THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 31, pp. 23842-23849, July 30, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Angiopoietin-2 Stimulation of Endothelial Cells Induces
av 33 Integrin Internalization and Degradation™

Received for publication, December 21,2009, and in revised form, May 17,2010 Published, JBC Papers in Press, June 2, 2010, DOI 10.1074/jbc.M109.097543

Markus Thomas*'?, Moritz Felcht'', Karoline Kruse**, Stella Kretschmer®, Carleen Deppermann®,
Andreas Biesdorf®, Karl Rohr®, Andrew V. Benest, Ulrike Fiedler’, and Hellmut G. Augustin®
From the ¥Joint Research Division Vascular Biology, Medical Faculty Mannheim (CBTM), Heidelberg University, and German Cancer

Research Center Heidelberg (DKFZ-ZMBH Alliance), D-69120 Heidelberg, the §Department of Bioinformatics and Functional
Genomics, BIOQUANT, IPMB, Heidelberg University, D-69120 Heidelberg, and "ProQinase GmbH, D-79106 Freiburg, Germany

The angiopoietins (Ang-1 and Ang-2) have been identified as
agonistic and antagonistic ligands of the endothelial receptor
tyrosine kinase Tie2, respectively. Both ligands have been
demonstrated to induce translocation of Tie2 to cell-cell
junctions. However, only Ang-1 induces Tie2-dependent Akt
activation and subsequent survival signaling and endothelial
quiescence. Ang-2 interferes negatively with Ang-1/Tie2 sig-
naling, thereby antagonizing the Ang-1/Tie2 axis. Here, we
show that both Ang-1 and Ang-2 recruit 33 integrins to Tie2.
This co-localization is most prominent in cell-cell junctions.
However, only Ang-2 stimulation resulted in complex forma-
tion among Tie2, avf3 integrin, and focal adhesion kinase
as evidenced by co-immunoprecipitation experiments. Focal
adhesion kinase was phosphorylated in the FAT domain at
Ser’'® upon Ang-2 stimulation and the adaptor proteins
p130Cas and talin dissociated from avf3 integrin. The avf33
integrin was internalized, ubiquitinylated, and gated toward
lysosomes. Taken together, the experiments define Tie2/av33
integrin association-induced integrin internalization and deg-
radation as mechanistic consequences of endothelial Ang-2
stimulation.

Angiogenesis and blood vessel maintenance are orchestrated
by the coordinated interplay of multiple vascular receptor tyro-
sine kinase signaling pathways, including the VEGF/VEGFR,”
the ephrin/Eph, and the angiopoietin/Tie pathways. Among
the different vascular receptor tyrosine kinases, angiopoietin/
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Tie signaling controls later steps of the angiogenic cascade reg-
ulating vascular maturation and vessel quiescence.

Genetic experiments have identified angiopoietin-1 (Ang-1)
as the nonredundant agonistic Tie2 ligand inducing Tie2 phos-
phorylation (1-3). Ang-1/Tie2 signaling transduces survival
signals, regulates mural cell recruitment, and controls the qui-
escent phenotype of the endothelium. In contrast, Ang-2
interferes negatively with constitutive Ang-1/Tie2 signaling,
acting in a context-dependent manner as antagonistic ligand
on resting endothelium (4, 5). Developmentally, transgenic
overexpression of Ang-2 phenocopies the properties of Ang-
1-deficient mice (6). In the adult, conditional transgenic
overexpression of Ang-2 in endothelial cell (EC) silences
Tie2 phosphorylation (7), and consequently Ang-2 has been
demonstrated to regulate the responsiveness of the quies-
cent endothelium to exogenous stimuli such as inflamma-
tory mediators (8) or angiogenic signals (9).

Recently, elegant cellular experiments have shown that the
downstream signaling consequences of Tie2 activation are
dependent on the subcellular localization of Tie2 (10, 11). In
contacting, confluent ECs, both angiopoietin ligands are capa-
ble of inducing Tie2 translocation to cell-cell junctions. Yet,
only Ang-1 induces Akt-Foxo and Akt-eNOS signaling, thereby
promoting endothelial quiescence. The molecular conse-
quences of Ang-2 mediated Tie2 translocation have not been
fully explored.

