[}
The Journal of
Biological Chemistry

AFFINITY SITES NALILN S
ASBMB

American Soclety for Blochemistry and Molecular Biokogy

PN ] Wi s T
S S
- el ) - el L

&

Cell Biology: _ N
Angiopoietin-2 Secretion by Endothelial CHLLBIOLOGY
Céll Exosomes. REGULATION BY THE
PHOSPHATIDYLINOSITOL 3-KINASE SIGNAL TRANSDUCTION
(P13K)/AKt/ENDOTHELIAL NITRIC
OXIDE SYNTHASE (eNOS) AND
SYNDECAN-4/SYNTENIN PATHWAYS

Rong Ju, Zhen W. Zhuang, Jiasheng Zhang,
Anthony A. Lanahan, Themis Kyriakides,

William C. Sessaand Michael Simons
J. Biol. Chem. 2014, 289:510-519.
doi: 10.1074/jbc.M113.506899 originally published online November 14, 2013

Access the most updated version of this article at doi: 10.1074/jbc.M113.506899
Find articles, minireviews, Reflections and Classics on similar topics on the JBC Affinity Sites.

Alerts:
* When this article is cited
» When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

This article cites 32 references, 12 of which can be accessed free at
http://www.jbc.org/content/289/1/510.full. html#ref-list-1

¥T0Z ‘T #2000 Uo asSoN ‘Ariqi [eolpswolg e /610°0g[-mmmy/:dny wolj pepeojumoa


http://affinity.jbc.org/
http://cell.jbc.org
http://sigtrans.jbc.org
http://www.jbc.org/lookup/doi/10.1074/jbc.M113.506899
http://affinity.jbc.org
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;289/1/510&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/289/1/510
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=289/1/510&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/289/1/510
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/289/1/510.full.html#ref-list-1
http://www.jbc.org/
http://www.jbc.org/

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 1, pp. 510-519, January 3, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Angiopoietin-2 Secretion by Endothelial Cell Exosomes
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Background: Angiopoietin-2 (Ang2) is a secreted Tie2 ligand involved in regulation of vascular homeostasis.

Results: Ang?2 is secreted in exosomes. This process is negatively controlled by PI3K/Akt/eNOS and positively by the syndecan-
4/syntenin pathway. Syndecan-4 knock-out partially rescues vascular defects in Aktl1~/~ mice.

Conclusion: Exosomal Ang2 secretion is regulated by the PI3K/Akt/eNOS and syndecan-4/syntenin pathways.

Significance: This study describes a novel mechanism of endothelial Ang2 secretion.

Angiopoietin-2 (Ang?2) is an extracellular protein and one of
the principal ligands of Tie2 receptor that is involved in the
regulation of vascular integrity, quiescence, and inflammation.
The mode of secretion of Ang2 has never been established, how-
ever. Here, we provide evidence that Ang2 is secreted from
endothelial cells via exosomes and that this process is inhibited
by the PI3K/Akt/endothelial nitric oxide synthase (eNOS) sig-
naling pathway, whereas it is positively regulated by the synde-
can-4/syntenin pathway. Vascular defects in Aktl null mice
arise, in part, because of excessive Ang2 secretion and can be
rescued by the syndecan-4 knock-out that reduces extracellular
Ang?2 levels. This novel mechanism connects three critical sig-
naling pathways: angiopoietin/Tie2, PI3K/Akt/eNOS, and syn-
decan/syntenin, which play important roles in vascular growth
and stabilization.

Vascular morphogenesis and homeostasis are complex bio-
logical processes tightly controlled by multiple signaling path-
ways. Among these, the angiopoietin/Tie2 signaling pathway
has gained increasing attention in the past decade (1). Angio-
poietin-1 (Ang1)? is secreted primarily from perivascular cells
and activates Tie2 and its downstream targets leading to stabi-
lization and maturation of blood vessel. Angpoietin-2 (Ang2) is
produced primarily by endothelial cells and functions largely as
a Tie2 antagonist, destabilizing established vasculature by
interfering with Angl function (2, 3). However, under certain
circumstances, Ang2 can also serve as an agonist and activate
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Tie2 (4, 5). Despite numerous studies dealing with Ang2 func-
tion and transcriptional regulation, little is known about regu-
lation of its secretion (6, 7).

Recently, certain growth factors such as Wnt (8) have been
reported to be secreted via exosomes. Exosomes are small mem-
brane vesicles containing proteins, mRNAs, and microRNAs that
are believed to function in mediating intercellular communica-
tions (reviewed in (9)). Exosomes originate from intraluminal
vesicles that are generated by inward budding of endosomes to
form multivesicular bodies, a process regulated by the ESCRT
(endosomal-sorting complex required for transport) machin-
ery (reviewed in Ref. 10). Recently, Baietti et al. (11) reported
that the syndecan-1,-4-syntenin complex is essential for exo-
some biosynthesis. This occurs due to interaction of the
syndecan-syntenin complex with Alix, an ESCRT III-binding
protein. Knockdown of syndecan-1, syndecan-4, or syntenin
results in decreased exosome production (11).

