50 ng/mLy for 2 days. Retroviral stocks were generated
by transient transfection of packaging cell line (PT67, Clontech) and
stored at —80°C until use. Human endothelial cells (passage 4 to 6)
were ‘plated at 5 107 cells’ per 100:mmi-diameter dish 24 hours
before infections. For infections, the culture medium was replaced by
retroviral “stocks supplemented- with 8 pg/mL polybrene (Sigma,
Tokyo, Japan). Forty-eight hours after infections, the infected cell
populations were selected by culture in 0.8 pg/mL puromycin for 4
days; High-titer adenoviral stocks (10% pfu) were generated with the
Adeno-X Expression System (Clontech) according to_the instruc-
tions of the manufacturer.

Tube-Formation Assay

The: tube-formation assay was performed Using a commercially
available: kit according to. the: manufacturer’s instructions
(Kurabo, Osaka, Japan). HUVECs were cultured for I'l days in
the presence of VEGF!165 (10 ng/mL) and test substances, after
which they were fixed at room temperature in. 70% ethanol. The
fixed cells were then incubated first with mouse antihuman CD31
antibody - (1:4000 dilution) for | bour and’ then  with a ‘goat
anti-mouse 1gG alkaling phosphatase=conjugated: secondury an-
tibody. which: was  visualization -using. 5-brome-4-chloro-3:
indolyl phosphate/nitro blue tetrazolinm: Capillary-like tube for-
mation  was: assessed by photography under an inverted phase
contrast microscope at - X40 magnification. The vessel area was
defined as the area of CD3[-positive cells / total area, which was
estimated by an angiogenesis image analyzer (Kurabo, Osaka,
Japan). This assay was performed in triplicate.

Western Blot Analysis

Whole cell lysates were prepared in lysis buffer (10 mmol/L
Tris-HCL, pH 8, 140 mmol/L NaCl, 5§ mmol/L. BDTA, 0.025% NaN3,
1% Triton X-100, 1% deoxycholate, 0.1% SDS, | mmol/L PMSF, §
pg/ml leupeptin, 2 pg/ml aprotinin, 50 mmol/. NaF, and
1 mmol/L Na,VOy). The Iysates (30 to 50 ug) were resolved by
SDS-PAGE. Proteins were transferred o a poly(vinylidene diffu-
oride) membrane (Millipore, Bedford, Mass) and incubated with
the primary antibody followed by anti-rabbit IgG—horseradish
peroxidase antibody or anti-mouse IgG—horseradish peroxicase
antibody or anti-goat 1gG—horseradish peroxidase antibody (Jack-
son, West Grove, Pa). Specific proteins were detected by using
enhanced chemiluminescence {Amersham, Buckinghamshire, UK).
Tonmunoprecipitation was performed as described previously.'s The
primary antibodies used for Western blotting were as follows;
anti-phospho—extracellular signal-regulated kinase (ERK) antibody
(5¢c-7383), anti-ERK antibody (sc-154-G), anti-pAkt antibody (sc-
7985-R), anti-Akt antibody (sc-1618), anti-p53 antibody (sc-126,
5¢-99), anti-actin antibody (sc-8432), anti-flk-1 antibody (sc-6251),
anti-Sema3E antibody (sc-49733) (Santa Cruz Biotechnology, Santa
Cruz, Calif), and anti-phosphotyrosine antibody (4G10} (Upstate,
Lake Placid, NY). All immunoblotting analyses were performed
more than three times.