Integrins are of major importance in the regulation of endo-
thelial activation and quiescence. Integrins are heterodimers
consisting of an « and 3 subunit, and they connect the extra-
cellular matrix with cytoskeletal proteins. One of the most
extensively studied integrins of activated EC is av33 integrin
(12). Blocking antibodies against avf3 integrin inhibit angio-
genesis (13—15). Inhibition of avf3 integrin results in reduced
adhesion and decreased EC migration (16, 17). Furthermore,
the av integrin antagonist cilengitide induces increased EC per-
meability (18). Considerable experimental evidence has accu-
mulated in recent years to demonstrate that some integrin-de-
pendent signaling effects may depend on direct interactions
with cell surface presented growth factor receptors. For exam-
ple, avB3 integrin has been shown to associate with PDGFRf
and VEGFR-2, thereby enhancing signaling through these vas-
cular receptor tyrosine kinases (19 -21).

Based on (i) the angiopoietin-induced translocation of Tie2
receptor, (ii) the antagonizing effects of Ang-2 on quiescent
ECs, and (iii) the importance of av33 integrin for activated ECs,
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we hypothesized that the Ang-2/Tie2 axis may interact directly
with av3 integrins. To this end, we examined the effects of
Ang-2 stimulation on av33 integrin cell surface trafficking. The
experiments revealed that both Ang-1 and Ang-2 stimulation
resulted in translocation of Tie2 and (3 integrins to cell-cell
junctions. However, only Ang-2 stimulation induced complex
formation between Tie2 and av33 integrin. Ang-2 stimulation
led to FAK activation, adaptor protein dissociation, and inte-
grin internalization. Internalized avf3 integrin was gated
toward lysosomal degradation and not to the recycling pathway
establishing a critical role of Ang-2-mediated Tie2:FAK-av[33
complex formation in integrin turnover.

EXPERIMENTAL PROCEDURES

Materials—Recombinant myc-tagged Ang-1 and myc-
tagged Ang-2 were either produced as described (26) or used
from ReliaTech or R&D Systems. The following antibodies
were used. Mouse anti-avB3 (LM609) and rabbit anti-av were
from Chemicon. Rabbit anti-LAMP1 was from Sigma-Aldrich.
Mouse anti-Tie2 (05-0584) for immunoprecipitation was from
Upstate. Rabbit anti-Tie2 (Sc324) for Western blotting was
from Santa Cruz Biotechnology. Mouse anti-Tie2 (Tek9) for
immunocytochemistry was from ReliaTech. Rabbit anti-talin-1
was from Cell Signaling. Rabbit anti-FAK ([pY397]), ([pS732]),
([pY910]) was from BIOSOURCE. Rabbit anti-f3, anti-
p130Cas, anti-FAK, anti-paxillin, anti-Tie2, mouse anti-
Tyr(P)®?, anti-Src (C-19), goat anti-actin were from Santa Cruz
Biotechnology. Anti-CD31 (M0823) was from R&D Systems.
For confocal microcopy, chambered coverglass from Nunc was
used.

Cell Culture—Human umbilical vein endothelial cells
(HUVECsS), endothelial cell growth medium, endothelial cell
basal medium, and the corresponding supplements were pur-
chased from Promocell. Cells were cultured at 37 °C, 5% CO,, in
the appropriate growth medium containing 10% fetal calf
serum (FCS) (Invitrogen). HUVECs were used between pas-
sages 2 and 5.