Syndecans belong to a four-member family of transmem-
brane proteoglycans (12). All syndecans possess a highly
homologous intracellular domain with a PDZ motif at their
C-terminal ends, which binds PDZ domain-containing pro-
teins that include synectin (13) and syntenin (14). Interac-
tions of syndecan-4 and its cytoplasmic partners synectin
and syntenin have been shown to be essential for the activa-
tion Racl and RhoG, thereby regulating cell migration (15,
16), integrin recycling (17, 18), as well as exosome biosyn-
thesis (11).

We have previously demonstrated that syndecan-4 regulates
the PI3K/Akt signaling pathway (19, 20) that in turn regulates
both pathological and physiological angiogenesis at multiple
levels (reviewed in Ref. 21). However, the precise mechanisms
underlying the PI3K/Akt regulation of angiogenesis remain
unclear. One possibility is that this involves regulation of Ang2
release. This is suggested by the observations that Aktl null
mice have profound angiogenesis defects in both physiological
and pathological settings (22, 23) that can be rescued by expres-
sion of constitutively activated eNOS (24), one of the major
downstream targets of Aktl. NO, the product of eNOS activa-
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tion, was shown to control secretion of von Willebrand factor
from Weibel-Palade bodies (25), which also contain Ang2 (6).
In addition, Tsigkos et al. (7) reported that the phosphatase and
tensin homolog (PTEN)/PI3K/Akt pathway regulates Ang2
release. These observations led us to hypothesize that the PI3K/
Aktl-dependent stimulation of NO production via eNOS sup-
presses secretion of Ang2, thus accounting for eNOS-mediated
rescue of angiogenic defects seen in AktI ™'~ mice.

To test this hypothesis and to understand the role of synde-
cans in Ang2 action, we investigated the mechanisms regulat-
ing Ang2 secretion and the corresponding in vivo vascular phe-
notypes. We find that Ang?2 is secreted from endothelial cells
via exosomes. The release of exosomal Ang2 is increased by
either the knock-out or knockdown of Akt1 or the inhibition of
either PI3 kinase or eNOS. Conversely, knock-out or knock-
down of syndecan-4 or syntenin decreases secretion of exo-
somal Ang2. In agreement with the opposing roles of these two
pathways, we observed that vascular defects found in Akt1 ™'~
mice, which include reduced coronary arterioles, reduced
blood flow recovery following hind limb ischemia, and
impaired retinal vasculature development, were all rescued in
Aktl/syndecan-4 double knock-out mice, suggesting a genetic
interaction among the PI3K, syndecan-4/syntenin, and Ang2
pathways.

MATERIALS AND METHODS

Reagents and Antibodies—Goat antibody against angio-
poietin-2 (F-18) and mouse antibody against p-Tyr (PY99) were
purchased from Santa Cruz Biotechnology. Rabbit anti-human
von Willebrand factor antibody was from DAKO. Rabbit anti-
bodies against CD63 and Calnexin were purchased from Epito-
mics. Anti-syntenin and anti-syndecan-4 were from Abcam.
Antibodies against Tie2, Akt, and Akt-Ser-473 were from Cell
Signaling Technology. Anti-Tie2 antibody and angiopoietin-1
and -2 were purchased from R&D Systems. Anti-a-tubulin and
anti-B-actin antibodies were purchased from Sigma. Isolectin
B4 and secondary antibodies were purchased from Molecular
Probes (Invitrogen). HUVEC cells were purchased from the tis-
sue core laboratory at Yale University. Medium 199, DMEM,
and Lipofectamine RNAIMAX as well as Lipofectamine 2000
were from Invitrogen. siRNAs against human Ang2, S2, S4,
Aktl, syntenin were obtained from OriGene. LY294002 and
L-NAME were purchased from Sigma. Endothelial cell growth
supplement was purchased from Biomedical Technologies.

Cell Culture and siRNA Transfection—Mouse primary endo-
thelial cells were isolated from lung as described previously (19)
and maintained in DMEM supplemented with 20% FBS, non-
essential amino acid, sodium pyruvate, penicillin, streptomycin
at standard concentrations. HUVEC cells were cultured in
medium 199 with 20% FBS and endothelial cell growth supple-
ment. Both types of cells were cultured at 37 °C in 5% CO,.

siRNAs were transfected into endothelial cells, either mouse
lung endothelial cells or HUVEC, with Lipofectamine RNAIMAX
(Invitrogen) according to the manufacturer’s protocols. The
transfected cells were cultured for 48 to 72 h before they were
used for the experiments.