RNA Analysis

Total RNA (30 pg) was extracted by the guanidinium thiocyanate-
phenol chloroform method using RNA zol B (Tef Test, Friendswood,
Tex} according to the instructions of the manufacturer. cDNA was
prepared using the SuperScript First-Strand Synthesis System for
RT-PCR (Invitrogen). Quantitative real-time PCR was performed by
using the LightCycler (Roche, Indianapolis, Ind) with the TagMan
Universal ProbeLibrary and the LightCycler Master (Roche) accord-
ing to the instructions of the manufacturer,

Experimental Animals

The animal experiments were approved by our institutional review
board. C57/BL6 mice were purchased from the SLC Japan. All mice
used in this study were 8 to 12 weeks old. p53-deficient mice (in
C57/BL6 background) were purchased from The Jackson Laboratory
(Bar Harbor, Me). For the type I diabetic model, mice were treated
with an: intraperitoneal injection: of ‘streptozotocin” in 0.1 mol/L
sodium citrate (pH 4.5) at a dose of 50 mg/kg body weight for 5 days.
Generation and genotyping of Sema3E-deficient mice (in C57/BL6
background) have been described previously. 1o

Hindlimb Ischemia Model

Afler mice were anesthetized, the proximal part of the femoral artéry
and the distal portion of the popliteal artery were ligated and stripped
out after all side branches were dissected free.’s For i vivo gene
transfer, we exposed thigh muscle by excising the skin and injected
the "expression : vector ‘enicoding soluble plexinD1-Fc, VEGF, or
Sema3E into the muscle twice after surgery. We analyzed blood flow
vecovery until day 28 after surgery. Hindlimb perfusion was mea-
sured with a laser Doppler perfusion amalyzer (Moor Tnstrumeits,
Devon; UK). Ischemic limb samples were Harvested for histology on
day. 10 after surgery. Vastus and rectus femorts muscle tissues were
removed from the ischeniic limbs affer systemic perfusion with PBS
and immediately embedded in OCT compound (Sakura Finetechni-
cal). Then, euch specimen was snap frozen in liguid nitogen and cut
into & iy sections, The sections were stained. with antibodies for
CD31 (Pharmiingen), plexiiD i} or Sema3E (Santa Cruz Biotechnol-
ogy). Two transverse sections of the entire muscle were photo:
graphed digitally at a magnification of X100 (12 to 16 photographs
per-mouse), and: these photographs ‘were reviewed ‘in a blinded
manner. Capillary endothelial cells were identified by iminunoresc-
tivity for CD3 1 and quantified as vessel area (%), which was deftied
as the area of CD31-positive cells/total area.
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Figure 1. Sema3E suppresses VEGF-induced
angiogenesis. A, Cultured endothelial cells were
treated with VEGF alone (50 ng/mL) or
VEGF+Semag3E (1, 5, or 10 nmol/L) or

VEGF +8emagE +plexinD1-Fc {1 or 10 pg/mlL).
Sema3k significantly inhibited VEGF-induced en-
dothelial cell proliferation, which was effectively
reversed by plexinD1-F¢ treatment. *P=20.01 vs
Sema3E (-)/VEGF (—)/plexinD1-Fg (~) (h=4);
#P-20.05, ##P<0.01 vs Sema3E (—)/VEGF (+)/
plexinD1-F¢ {~} (n=4); §P<0.01 vs Sema3E (5
nmol/L)YVEGF {+}/plexinD1-Fc (-} (n=4). Data rep-
resent means+SEM. B, Endothslial cells cocul-
tured with fibroblasts were treated with VEGF
and/or Sema3E for 11. days, and vessel area was
assayed by immunohistochemistry for CD31.
Semag3E significantly inhibited VEGF-induced tube
formation. *P<0.01 vs Sema3E (~)/VEGF {~)
(n=4); #P<0.05, ##P<0.,01 vs Sema3E (-)/VEGF
(-+) (n=4). Data represent means+SEM. C, Photo-
graphs show tube formation: of endothelial cells in
the presence of VEGF (50 ng/mL) (VEGF),
VEGF+Sema3E (5 nmol/L} (V+8), or
VEGF+Sema3E+PlexinD1-Fc (10 ug/mL)
{V+S+Fc). Scale bar=300 um. Vehicle treatment
sefrved as control (control). D, Endothelial cells

+

were treated with VEGF (50 ng/mL}) (VEGF} or
VEGF plus Sema3E (5 nmol/L) (V+S) and analyzed
for the VEGF signal pathways by Westarn blot
analysis {n=4). Sema3E suppressed VEGF-induced