Immunocytochemistry—Coverslips or chambered cover-
glasses were coated with 5 ug/ml fibronectin for 30 min at
37 °C. Thereafter, HUVECs were seeded at a density of 30,000
cells/24-well dish. For confocal microscopy, HUVECs were
seeded at a density of 26,000 cells/4-well dish in chambered
coverglass. Cells were allowed to grow for 48 h, starved over-
night in EC basal medium and 2% FCS, and stimulated with
cytokine for the corresponding time points. HUVECs were
washed once with PBS and fixed in 4% PFA for 12 min. Cells
were washed again with PBS and blocked with 3% BSA and PBS
containing 0.3% Triton X-100 for 30 min followed by incuba-
tion with the first antibody. For confocal microscopy, cells were
washed again and blocked with 7% goat serum, 1% BSA, and
10% donkey serum in PBS followed by incubation with the first
antibody. Anti-FAK (2 ug/ml), anti-FAK ([pS910]) (3 ug/ml),
anti-LAMP-1 (2 png/ml), and anti-B3 antibodies (2 ug/ml) were
used as first antibodies. For confocal microscopy, anti-CD31
(1:500), anti-Tie2 (1:800), and anti-B3 (1:100) antibodies were
used. Cells were incubated with the antibodies in a 1% BSA and
PBS solution containing 0.3% Triton X-100 overnight at 4 °C or
for confocal microcopy in 1% BSA and PBS solution overnight
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at 4 °C. Thereafter, the supernatant was aspirated, and the cells
were washed three times with PBS followed by incubation with
the corresponding secondary antibody for 30 min at room tem-
perature in the dark. The cells were washed three times with
PBS and incubated with 2 ug/ml Hoechst for 10 min (in the
dark) to counterstain nuclei. Cells were then washed three
times with PBS. Finally, coverslips were mounted with Fluoro-
mount G. For confocal studies, the Leica TCS SP5 of the Core
Facility Microscopy, German Cancer Research Center Heidel-
berg (DKFZ-ZMBH Alliance) was used. For video images,
z-stick studies were revised with Amira software.

Western Blot Analysis—Cells were seeded in 6-well plates
and allowed to grow to 90% confluence. Prior to stimulation,
cells were starved in EC basal medium and 2% FCS overnight.
For phosphorylation analyses, the medium was changed to 1 ml
of basal medium containing 2 mm sodium orthovanadate prior
to stimulation. Thereafter, cells were exposed to the corre-
sponding test compounds at 37 °C for the indicated time points.
Following stimulation, cells were washed with ice-cold PBS and
2 mM sodium orthovanadate and lysed in 500 ul of radioim-
mune precipitation assay buffer for 20 min at 4 °C. To remove
cellular debris, lysates were centrifuged for 5 min at 13,000 X g,
and the pellet was removed. Thereafter, the lysates were incu-
bated with 40 ul of protein G-Sepharose and 2 ug of the corre-
sponding antibody overnight. The immunoprecipitate was cen-
trifuged for 2 min at 1,000 X g, washed three times with PBS and
2 mM sodium orthovanadate, boiled with 5 X sample buffer,
and analyzed by 10% SDS-PAGE and subsequent Western blot-
ting. The membranes were thereafter incubated with 2 ug of
the corresponding antibody overnight at 4 °C or for 1 h at room
temperature in 1% BSA and PBST. Next, the membrane was
washed three times with PBST. The membrane was then incu-
bated with the corresponding horseradish peroxidase-labeled
secondary antibody for 45 min at room temperature. Bound
antibody was visualized by ECL and exposure of the membrane
to film. Thereafter, the antibody was removed from the mem-
brane by incubation with stripping buffer for 12 min at room
temperature. To detect total protein levels, the membrane was
blocked in blocking buffer followed by incubation with the cor-
responding antibody in 1% blocking buffer for 1 h. Next, the
membranes were washed three times with PBST. To detect
bound antibody, the membranes were incubated with 2 ug of
horseradish peroxidase-labeled antibody. Bound antibody was
visualized by ECL and exposure of the membrane to film.

Internalization Assay—Internalization assay was performed
as described (22). Briefly, HUVECs were serum-starved over-
night in 2% FCS, transferred to ice, washed twice in cold PBS,
and surface-labeled at 4 °C with 0.2 mg/ml NHS-SS-biotin.
Cells were washed in ice-cold PBS and transferred to 37 °C in
the absence or in the presence of Ang-2. At the indicated time
points, the medium was removed, and the dishes were put on
ice. Cells were washed twice with ice-cold PBS, and the remain-
ing biotin on the surface was removed. Toward this end, a solu-
tion containing 20 mm sodium Mes in 50 mm Tris (pH 8.6) and
100 mm NaCl was added for 15 min at 4 °C. Sodium Mes was
quenched by the addition of 20 mMm iodoacetamide for 10 min,
and the cells were lysed in radioimmune precipitation assay cell
lysis buffer. Lysates were centrifuged for 10 min at 10,000 X g.
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Supernatants were corrected for equal protein concentration
with a BCA kit. Biotinylated integrins were isolated by immu-
noprecipitation. The immunoprecipitate was separated by
SDS-PAGE, transferred to a membrane, and probed for biotin.