Exosome Isolation, Fractionation, and Characterization—
Endothelial cells were cultured and reached to confluency.
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Then the completed medium was replaced with DMEM con-
taining 0.5% exosome-depleted FBS unless described other-
wise. The conditioned media were collected 12—24 h later. Exo-
somes were isolated from the media according to the standard
protocol with minor modification (26). In brief, exosomes were
isolated by four sequential centrifugations: 10 min at 300 X g;
10 min at 2000 X g; 30 min at 10,000 X g, and 90 min at
100,000 X g. The exosome pellets were suspended in PBS, pel-
leted by 100,000 X g for 70 min. The final pellets were resus-
pended either in PBS or 1X SDS gel loading buffer (Boston
Bioproducts). Corresponding cells were washed with PBS and
lysed in PIPES or radioimmune precipitation assay buffer
(Boston Bioproducts) supplemented with protease inhibitor
mixture (Roche Applied Science) and phosphatase inhibitor
mixture (Roche Applied Science). The protein concentra-
tion was determined by BCA Protein assay kit (Thermo Sci-
entific), and the corresponding exosome preparations were
adjusted accordingly.

Exosome fractionation was performed as described with
modifications (11). Briefly, a 5—40% OptiPrep (Axis-Shield
POC) gradient was made according to the manufacturer’s
instructions. Exosomes (100,000 X g pellet) were suspended in
2 ml of 60% OptiPrep, loaded into the bottom of gradient and
centrifuged for 16 h at 140,000 X g. Fractions were collected at
1 ml per fraction from top to bottom. To concentrate the frac-
tions, each fraction was diluted with PBS by three times, cen-
trifuged at 100,000 for 70 min, and suspended in 1X SDS load-
ing buffer.

Proteinase K Protection Assay—The 100,000 X g exosome
pellet was resuspended in 10 mm Tris-HCI, pH 7.4, and then
60-pul aliquots were either left untreated or treated with 100 ng
of proteinase K (Roche Applied Science) in the presence or
absence of 0.5% Triton X-100 for 1 h at 37 °C. The reaction
was terminated with phenylmethylsulfonyl fluoride (5 mm
final concentration) and Complete protease inhibitor (Roche
Applied Science). SDS loading buffer was added, and the
samples were heated at 100 °C and analyzed by SDS-PAGE
and Western blotting.

Cell Lysis and Western Blot—Cells were lysed in PIPES lysis
buffer (25 mm PIPES, pH 7.0, 150 mm NaCl, 5 mm EDTA, and
1% Nonidet P-40) or radioimmune precipitation assay buffer
(50 mMm Tris-HCI, 150 mm NaCl, 1% Nonidet P-40, 0.5% sodium
deoxycholate, and 0.1% SDS together with protease inhibitor
mixture (Roche Applied Science) and phosphatase inhibitor
mixture (Roche Applied Science). The protein concentration
was determined by BCA protein assay kit (Thermo Scientific).
The cell lysates were suspended in the reducing SDS sample
buffer (Boston BioProducts) and subjected to SDS-PAGE
(4-15% Criterion TGX Precast Gel, Bio-Rad Laboratories).
The proteins were transferred to PVDF membrane, blocked
with 5% milk, and blotted with primary and HRP-conjugated
secondary antibodies. The Western signals were visualized with
G:BOX (Syngene).

Mice—Syndecan-4-deficient mice (27) and Aktl-deficient
mice (28) were crossed to generate Aktl/S4 double KO mice.
Both of these strains were C57/Bl6 background.

Immunohistochemistry of Whole-mount Retinas—P5 pups
were killed, and the eyes were removed and prefixed in 4% para-
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formaldehyde for 20 min at room temperature. The retinas
were dissected out and blocked overnight at 4 °C in blocking
buffer (0.1 m Tris-HCl, 150 mm NaCl, 1% blocking reagent
(PerkinElmer Life Science), and 0.5% Triton X-100). After
washing with Pblec (1 mm MgCl,, 1 mm CaCl,, 0.1 mm MnCl,,
and 1% Triton X-100 in PBS), the retinas were incubated
with isolectin B4 in Pblec overnight followed by incubation
with the corresponding secondary antibody for 2 h at room
temperature. Then, the retinas were mounted in fluorescent
mounting medium (DAKO, Carpinteria, CA). Images were
acquired with a PerkinElmer UltraVIEW VoX spinning disc
confocal microscope.

Hind Limb Surgery and Laser Doppler Imaging—Hind limb
ischemia surgical models were provided by the Microsurgery
Core at the Yale Cardiovascular Research Center. Briefly, mice
were anesthetized by intraperitoneal injection of ketamine/
xylazine (100 mg/10 kg) solution. The femoral artery was
ligated at two positions spaced 5-mm apart, with one just below
the inguinal ligament and the second distal to superficial epi-
gastric artery. All of the branches between the two ligatures
were ligated, and the femoral artery segment was excised.
Tissue perfusion was assessed pre- and post-artery ligation,
additionally on postoperative days 3, 7, 14, 21, and 28. Flow
images of the foot were acquired using a Moor Laser Doppler
Imager (Moor Instruments, Ltd.) at 37 = 0.5 °C under keta-
mine/xylazine (100 mg/10 kg) anesthesia. The data were
analyzed with Moor Laser Doppler Imager image processing
software (version 5.3) and reported as the ratio of flow in the
left/right hind limb.