, oo phosphorylation of ERK (pERK) and Akt (pAkt).
oy R T 20 Vehicle treatment served as control (control). E,
Vas VHSHFG 2 P=0.16 Protein samples prepared in D were analyzed for
2 45 1 phospho-VEGFR2 levels (n=7). Sema3E sup-
E w * pressed VEGF-induced phosphortylation of
IP: VEGFR2 g VEGFR2. F, VEGF-induced tube formation was
: < 10 * oxamined in the presence of anti-VEGF antibody
Control VEGF V#s i I (500 ug/mL) (nV), SemaSE (5 nmol/L) (Semag), or
> § anti-VEGF antibody plus Sema3E (nV+Sema3E).
pVEGFR2 & Vehicle treatment served as control (control). In the
’ 0 . I presence of anti-VEGF antibody, Sema3E did not
VEGFRZ ~#eel. Wl wsiup ““d\ o 2 signiticantly inhibit tube formation. *P<0.01 vs
[V qu,e control (n=4).
A

Statistical Analysis

Data’ were shown as means®=SEM. Multiple group comparison
was . performed by l-way ANOVA followed by the Bonferroni
procedure for. comparison: of ‘means. Comparisons between 2
groups were analyzed by the unpaired Student r test. Values of
P<0.05 were considered statistically significant.

Results

Semal3E Suppresses VEGF-Induced Angiogenesis
in Cultured Endothelial Cells

To: investigate the role of SemalE/plexinDI, we' first
performed an in- vitro study using HUVECs. We seeded
HUVECSs at 1X10% cells. per 100-mm-diameter dish and
counted the number of cells at 2 days after seeding.
Treatntent of HUVECs with VEGF markedly increased the
cell count (Figure 1A), although this increase was strongly
inhibited: by addition- of - Sema3E in" a dose-dependent
mannet (Figure 1A). Treatment with a plexinD-Fc fusion
protein, which binds to SemalE and inhibits its activity,
blocked the effect. of Sema3E (Figure' 1A). We also
perfoimed an angiogeiiesis assay, in which HUVECs were
cocultured with fibroblasts in the presence or-absence of
Sema3E. When endothelial tube formation was assessed

after 11 days. it was found that treatment with' VEGF
markedly increased tube formation, although this increase
was significantly inhibited by addition of Sema3E (Figure
1B). Treatment with the plexinDI-Fc fusion protein: also
antagonized the effect of Sema3E on-VEGF:induced tube
formation. (Figure “1C), 'suggesting that Sema3E is an
antiangiogenic factor. We next investigated how Sema3E
inhibited angiogenesis. After depriving HUVECs of VEGF
for. 7 hours, we examined the effect of VEGF treatment.
Addition of VEGF mnduced the phosphorylation of ERK
and Akt, both of which are crucial kinases in the intracel-
lular: signaling pathway: for this growth factor. Pretreat-
ment with Sema3E suppressed VEGF-induced phospliory-
fation of these two kinases (Figure 1D: Online Figure I, A).
Semal3E treatment also suppressed VEGF-induced phos-
phorylation ‘of 'VEGF receptor (VEGFR)-2 (Figure  1E;
Online Figure 1, B). To determine whether the antiangio-
genic effect of Sema3E was VEGF-dependent, we next
examined the response to. addition of an anti-VEGF neu-
tralizing antibody. In: the presence  of the anti-VEGF
antibody, Sema3E did not significantly inhibit cell growth
and - tube:: formation: (Figure ' 1F: Online  Figure [~ C),
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Figure 2, Expression of Sema3E is markedly upregulated in is-
chemic tissues. A, Western hlot analysis for Sema3E expression
in ischemic limbs on day 3 (D3), day 7 (D7), and day 10 (D10)
after surgery (n=>5). Sham indicates sham-operated. B, The
mRNA levels of Sema3E and plexinD1 in ischemic limbs on day
3 (D3), day 7 (D7), and day 10 (D10) after surgery were
assessed by real-time PCR analysis. "P<0.01 vs sham (h=5).
Data represent means+=SEM. C, The frozen sections of murine
ischemic tissue on day 10 after surgery were subjected to im-
munofitiorescence stalning for Semas3E (top) or plexinD1 (bot-
tom) (green). The sections were double-stained with CD31 {red).
Scale bar=100 am.

suggesting that Sema3E negatively regulates angiogenesis
by inhibiting the VEGF pathway.