Quantification of the Co-localization in Multichannel Two-
dimensional and Three-dimensional Images—For quantifica-
tion of the co-localization in the different image channels, we
developed an automatic protocol. The protocol determines the
relative co-localization frequency in multichannel two-dimen-
sional images as well as in three-dimensional image stacks and
consists of four steps (see supplemental Fig. 1). In the first step,
we generated a histogram /1, for each image channel g, of an
image g. Based on the histograms, we determined which pixels
or voxels were taken into account for co-localization analysis.
For a robust quantification of the co-localization, we consid-
ered only the brightest voxels within the image channels. How-
ever, a problem in choosing a threshold was that the intensities
in the different channels more or less followed a Poisson distri-
bution so that foreground and background intensities could not
be distinguished based on standard histogram-based segmen-
tation methods (e.g. Otsu’s method). Instead, we applied a rel-
ative threshold T, which specified the relative number of the
brightest voxels included in the co-localization analysis. In our
experiments, we used 7,,, = 0.1, thus, only the brightest 10% of
voxels were considered. Based on T, and the histograms 7/,
for the different channels, absolute thresholds T, . were
determined,

N-1 N-1

E hc(’) = Trel E hc(l)

i=1

(Eq. 1)

i = Tabs,c

where /(i) denotes the number of voxels with intensity i and N
denotes the total number of different intensity levels in /.
Intensity level i = 0 was considered to be the image back-
ground, therefore we omitted /,(0) for the computation of
T, Note, that the histograms /2, were different for the differ-
ent channels, thus different absolute thresholds T, . were
obtained for the different channels. For segmentation of the
different channels, the absolute thresholds T, . were applied
to the original image channels g.. As a result of segmentation,
we obtained three binary images b,. Based on the overlap of the
segmented images b, the relative co-localization frequencies

were computed.

RESULTS

Ang-1 and Ang-2 Induce Translocation of Tie2 and 33 Inte-
grins to Cell-Cell Junctions—It is well established that both
Ang-1 and Ang-2 induce in contacting ECs translocation of
their receptor Tie2 to cell-cell junctions (11, 12). Furthermore,
the importance of av33 integrin on endothelial stability is well
accepted. Therefore, we aimed at examining if angiopoietins
induced co-localization of Tie2 and 3 integrins. Immunohis-
tochemical analyses of Tie2, 83 integrins and the endothelial
surface marker CD31 were performed (Fig. 1, A—E). Z-stacks of
whole cells were analyzed with a newly developed software for
co-localization studies (Fig. 1, A and B). The analyses did not
reveal increasing co-localization between Tie2 or 33 integrins
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with the diffusely distributed CD31 on the cell surface upon
angiopoietin stimulation in the z-sticks (Fig. 14, bar 1-6). This
indicated that angiopoietins did not induce significant translo-
cation of Tie2 or B3 integrins from intracellular compartments
to the cell surface. Therefore, the observed accumulation of
Tie2 in the cell-cell junctions upon angiopoietin stimulation
(10, 11) seemed to reflect a shift from a diffuse cell surface
distribution to an accumulation in cell-cell junctions. Interest-
ingly, angiopoietin stimulation resulted in co-localization of
Tie2 and B3 integrins (Fig. 14, bar 7-9). This accumulation was
localized mainly to the cell surface because co-localization
studies with all three markers Tie2, B3 integrin, and CD31
detected more co-localization upon angiopoietin stimulation
(Fig. 1A, bar 10—12). Taken together, the data imply that angio-
poietins induced co-localization of Tie2 and B3 integrins by
transposing the two on the cell surface. Interestingly, the accu-
mulation between Tie2 and 83 integrins was found in a pattern
resembling cell-cell junctions of neighboring cells (Fig. 1B).
Higher magnification confirmed this observation and revealed
apronounced redistribution of Tie2 and 33 integrins to cell-cell
junctions (Fig. 1, C—E, and supplemental Fig. 2). Consequently,
co-staining analyses with the junctional marker VE-cadherin
were performed (Fig. 1F). Ang-1 and Ang-2 stimulation
resulted in co-localization of Tie2 and 33 integrins with VE-
cadherin, confirming that Tie2-B3 integrin co-localization
was mainly restricted to cell-cell junctions.