Micro-CT Angiography— 4 -5 pups of each genotype at neo-
natal day 7 were used. Postnatal day 7 pups were individually
heparinized (APP Pharmaceuticals, NDC 63323-540-31) by
intraperitoneal injection (50 wl/mouse, 1000 units/ml) and
anesthetized by 3-5% isoflurane inhalation according to
approved institutional protocols. Surgical procedures were
conducted to prepare the mice for a postmortem intracoronary
perfusion and contrast agent injection. Briefly, the heart was
immediately isolated and connected to a simplified Langen-
dorff perfusion system. A polyethylene tube (PE10, Becton
Dickson, catalog no. 427401) was inserted into the left ventricle
via the aortic valve to remove the left ventricle load and with-
draw back to the ascending aorta. The heart was arrested at the
end of diastole through brief perfusion of KCl (100 mm) (29)
and was immediately flushed by switching the perfusion solu-
tion to 1 ml of warm saline (37 °C), followed by 100 ul of adeno-
sine (3 mg/ml) and 1 ml of 4% neutral paraformaldehyde. Then,
the perfusion was changed to 30 -50 ul of 20% bismuth (37 °C
in 5% gelatin) (30) from the nearest port of the circuit. The
perfusion pressure was set at 90 —110 mm Hg for 3 s. The whole
heart was quickly immersed in a cold saline-circulation bath
(0 °C) for 3 min, so that the contrast medium solidified under
the perfusion pressure. Finally, the heart was removed and
immersed in 2% paraformaldehyde (4°C) overnight. The
achievement of complete filling of the microvasculature by the
contrast medium and the microperfusion pattern were exam-
ined using a stereoscopic microscope.

A high-resolution, volumetric micro-CT scanner (GE
eXplore Locus SP, GE Healthcare) was used to scan the heart
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with an 8-um isometric voxel resolution. Micro-CT was oper-
ated with 60 kVp x-ray tube voltage, a 100-uA tube current,
2960-ms exposure time per view, 1 X 1 detector binning model,
360" angle, and 0.5° increments per view. Scan time ranged from
2.5h.

Microview software (GE Healthcare) was used to reconstruct
raw data with 8 X 8 X 8 um?voxels, and images were calibrated
by the standard radio-attenuation values (air, water, and bone).
The initial reconstructed micro-CT data were saved as free
view point video format and then transferred to the Advanced
Work station (AW4.4, GE Healthcare) for segmentation.
Detailed morphometric data on the diameters, area, number of
vessels, and distributions of different sized vessels were
extracted using modified software (Image]; Bethesda, MD). The
distribution of the relative arterial vessel number was semi-
automatically calculated with a built-in algorithm. Data are
expressed as a vascular segmental number, representing the
total number of vessels, of a specified diameter, counted in the
whole heart.

Electronic Microscope Analysis of Exosomes—Preparation
and imagining of exosomes were performed according to the
standard protocol (26) with modifications. Then, the 100,000 X
g pellets containing exosomes from the mouse lung primary
endothelial cells were fixed with 2% paraformaldehyde and
deposited on Formvar carbon-coated EM grids. The grids were
washed with PBS and were further fixed with 1% glutaralde-
hyde. The exosomes were contrasted and embedded with 4%
uranyl-oxalate solution and methyl cellulose-UA. The grids
were air-dried before they were placed under transmission elec-
tronic microscope at 80 kV to acquire images.

Study Approval—All of the protocols and experiments per-
formed in mice were approved by the Yale University School of
Medicine.

Statistical Analysis—Data are shown as means * S.E. or S.D.
as bars in the histograms. Differences were considered statisti-
cally significant if p = 0.05 by Student’s ¢ test.

RESULTS

Angiopoietin-2 Is Secreted via Exosomes—To determine
whether Ang2 is secreted via exosomes, we followed a standard
exosome isolation protocol (Fig. 14) (26) to isolate exosomes
from the media conditioned by wild type or adenoviral Ang2
transduced primary mouse lung endothelial cells. The total and
free proteins were extracted by acetone precipitation from the
supernatant after low speed (10,000 X g) centrifugation or after
high speed (100,000 X g) centrifugation, respectively. The top
panel of Fig. 1B shows Ang2 in the medium. Most of Ang2 was
recovered in 100,000 X g pellet (Fig. 1B: compare second and
third panels) suggesting its possible presence in exosomes. To
confirm that the 100,000 X g pellet fraction contains exosomes,
we looked for the presence of known exosomal proteins von
Willebrand Factor, CD63, and syntenin (11). All of these were
present in the 100,000 X g pellet, whereas the endoplasmic
reticulum maker, calnexin, which is not present in exosomes,
was absent in the pellet (Fig. 1C).