Sema3E Suppresses Angiogenesis In. Vivo
To investigate the role of Sema3E/plexinD1 in postnatal
angiogenesis, we used a murine model of hindlimb ischemia
that was created by unilateral femoral artery ligation. Ische-
mic: fissues were: harvested and: subjected: to- Westein blot
analysis  and. immunohistochemistry. -Expression of Sema3E
and plexinD1 was matkedly increased in ischemic limbs at 3
days after surgery, and this increase persisted until day 10
(Figure 2A and 2B, Online Figure II). Immunohistochemistry
showed that Sema3E was expressed by arterioles; myocytes,
and capillary endothelial cells in the ischemic limbs, whereas
plexinD 1 was mainly expressed by capillary endothelial cells
(Figure 2C). To. examine: whether ihibition -of ‘Sema3E
promoted angiogenesis, we injected ‘an: expression  vector
encoding the plexinDI-F¢ ' gene  into - ischemic : limbs and
analyzed. blood flow recovery - and the vessel area of the
limbs. Laser Doppler perfusion: imaging revealed  that the
plexinD1-Fc group showed significantly better recovery of
blood flow than the control group (Figure 3A). Likewise; the
vessel area of ischemic limbs at 10 days after surgery was
significantly  larger in- the plexinD1-Fc group. than in the
control group (Figure 3B; Online Figure 11T, A).

To further investigate the effect of Sema3E on angiogen-
esis; we introduced an expression vector encoding the VEGE
gene; a vector for the Sema3E gene, or the vectors: for both

genes. Injection of the VEGF veclor into ischemic limbs
significantly accelerated blood flow recovery compared with
the control group, whereas this effect was suppressed by
coinjection of the Sema3E vector (Figure 3C). In addition, the
vessel area was smaller in the Sema3E plus VEGF group than
in the VEGF alone group (Figure 3C). Moreover, injection of
a vector encoding the plexinDI1-Fe gene into ischemic limbs
treated with the SemalE and VEGF vectors significandy
improved blood flow recovery and increased the vessel area
compared with the findings in the Sema3E plus VEGF group
(Figure 3C), suggesting that Sema3E also inhibits neovascu-
lavization in ischemic tissue. Next, we created hindlimb
ischemia in Sema3E-deficient mice to examine the effect of
loss-of-function of this molecule. Consistent with the results
of our gene transfer experiments, Sema3E-deficient mice!®
showed better blood flow recovery and a larger vessel area in
their ischemic limbs than wild-type mice (Figure 3D; Online
Figure I, B). These results indicate that Sema3E/plexinD1
negatively regulate postnatal angiogenesis,

p53 Upregulates Sema3E Expression Both In Vitre
and In Vivo

There is evidence that expression of the tumor suppressor
protein p33 is increased by hypoxia, thereby inhibiting tumor
angiogenesis.'”¥ We identified a putative p53-binding ele-
ment within the promoter region of the Sema3E gene (clata
not shown), suggesling that induction of p53 by hypoxia
might upregulate Sema3E expression in ischemic limbs. To
investigate this hypothesis, we infected HUVECs with an
adenoviral vector encoding p33, and then examined Sema3E
expression by Western blot analysis. In agreement with our
hypothesis, overexpression of p53 led to upregulation of
Sema3E expression in HUVECs (Figure 4A). Expression of
Sema3E was also induced by treatment with cobalt chloride,
which mimics the effects of hypoxia (Figure 4B). To further
investigate the relationship between p53 and. Sema3E, we
next infected HUVECs with a retroviral vector encoding the
HPV16 E6 gene, which blocks p53 expression and examined
the ‘effect on expression of 'Sema3E by endothelial cells.
Exposure to cobalt chiloride for: 12 hours markedly upregu-
lated both Sema3E and p53 expression in mock-infected
HUVECs, whereas there was no induction of Sema3E ex-
pression in E6-infected cells (Figure 4B), suggesting that
hypoxia promoted the induction of SemadE via a p53-
dependent pathway.