Ang-2 Induces Complex Formation among Tie2, avf33, and
FAK—Based on these co-localization data, we analyzed
whether the angiopoietin-induced junctional translocation was
just correlatively associated or whether it was a result of a direct
interaction between the Tie2 receptor and avf3 integrin.
Direct and reciprocal immunoprecipitation analyses of Tie2
and the integrin av3 were performed (Fig. 2). Whereas both
Ang-1 and Ang-2 induced translocation of Tie2 and 3 inte-
grins into cell-cell junctions (Fig. 1) (9, 10), only Ang-2 induced
complex formation between Tie2 and avf33 integrin (Fig. 2).
Under no experimental conditions was Ang-1 able to mediate
complex formation between Tie2 and avf33 integrin (Fig. 2 and
supplemental Fig. 3). In contrast, Ang-2-induced complex for-
mation was dose-dependent and was already present at low
concentrations of Ang-2 (supplemental Fig. 4).

Integrin association with growth factor receptors has been
shown to enhance signal transduction of both receptors (23),
with FAK playing a key role in this process (19, 21, 23-25).
We consequently examined the effect of Ang-2-stimulated
complex formation between Tie2 and av33 integrin on FAK
association and activation. Tie2-av33 complex formation
led to rapid recruitment of FAK (Fig. 2, A and B, and
supplemental Fig. 4). The adaptor protein Src is commonly
involved in FAK activity. However, an increase of Src associa-
tion with av33 integrin was not observed (data not shown).

Ang-2 Mediates FAK Phosphorylation at Ser®*° and Dissoci-
ation of p130cas and Talin of avB3 Integrin—FAK binding to
integrins induces its activation by phosphorylation (26). To
assess the effect of Ang-2 on FAK activation, we monitored
FAK phosphorylation at Tyr®**?, Ser”??, and Ser®'° following
Ang-2 stimulation. Western blot analysis showed that FAK was
not phosphorylated at Ser”> and Tyr®**” following Ang-2 stim-
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FIGURE 1. Ang-1 and Ang-2 induce translocation of Tie2 receptor and 33 integrin to cell-cell junctions. A-E, HUVECs were grown to confluence on
fibronectin-coated chambered coverglass and stimulated for 15 min with either 200 ng/ml Ang-2 or 200 ng/ml Ang-1. Cells were fixed with 10% PFA followed
by incubation with primary antibody against CD31, Tie2, and 33 integrin overnight at 4 °C. After secondary incubation, z-stack pictures (40 pictures/stack) were
taken by confocal microscopy (magnification, X40). A, z-stacks (40 picture/stack) were analyzed with a newly developed software for co-localization analyses.
The unstimulated control cells were equalized as 1.0, and stimulated conditions were adjusted. Error bars indicate S.E. Student’s t test was not significant (n.s.).
B, representatively, the co-localization studies between CD-31-Tie2 and 33 integrin upon Ang-2 stimulation are shown. C-E, enlargements of the interendo-
thelial areas are shown (scale bar, 10 um). F, HUVECs were grown to confluence on fibronectin-coated chambered coverglass and stimulated for 15 min with
either 200 ng/ml Ang-1 or 200 ng/ml Ang-2. Cells were fixed with 10% PFA and incubated with antibodies against VE-cadherin, Tie2, and 33 integrin (scale bar,
25 pm).
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were grown to confluence and stimulated for different time points with 200 ng/ml Ang-2 (Aand B) or 200 ng/ml
Ang-1 (C and D). Cell lysates were immunoprecipitated (/P) with avB3 integrin antibody or Tie2 antibody and
protein G-Sepharose. IgG controls were immunoprecipitated with the corresponding IgG mouse control anti-
body. The resulting immunoprecipitate was separated by SDS-PAGE and Western blotted. Whole cell lysates
(WCL) of HUVECs were used as positive control. Under Ponceau Red control, membranes were cut horizontally
at 70 and 35 kDa and probed for B3 integrin, stripped, and reprobed against FAK and Tie2 (B and D) or probed
against Tie2, followed by stripping and reprobing against FAK and 33 (A and C). The lower part (<35 kDa) was
probed against av. Densitometric quantiation of the blots was performed with ImageJ. The IgG control result