OptiPrep gradients have been utilized to purify and charac-
terize exosomes based upon their unique density, which is dif-
ferent from that of other vesicles such as endoplasmic reticu-
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FIGURE 1. Ang2 from endothelial cells is secreted on exosomes. A, differential centrifugation protocol for the isolation of exosomes from culture media. B,
Western blot analysis of Ang2 in cell lysates and media from HUVECs and HUVECs transduced with adenoviral Ang2 following differential centrifugation and
precipitation. Note that the majority of Ang2 in the media is presentin the 100,000 X g pellet fractions (P100) relative to the supernatant fraction (precipitated
with acetone) following 100,000 X g ultracentrifugation. C, Western blot analysis of 100,000 X g pellet fractions with exosome markers. Note the enrichment
of exosomal markers in the P100 fractions and absence of the endoplasmic reticulum marker calnexin. D, Western blot analysis of fractions from OptiPrep
gradients (5-40%) of P100. Note that Ang2 co-sediments with the exosomal marker syntenin. E, Western blot analysis of P100 fractions treated with proteinase
Kin the presence or absence of Triton X-100. F, electron microscopy image of exosomes. A typical EM image of exosomes from mouse lung primary endothelial
cells, note the “cup-shaped” morphology that is characteristic of exosomes. Scale bar, 100 nm.

lum and the Golgi (26). After exosomes were pelleted by
ultracentrifugation at 100,000 X g, they were loaded onto an
OptiPrep gradient for further separation. The fractions were
analyzed by Western blotting. As shown in Fig. 1D, Ang2 from
mouse primary lung endothelial cells co-sediments with syn-
tenin, an exosome maker on Optiprep density gradients, dem-
onstrating that Ang2 indeed is present in exosomes and ruling
out the possibility that the Ang2 detected in the 100,000 X g
fractions is contaminating free soluble protein.

To determine whether Ang?2 exists on the surface or inside of
exsomes, the exosome factions (100,000 X g pellet) were treated
with proteinase K in the presence or absence of Triton X-100.
Shown in Fig. 1E, Ang2 was digested both in the presence or
absence of Triton X-100, whereas the other two exosome mark-
ers, which have previously been shown to be inside exosomes,
were digested only in the presence of Triton X-100. This result
suggests that Ang2 are on the surface of exosome.

Finally, we used electron microscopy to visualize exosomes
isolated from the conditional medium of primary mouse lung
endothelial cells. Structures with a characteristic cup-shaped
morphology and size of 30-100 nm in diameter (26) were

JANUARY 3,2014+VOLUME 289-NUMBER 1

observed (Fig. 1F). Taken together, these results confirm that
Ang? is present in the exosomal fraction isolated from endo-
thelial cell-conditioned medium.

The PI3K/Akt/eNOS Pathway Negatively Regulates the Secre-
tion of Exosomal Ang2—Previous studies have reported that
release of Ang2 is regulated by PTEN/PI3K/Akt pathway (7).
Because Ang?2 is known to exist in Weibel-Palade bodies (6),
which also contain von Willebrand factor, and because the
secretion of von Willebrand factor is regulated by NO (25), we
hypothesized that the release of Ang2 might be also controlled
by eNOS and its upstream regulators including Aktl and PI3-
kinase. To test this, we first investigated the release of exosomal
Ang? from lung endothelial cells isolated from AktI~'~ mice.
The amount of Ang2 present in exosomes from the medium
conditioned by Akt1 '~ cells was significantly higher than in
the supernatant conditioned by wild type (Akt1"’*) endothe-
lial cells (Fig. 24), suggesting Aktl negatively regulates Ang2
release. Syntenin levels were also increased in AktI~'~ cell-
conditioned medium, indicating that deletion of Aktl resulted
in an increase in exosome biosynthesis rather than in specific
elevation of Ang2 production (Fig. 24). This was further con-
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FIGURE 2. Secretion of exosomal Ang2 is negatively regulated by the PI3K/AKT/eNOS pathway. A, Western blot analysis of Ang2 in cell lysates and exosomes
isolated from primary lung endothelial cellsisolated from WT and Akt1~/~ mice; quantification of Ang2 in exosomes (mean =+ S.E.;*, p < 0.05). Note significantincrease
in Ang2 in exosomes isolated from Akt1 ™/~ mice. B, Western blot analysis of Ang2 in cell lysates and exosomes isolated from HUVECs transfected with Akt1 siRNA;
quantification of Ang2 in exosomes (mean * S.E,; *, p < 0.05). Note significant increase in Ang2 in exosomes following Akt1 knockdown. C, Western blot analysis and
quantification of exosomal Ang2 from WT ECs following treatment with various concentrations of the PI3K inhibitor LY294002 (mean = S.E; *, p < 0.05). Note
significant increase in Ang2 in exosomes after PI3K inhibition. D, Western blot analysis and quantification of exosomal Ang2 from WT ECs following treatment with
various concentrations of the eNOS inhibitor .-NAME (mean = S.E; *, p < 0.05). Note significant increase in Ang2 in exosomes after eNOS inhibition. Synt, syntenin.

firmed by siRNA knockdown of Aktl in HUVECs that also led
to an increase in exosomal Ang2 (Fig. 2B).