Consistent. with our in: vitro data, expression of both p53
and Sema3E was markedly increased in the ischemic limbs of
wild-type mice at 3 days after femoral attery ligation (Figures
2A and 4C; Online Figure IV, A). To determine whether
SemalE was regulated by p53 in vivo, we created hindlimb
ischemia in p53-deficient mice and wild-type mice and then
examined' the expression of - Sema3E in ischemic  limibs.
Consistent with our in vitro results, upregulation of Sema3E
expression was - abolished 'in the ischemic limbs of - p53-
deficient mice (Figure 4D; Online Figure IV, B); suggesting
that an- increase - of pS$3 promotes Sema3E expression in
ischemic tissue and thus inhibits blood flow recovery.
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Inhibition of Sema3E Improves Angiogenesis in
Diabetic Mice

It has been reported that the angiogenic response to ischemia
is attenuated in patients with diabetes.' We created a murine
model- of type: | diabetes by intraperitoneal injection of
streptozotocin (50-mg/kg per day for 5 days) and examined
neovascularization after the animals: were subjected to hind-
limb ischemia. Blood glucose level was significantly higher
and blood. insulin: level was significantly . lower ia
streptozotocin-induced  diabetic mice -than in_ control mice
(Online Figure: V, A), Mice  with streptozotocin-induced
diabetes also showed poor blood flow recovery and a smaller
vessel area in their ischemic limbs compared with control
mice (Figure SA and 3B). To investigate whether the impair-
ment of neovascularization in diabetic mice was related to
P53 and Sema3E.. we examined the. expression: of - these
proteins in the mice. Western blot analysis revealed that p33
expression was increased in diabetic mice and that  this
increase. was further enhanced by ischemia (Figure: 5C;
Online Figure V, B; and data not shown). Likewise, expres-
sion of Sema3E was significantly increased in diabetic mice

SemadE in Postnatal Angiogenesis 395

Figure 3. Sema3E negatively regulates angio-
genesis in ischemic tissuse. A and B, Ischemic
limbs of mice were treated with an empty vec-
tor (control) or the plexinD1-Fc expression vec-
1 tor {plexinD1-Fc¢) by intramuscular injection, and
blood flow recovery (A) and vessel area (B)
were analyzed by laser Doppler perfusion imag-
ing and immunohistochemistry for CD31,
respectively. Mice treated with plexinD1-Fc
showed better biocod flow recovery and a larger
vessel area. ‘P<0.05, *P<0.01 vs control (n=8
for A and B). Data represent means+SEM.
Photographs show immunchistochemistry for
CD31 in ischemic limbs on 10 days after sur-
gery. Scale bar=100 um. C, Ischemic limbs

of mice were treated with mock (control),

the VEGF vector only (VEGF), the Sema3E and
VEGF vectors (3E+VEGF), or the Semag3E,
VEGF, and plexinD1-Fc vectors

(3E+VEGF +Fc), and blood flow recovery {left)
and vessel area (right) were analyzed by laser
Doppler perfusion imaging and CD31 immuno-
histochemistry, respectively. Injection of the
Sema3E vactor into ischemic limbs suppressed
VEGF-induced neovascularization, which was
effectively reversed by the plexinD1-Fc vector
treatment. *P=20.05, *'P<0.01 vs control;
#P-<0.05, ##P<0.01 vs VEGF,; §P<0.05,
§§P<0.01 vs 3E+VEGF (n=8§ to 10). Data rep-
resent means=SEM: D, Ischemic limbs of wild-
type mice (WT) and Sema3E-deficient mice
(Sema3E KO}y were analyzed for blood flow
racovery (left) and vessel area (right). Sema3E-
deficient mice showed better blood flow recov-
ery and a larger vessel area of ischemic limbs.
“P<0.05 vs WT mice (n=3 to 8). Data represent
means+SEM.