was subtracted from the other values.

ulation (Fig. 34, FAK [pS732] and FAK [pY397] blot). Instead,
FAK was time dependently phosphorylated at Ser”'® (Fig. 34,
FAK [pS910] blot). Quantitation of FAK phosphorylation
revealed strongest Ser”'® phosphorylation after 30 min. No
changes in the phosphorylation status of Ser”** and Tyr**” were
observed. Direct Western blotting for FAK ([pS910]) following
avf33 integrin immunoprecipitation confirmed the association
of activated FAK with the receptor-integrin complex following
Ang-2 stimulation (Fig. 3B). Immunohistochemical experi-
ments identified rapid co-localization between FAK ([pS910])
and avB3 integrins (Fig. 3C, white arrows). After 20 min of
Ang-2 stimulation, FAK ([pS910]) staining revealed a more dif-
fuse pattern (Fig. 3C). In contrast, avf33 integrin showed a
patchy pattern (Fig. 3C). Previous studies have established that
FAK phosphorylation at Ser®* induces dissociation of paxillin
(27). Consistently, Ang-2 stimulation led to rapid dissociation
of the integrin-associated adaptor proteins talin and p130Cas
from the avB3 integrin complex (Fig. 3D). Integrin-associated
adaptor proteins connect integrins with cytoskeleton proteins,
thereby modulating integrin-dependent cell functions.

Ang-2 Stimulation Leads to avB3 Integrin Ubiquitinylation,
Internalization, and Lysosomal Degradation—Focal adhesion
complex disassembly is closely coupled to integrin internaliza-
tion. Immunofluorescence staining of avf33 integrin showed a
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the internalization of avfB33 inte-
grins. Internalized integrins may be
gated to lysosomes for degradation
or enter the recycling pathway to be
exposed again on the plasma mem-
brane, a process that is most preva-
lent in migrating cells (28). As
shown in Fig. 4B, avB3 integrin was
rapidly ubiquitinylated upon Ang-2
stimulation. Co-staining of avf3
and the lysosome-associated mem-
brane protein-1 LAMP-1 revealed the co-localization of avf33
integrin and LAMP-1 upon Ang-2 stimulation (Fig. 4, Cand D).

DISCUSSION

Angiopoietins induce Tie2 translocation to cell-cell junc-
tions in contacting ECs (Fig. 1) (10, 11). Yet, the net outcome of
Ang-1 versus Ang-2-induced Tie2 translocation is different.
Whereas Ang-1-induced Tie2 junctional association leads to
downstream Tie2 activation along the Akt-Foxo and Akt-eNOS
maintenance and survival pathways, Ang-2 stimulation leads to
endothelial destabilization (29). Under physiological condi-
tions, angiogenesis is limited to few organs in the adult. In con-
trasts, tumor growth requires angiogenesis, and Ang-2 levels
correlate with tumor burden, indicating the importance during
tumor growth (9, 30). Consistently, Ang-2 inhibition leads to
vascular normalization in tumors (31). However, the molecular
mechanisms underlying the observed Ang-2 effects have not
been analyzed, yet.