Next, we treated wild type lung endothelial cells with the
PI3K inhibitor LY294002 and the Akt inhibitor .-NAME and
examined their effect of on exosomal Ang2 release. Treatment
with either inhibitor resulted in a dose-dependent increase in
exosomal Ang2 levels in the conditioned media (Fig. 2, C and
D). Taken together, these results point to PI3K/Akt/eNOS-de-
pendent regulation of exosomal Ang2 release.

The Syndecan/syntenin Pathway Positively Regulates the Exo-
somal Ang2 Secretion—Syndecans and syntenin are essential
for exosome biosynthesis (11). To evaluate the relative contri-
bution of syndecan-4/syntenin to Ang2 secretion, we compared
the secretion of Ang2 from the lung endothelial cells isolated
from WT and syndecan-4~ '~ (Sdc4~’~) mice. The Ang2 levels,
both in total cell lysates and the exosome fraction, were signif-
icantly decreased in Sdc4 '~ relative to wild type endothelial

514 JOURNAL OF BIOLOGICAL CHEMISTRY

cells (Fig. 34). Syntenin levels were reduced in syndecan-4~ '~
compared with WT endothelial cells (Fig. 34), indicating that
the decrease in Ang2 caused by deletion of syndecan-4 was due
to a reduction in exosome biosynthesis. The decreased Ang2
levels in the cell lysates and exosome fraction of Sdc4 ™'~ cells
were significantly increased following transduction of these
cells with an adenovirus containing full-length syndecan-4 (Fig.
3B), indicating that the presence of syndecan-4 is necessary for
normal Ang2 production.

Syntenin binds to S4 via its phosphoinositol 4,5-bisphos-
phate and PDZ binding domains (14). Knockdown of syntenin
by siRNA in HUVEC: led to a significant decrease in Ang2
levels in both the exosomal fraction and in cell lysates (Fig. 3C).
Because the PI3K/Akt1/eNOS and syndecan/syntenin path-
ways play opposing roles in the regulation of Ang2 levels, we
next examined the effect of blocking both signaling systems on
Ang? release. We used siRNAs to knock down Aktl and S4
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FIGURE 3. Syndecan/syntenin controls secretion of exosomal Ang2. A, Western blot analysis of Ang2 in cell lysates and exosomes isolated from primary lung
endothelial cells isolated from WT and S4~/~ mice; quantification of Ang2 in exosomes (mean = S. E.; %, p < 0.05). Note the significant decrease in Ang2 in
exosomes isolated from Akt1~/~ mice. B, Western blot analysis of Ang2 in cell lysates and exosomes isolated from S4~/~ ECs following transduction with
control and adenoviral (Ad) S4 adenoviral constructs; quantification of Ang2 in exosomes (mean = S.E; *, p < 0.05). Note the significant increase in Ang2 in
exosomes following restoration of S4 expression in S4~/~ ECs. C, Western blot analysis of Ang2 in cell lysates and exosomes isolated from HUVECs treated with
control or syntenin siRNA; quantification of Ang2 in exosomes (mean = S.E.; *, p < 0.05). Note the significant decrease in Ang2 in lysates and exosomes in cells
lacking syntenin. D, Western blot analysis of Ang2 in cell lysates and exosomes from HUVECs treated with control, Akt1, S4, or Akt1/54 siRNAs and quantification
of Ang2 in exosomes (mean = S.E.; *, p < 0.05). Note that knockdown (kd) of Akt1 and syndecan-4 results in normal Ang2 levels in cell lysates and exosomes.

Synt, syntenin.

separately or together in HUVECs. As shown in Fig. 3D,
efficient siRNA knockdown was achieved in both cases. In
agreement with previous results, knockdown of Aktl increased
exosomal Ang2 levels, whereas S4 knockdown had the opposite
effect. At the same time, knockdown of S4 following Aktl
knockdown restored the exosomal Ang2 levels to almost con-
trol levels.