~N

compared with control mice (Figure 5C; Online Figure V, B).
Consequently, blood flow recovery and the mcrease of the
vessel area after VEGF treatment were: significantly impaired
iy diabetic mice compared with VEGF-treated control mice
(Figure SA and 5B). To further assess the effect of inhibition
of Sema3E in diabetic mice, we injected an expression vector
encoding: the plexinD1-Fc' gene :into the ischemic limbs of
ciabetic mice. Laser Doppler perfusion imaging of ischemic
fimbs and immunohistochemistry for CD31 revealed that the
poor response of neovascularization to VEGF treatment was
effectively overcome by - introduction of - the. plexinD 1-Fc
gene (Figure SD). suggesting that overexpression of Sema3E
was responsible for impairment of neovascularization in the
diabetic mice. These results indicate that inhibition: of
Sema3E is effective for promoting angiogenesis, especially
when VEGF treatiment is ineffective, such as in the diabetic
state.

Discussion
The present study demonstrated that the Sema3E/plexinD1
axis inhibits-postiatal angiogenesis in a murine model of
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Figure 4. p53 regulates expression of
Sema3E. A, Endothelial cells were infected
with an adenoviral vector encoding p53
(Ad-p53) or mock (Ad-mock) and sub-
jected to Westemn blot analysis for expres-
sion of Sema3E and p53 (left). Relative
expression levels of Sema3E and p53
wers plotted in the graph (right). *P<0.01
vs Ad-mock (n=4). Overexpression of p53
upregulated Sema3E expression, B, Endo-
thelial cells were infected with a retroviral
vector encoding HPV16 E6 (E6) or mock
{Mock) and treated with CoCl,
(100 pmol/L) for 6, 12, 24 hours {6, 12,
24). Expression of Sema3E and p53 was
examined by Westem blot analysis {left).
Relative expression levels of Sema3E and
- - p53 were plotted in the graph {right).
Pre 12 Pre 12 *P<0.05 vs control (Pre) (n=3). Treatment
Mock  E6 with CoCl, markedly upregulated Sema3E
expression compared to control (Pre), and
this upregulation was inhibited by disrup-
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D10 Sham D1 and day 10 (D10} after surgery (n=4).
Sham indicates sham-operated, Expres-
sion of p53 was markedly upregulated 3
days after surgery, and this upregulation

persisted for 10 days. D, Westemn blot analysis for Sema8E expression in ischemic limbs of wild-type (WT) or p53-deficient (p53K0)
mice on day 10 after surgery (n=4). Sema3E expression was increased in ischemic limbs of wild-type mice but not p53-deficient mice.

hindlimb ischemia. Our results also suggested that Sema3E
inhibits angiogenesis by blocking activation of the VEGFR-2
and its downstream signaling pathway. Although Sema3E
does ‘not bind to neuropilin-1,' attraction of axons by
Sema3E requires the presence of neuropilin-1 in addition to
plexinD 1, so the mode of assembly of the ligand and receptor
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complex is thought to determine the function of Sema3E.2
Neuropilin-1 also binds to the VEGFR-2 and plays a crucial
role in the regulation of VEGF signaling.2! Accordingly.
Sema3E may inhibit VEGF-induced angiogenesis by limifing
the avaitability of neuropiflin-1. Because treatment with an
anti-VEGF neutralizing antibody did not completely over-