In the present study we could show that Ang-2 stimulation of
contacting EC was found to induce (i) Tie2 and B3 integrin
translocation into cell-cell junctions, (ii) complex formation of
Tie2 and avp3, (iii) FAK recruitment with subsequent phos-
phorylation at Ser®'?, (iv) dissociation of the adaptor proteins
talin and p130Cas, and (v) integrin internalization and gating
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FIGURE 3. Ang-2 stimulation induces FAK phosphorylation at Ser®', recruitment to av33 integrin and dissociation of the adaptor proteins talin, and
p130Cas. A, to study the effect of Ang-2 on FAK phosphorylation, HUVECs were stimulated with Ang-2. Total cell lysates were separated by SDS-PAGE, Western
blotted, and probed for FAK [pS910], [pS732], and [pT397]. The membranes were stripped and probed for total FAK. FAK was rapidly phosphorylated at Ser®'°
upon Ang-2 stimulation. Other phosphorylation sites (Tyr**” and Ser”32) were not affected. WCL, whole cell lysates. B, HUVECs were stimulated with Ang-2.
Lysates were immunoprecipitated (/P) with an antibody against av33, and the immunoprecipitate was subjected to SDS-PAGE followed by Western blotting.
Membranes were probed for FAK [pS910], stripped, and reblotted for total 83 integrin subunit. Ser?'°-phosphorylated FAK interacted rapidly with av33
integrin upon Ang-2 stimulation. C, immunofluorescence staining confirmed the co-localization of FAK [pS910] with av3 integrin after 10 min of Ang-2
treatment (white arrows). After 20 min, FAK910 was distributed more diffusely in the cells whereas av3 integrin showed a punctiform pattern. Cells were
unstimulated or stimulated for 10, 20, 30, or 60 min with Ang-2, fixed in 10% PFA, and stained for FAK [pS910], and avf3 integrin (scale bar, 25 um). D, to study
the effect of Ang-2 on the association of talin and p130Cas with av3 integrin, HUVECs were stimulated with Ang-2. Cell lysates were immunoprecipitated with
an antibody against av33 integrin or IgG control. The resulting immunoprecipitate was separated by SDS-PAGE and Western blotted. The membrane was cut
under Ponceau Red control and probed for talin (7st lane) or p130Cas (2nd lane). The membranes were stripped and probed for total 83 integrin subunit. The
experiment revealed the rapid dissociation of the integrin-associated adaptor proteins from av3 integrin upon Ang-2 stimulation. Densitometric quantiation
of the blots was performed with ImagelJ. The IgG control result was subtracted from the other values.
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FIGURE 4. Ang-2 stimulation induces 33 integrin internalization, ubiquitinylation, and gating toward
lysosomes. A, serum-starved HUVECs were surface-labeled with NHS-SS-biotin. Cells were then warmed to
37 °C and stimulated with Ang-2 after dynasore pretreatment. Thereafter, biotin was removed from proteins
remaining at the cell surface by sodium Mes treatment at 4 °C. The cells were lysed, and protein content was
equalized with the BCA detection kit. Equal loading was confirmed by Western blotting against actin (lower
lane). Equalized cell lysates were immunoprecipitated (/P) with an antibody against 33 (upper lane). The immu-
noprecipitate was analyzed by SDS-PAGE followed by Western blotting and probing for peroxidase-conju-
gated streptavidin to detect internalized biotin-labeled 3 integrin. B, HUVECs were stimulated with Ang-2.
Cell lysates were immunoprecipitated with an antibody against av33 integrin. The resulting immunoprecipi-
tate was separated by SDS-PAGE, Western blotted, and probed for ubiquitin sequence. The membrane was
stripped and reprobed for total 83 integrin subunit to confirm equal loading. C, cells were stimulated with
Ang-2 for 20 min, fixed in PFA, permeabilized with Triton X-100, and stained for total av@3 integrin and LAMP-1
(scale bar, 10 um). In the brightfield (BF) pictures, the cell-cell junction is marked in white. D, HUVECs were
stimulated for various time points with Ang-2. Thereafter, cells were fixed with PFA, permeabilized with Triton
X-100, and stained for av33 and LAMP-1. Three different experiments were analyzed with the newly developed
software for co-localization studies. Error bars, S.E. Student's t test showed significantly more co-localization of

turn, the Ser?’® phosphorylation
site located in the C-terminal FAT
domain is much less well character-
ized as a biologically relevant phos-
phorylation site within FAK (41,
42). The experiments of the present
study revealed that Ang-2-mediated
Tie2:avB3 integrin complex forma-
tion and subsequent FAK recruit-
ment lead neither to FAK phos-
phorylation at Tyr**” nor to Src
recruitment, but to FAK phosphor-
ylation at Ser®'°.