Decreased Density of Coronary Arterioles in the Postnatal
Aktl Knock-out Mice Can Be Rescued in the Akt1/S4 Double
Knock-out Mice—Increased Ang2 levels would be expected to
lead to disruption of vascular growth (3). To investigate a
potential link between high release levels of Ang2 in Aktl '~
endothelial cells and low levels of its release in S4~/~ endothe-
lium, we evaluated vascular density in Aktl'~, Sdc4~ '™, and
Akt1™'7/Sdc4~'~ mice. Micro-CT analysis of coronary vascu-
lature at postnatal day 7 demonstrated significantly decreased
arterial density in Akt1 '~ compared with wild type mice (Fig.
4, A and B), whereas arteriolar density in Sdc4~ '~ mice was
comparable with controls (Fig. 4, A and C). Remarkably, the
Akt1~'~/54~"~ DKO mice displayed a greater number of the
smallest (<16 wm) coronary arterioles than the Akt "/~ mice,
demonstrating a partial rescue of the decreased vessel density
phenotype (Fig. 4, A and D).

Deletion of S4 Rescues Impaired Arteriogenesis in Aktl Null
Mice—Aktl knock-out mice display defective blood flow
recovery in the hind limb ischemia model (22). Because our in
vitro data indicate that AktI '~ endothelial cells secrete higher

JANUARY 3,2014+VOLUME 289-NUMBER 1

levels of exosomal Ang2, we reasoned that the blood flow recov-
ery defect in Aktl knock-out mice might, at least in part, be due
to excessive Ang2 secretion and that decreasing secretion by
deletion of S4 could rescue the phenotype. Consistent with the
previous report (22), blood flow recovery was severely attenu-
ated in Akt1 '~ mice at all the time points compared with WT
mice (Fig. 5, A-C), whereas no difference was seen between
S4~/~ and WT mice (Fig. 5, A-C). However, in the case of the
Akt1™'~/Sdc4~'~ mice, despite an initial lag in the recovery of
blood flow, by 28 days following surgery, the animals recovered
to the same extent as Sdc4 '~ mice.

S4/Akt1 Double Knock-out Rescues Delayed Retinal Vascular
Development Caused by Aktl Knock-out—We compared the
vascular growth in retinas at neonatal day 5 in wild type,
Sdc4™'~, Akt1™'~, and Akt1~'~/S4~~ DKO mice. Akt1™'~
mice retinas exhibited significantly delayed vascular growth,
whereas Sdc4 ™'~ mice retinas developed normally when com-
pared with WT (Fig. 6, A and B). Aktl~'~/Sdc4~'~ DKO mice
showed an insignificant decrease in retinal vascular develop-
ment relative to controls but a significant increase above that
seen in Akt1 '~ mice (Fig. 6, A and B).

DISCUSSION

Angiopoietin-2 plays a multitude of roles in regulating blood
and lymphatic vessel growth, maturation, remodeling and vas-
cular permeability as well as inflammation. Despite numerous
studies aimed at elucidating its function, mechanism of action,
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FIGURE 4. Decreased blood vessel density in postnatal Akt1 KO mouse hearts and deletion of S4 partially rescues the Akt1 phenotype in postnatal
hearts. A, representative reconstructive micro-CT images of day 7 neonatal hearts from WT, Akt1~/~, S4~/~, and Akt1/54 DKO mice at 16 um resolution. B,
quantitative analysis of micro-CT images from WT and Akt1 KO neonatal heart (mean = S.E; *, p < 0.05). C, quantitative analysis of micro-CT images from S4 KO
and Akt1~/~/S4~/~ DKO neonatal heart (mean =+ S.E.;*, p < 0.05). D, quantitative analysis of micro-CT images of vessels < 16 um in diameter from WT, Akt1 /",
S47/~,and Akt1~/~/S4~’~ DKO neonatal heart (mean = S.E.; ¥, p < 0.05). Note the significant decrease in the total number of =100-um diameter vessels in
Akt1~/~ mice relative to WT and that S4~/~ on the Akt1 ™/~ background rescues the decrease in smaller vessels (=16 um) seen in Akt1 ~/~ mice.

and regulation of expression, little is known regarding the fac-
tors regulating Ang2’s release from endothelial cells. It seems
unlikely that such a critically important secreted protein, such
as Ang2, would be released in an unregulated manner. In this
study, we provide evidence demonstrating that Ang2 is secreted
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from endothelial cells via exosomes and that this secretion is
controlled by two pathways- PI3K/Akt/eNOS pathway nega-
tively regulating the release and the syndecan/syntenin path-
way providing positive regulation. In other words, inhibition of
PI3K/AKT/eNOS signaling leads to an increase in exosomal
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FIGURE 5.Impaired blood flow recovery in Akt1~/~ mice is rescued in Akt1~/~/S4~'~ DKO mice in the hind limb ischemia model. 4, quantitative analysis
of laser Doppler after hind limb ischemia surgery of WT, Akt1~/~,54~/~, and Akt1~/~/S4~/~ DKO mice, blood flow recovery was measured by mean perfusion

expressed as a ratio of the surgically treated ischemic paw relative to the control paw (mean = S.E.). B, representative laser Doppler images at d

28 from WT,

a
Akt17/~,547/~,and Akt1~/~/S4~’~ DKO mice. C, quantitative analysis of blood flow recovery 4 weeks after hind limb ischemia from WT, Akt1 *X, S4='~, and
Akt1/7/S4~/~ DKO mice (mean =+ S.E; *, p < 0.05). Note that S4~/~ on the Akt1 ™/~ background restores hind limb perfusion following surgery.