Figure 5. Sema3E Inhibition improves impaired
angiogenesis in diabstic mice. A and B, Blood flow
recovery (A} and vessel area (B) in ischemic limbs
of control (control) or streptozotocin-induced dia-
betic (STZ) mice after treatment with mock [v(~)]
or the VEGF expression vector [v(+)}. Diabetic
mice showed impaired blood recovery and'a
smaller vessel area in ischemic limbs compared
with control mice. They showed less response to
VEGF treatment. *P<0.05, **P<0.01 vs control/
v(=), #P<0,05, ##P<0.01 vs controlv(+) (n=5 to
12). Data represent means+SEM. C; Expression of
Sema3E and p53 was examined in limb tissues of
control (STZ-) and streptozotacin-induced dia-
betic mice (STZ+) by Westerm blot analysis (n=4).
Expression of Sema3E and p53 was upregulated in
diabetic mice. D and E, Blood flow recovery (D)
and vessel area (E) were analyzed in ischemic
limbs of diabetic mice treated with VEGF [Fc(=)] or
VEGF +plexinD1-F¢ [Fc(+)]. Treatment of
pixinD1-Fc in addition to VEGF significantly
improved neovascularization i diabetic mice.
'P<0.01.vs Fe(—) (h=710 9). Data represent
means+SEM.
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come the inhibitory effect of Sema3E on angiogenesis, this
effect may also be attributable to the signaling pathway
downstream of Sema3E-plexinD1, which is currently
unknown.

SemalE suppressed VEGF-induced phosphorylation of
ERK and Akt (Figure 1D). It is well accepted that both ERK
and Akt are crucial for the intracellular signaling pathways
stimulated by hepatocyte growth factor (HGF) or basic
fibroblast growth factor basic (bFGF) to induce angiogenesis.
Interestingly. Sema3E also inhibited bFGF or HGF-induced
tube formation in a dose-dependent manner (Online Figure
VI, A). Moreover, Sema3E significantly inhibited bFGF-
induced tube formation even in the presence of the anti-
VEGF antibody, whereas it did not inhibit HGF-induced tube
formation (Online Figure VI, B). These results suggest that
besides the suppression of VEGF-induced angiogenesis, the
antiangiogenic effect of Sema3E was partially mediated by
VEGPF-independent mechanisms.

It is known that intersomitic vessels are disorganized in
Sema3E-deficient mice,!® and this phenotype is markedly
similar to that observed in mice lacking plexinD1.'> How-
ever, whereas plexinD1-deficient mice develop severe car-
diovascular defects involving the outflow tract of the heart
and derivatives of the aorfic arch arteries that result in
perinatal death,!? Sema3E-deficient mice do not show any
farge vessel abnormalities and do not undergo embryonic
death. PlexinD1 has also been reported to bind to other
semaphorins besides Sema3E, such as Sema3A,!* Sema3C,»?
and SemadA. 2 1t has been shown that Sema3E oaly binds to
plexinD1, whereas Sema3A and Sema3C bind to plexinAl as
well as to plexinD1.51° Sema3A-deficient mice show neural
path-finding defects and abnormalities of vascular develop-
ment that result in neonatal death.2*-26 Ablation of the
Sema3C gene in mice results in severe outflow tract abnor-
malities and mispatterning of intersomitic vessels.2” Because
plexinAl deficiency also leads to cardiovascular defects,®
Sema3A/C may play a pivotal role in embryonic vascular
development regulated by the plexinA1/D1 pathway. More
recently, Sema3A and SemadA have been shown to inhibit
postnatal angiogenesis,*® suggesting that plexinDI[-Fc
treatment increases blood flow recovery in ischemic limbs
by inhibiting Sema3E but also Sema3A/4A. SemadD also
has an inhibitory effect on postnatal angiogenesis®®; how-
ever, it remains to be determined whether Sema4D binds to
plexinD1.

Our results further suggest that p53 has a crucial role in the
induction of Sema3E expression in ischemic tissue, although
the precise mechanism of how p53 regulates Sema3E expres-
sion remains unknown. Because the antiangiogenic activity of
p53 is important for tumor suppression, Sema3E/plexinD1
could be a potential target for the treatiment of malighancies
with p53 mutations. It has been reported that hyperglycemia
activates pS3 by increasing the production of reactive oxygen
species.®! Thus, p53-induced upregulation of antiangiogenic
factors (including Sema3E)} is likely to account for ‘the
impairment of angiogenesis in patients with diabetes. There-
fore, Sema3E/plexinD1 could also be a target for the treat-
ment of ischemic cardiovascular disease in diabetic patients
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because conventional therapeutic angiogenesis is not very
efficient in this patient population, 23}
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