Ang?2 release, whereas reduction in S4 or syntenin expression
results in reduced Ang?2 release.

This conclusion is supported by several lines of evidence. In
cell culture, Ang?2 is clearly found on endosomes and not as a
free protein, and its secretion is stimulated by any intervention
that blocks PI3BK/AKT/eNOS signaling. At the same time, a
knock-out or knockdown of either syndecan-4 or syntenin
blocks Ang? release. In vivo, AktI~'~ mice display a number of
vascular defects, including rarefication of the coronary arterial
tree, impaired retinal vascular development, and impaired
blood flow recovery in the hind limb model that are consistent
with increased Ang2 secretion. Crossing Aktl '~ mice with
Sdc4~'~ mice partially restored these phenotypes. Thus, our
data, both in vitro and in vivo, point to a crucial connection
among three vital signaling pathways: PI3K/Akt/eNOS, Ang2,
and syndecan/syntenin.

asEve\
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Our results extend previous studies that have pointed to the
role of these molecules in Ang?2 release. Tsigkos et al. (7) have
shown that inhibition of PI3K and Akt increases Ang?2 release,
whereas Matsushita et al. (25) demonstrated that nitric oxide
controls the exocytosis of Weiber-Palade bodies, and Fiedler ez
al. (6) showed that Ang2 is stored in Weiber-Palade bodies. All
of these results are consistent with the data in the current study
showing that Ang2 is released on endosomes in a PI3K/Akt/
eNOS-dependent manner.

It was recently been shown that syndecans regulate biosyn-
thesis of exosomes in epithelial cells via an interaction with
syntenin (11). However, the biological significance of this reg-
ulation has not been fully explored. Here, we show that in endo-
thelial cells Ang2 is one of the cargos in exosomes, located on
their external surface, and that exosomal release of Ang2 is
modulated by syndecan/syntenin. This finding expands the
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FIGURE 6. Akt1~/~/S4~'~ DKO rescues delayed vascular development in
Akt1~/~ retina. A, representative P5 retinas stained with isolectin B4 from
WT, Akt1~/~, 54/, and Akt1~/~/S4~’~ DKO mice. B, quantitative analysis of
vascular area versus avascular area of retinas from WT, Akt1~/~, S4~/~, and
Akt17/7/S47/~ DKO mice (mean =+ S.E.). *, p < 0.05. Note that the delayed
retinal vascular development in Akt1™/~ mice is rescued when S4~/" is
crossed onto the Akt1 ™/~ background.

functional role of syndecans and provides mechanistic insights
into how syndecans might work with Ang2 to regulate vascular
development and inflammation (31, 32).

It is worth noting that relative to the effect that blockade of
the PI3K/Akt/eNOS pathway has on Ang2 release via exo-
somes, the effect of knock-out or knockdown of S4 on Ang2
release is rather modest. This is most likely due to the presence
of multiple syndecan family members in endothelial cells. Bai-
etti et al. (11) reported that double knockdown of syndecan-1
and syndecan-4 in epithelial cells (MCF-7) impaired the release
of exosomes to a greater extent than knockdown of either alone.
Consistent with this notion, we found that the knockdown of
syntenin, which binds multiple syndecans, had a greater
effect on Ang2 release than knock down of a single syndecan.
It should be noted that S4 deletion has a larger impact when
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Ang?2 levels are elevated, as is the case when the Akt1 levels
are reduced.

In all three animal models we examined, deletion of Sdc4 on
the Aktl ™/~ background to generate the Aktl '~ /Sdc4 '~
DKO mouse resulted in partial but not complete rescue of the
vascular defect. A likely explanation for the partial rescue is that
there are multiple etiologies of vascular defects in Aktl ™/~
mice given the central role Aktl signaling has in many cellular
functions. Thus, reducing increased release of Ang2 corrects
the phenotype only in part.

In summary, our study shows that the PI3K/Akt/eNOS and
syndecan/syntenin pathways regulate exosomal Ang2 release in
an opposing manner. Ang?2 is thought to be an attractive ther-
apeutic target for the treatment of cancer because combination
of VEGF and Ang2-targeting therapies has shown improved
efficacy against tumor growth compared with target either
VEGF or Ang2 alone (33). The ability of syndecans to regulate
the release of Ang2 may provide a novel target for compounds
designed to regulate Ang?2 levels. The observation that Sdc4 ™/~
mice have minimal defects under normal physiological condi-
tions suggests that a temporary blockade of syndecan activity
may result in little or no side effects, thus increasing the appeal
of syndecans as potential targets for regulating Ang2 levels in
the treatment of cancer and other vascular pathologies.
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