Experiments with PDGF-stimu-
lated fibroblasts have previously
shown that phosphorylation of FAK
at Ser®'° leads to the dissociation of
the adaptor protein paxillin from
FAK (27). Our experiments corre-
spondingly revealed that talin and
p130Cas rapidly dissociate from the
avf33 integrin complex upon Ang-2
stimulation. These experiments
show for the first time that not only
paxillin but also p130Cas and talin
dissociate from avB3 integrin, sug-
gesting a critical hitherto unidenti-
fied role of Ser®*® phosphorylation
in the disassembly of focal adhesion
complexes.

The turnover of focal adhesion

LAMP-1 and avf33 upon 60 min of Ang-2 stimulation (p < 0.1).

toward lysosomal degradation. The observed effect of Ang-2
stimulation on avf33 integrin turnover may explain the
observed Ang-2-induced endothelial destabilization (29).

The integrin heterodimer av33 has previously been shown to
associate with PDGFRB and VEGFR-2 (19, 21). Similarly, a581
integrin has been shown to associate with Tie2 receptor upon
Ang-1 and Ang-2 stimulation (32, 33). On the other hand, both
Ang-1 and Ang-2 can directly bind to some integrins and
thereby signal in the absence of its receptor Tie2 (34—-36). The
ligand-induced association of av33 with Tie2 as described in
this study establishes not just a novel integrin-vascular receptor
tyrosine kinase interaction but has paved the way toward study-
ing the cellular consequences of this interaction. Most notably,
Tie2:av33 integrin complex formation was selectively induced
by Ang-2, but not by Ang-1, suggesting that Tie2-avf3 integrin
association may be functionally involved in the cellular mech-
anisms leading to endothelial destabilization (29).

Ang-2-induced Tie2-av3 integrin complex formation was
found to involve FAK. FAK recruitment to integrins following
growth factor stimulation is usually associated with FAK phos-
phorylation (32) which in turn is intimately linked to barrier
function (37), cell migration, cell survival, and proliferation by
regulating the dynamics of focal adhesion complexes (38, 39).
FAK phosphorylation occurs primarily at different phosphory-
lation sites of the kinase domain, including Tyr(P)**” (40). In
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complexes is known to be involved
in vascular remodeling, including
angiogenic endothelial cell migration and the regulation of vas-
cular permeability (28, 43). The turnover of focal adhesion
complexes is also closely linked to integrin internalization.
Upon internalization, integrins are processed in intracellular
compartments either to be gated for recycling or for degrada-
tion (27, 44). We have examined both pathways. Analyses with
the recycling marker Rabl1 did not show co-localization of
avf33 integrin upon Ang-2 stimulation (data not shown). Fur-
thermore, recycling studies were performed as described previ-
ously (22), but did not detect av3 integrin recycling upon
Ang-2 stimulation. Integrin recycling occurs classically during
cell migration. Cellular protrusions adhere through integrins to
the extracellular matrix (focal adhesion assembly). Subse-
quently, contraction via stress fibers allows forward movement.
The trailing edges of the cells are released, a process that is
initiated by stress fiber-mediated traction forces leading to
focal adhesion disassembly. Integrins are internalized and recy-
cled during this cyclic process (28).

Contrasting the recycling pathway, internalized integrins can
be ubiquitinylated and lysosomally gated toward degradation.
The experiments of this study have shown that Ang-2 stimula-
tion induces internalization of the integrin subunit 33 associ-
ated with rapid ubiquitinylation. This gates the internalized
integrin toward lysosomal degradation as evidenced by co-lo-
calization with the endosomal marker LAMP-1.
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Taken together, the present study has unraveled the novel
molecular mechanisms of Ang-2-dependent regulation of av33
integrin turnover. Both the agonistic ligand Ang-1 and the
antagonistic ligand Ang-2 induce transjunctional Tie2 receptor
clustering. Yet, whereas Ang-1 transjunctionally clustered Tie2
receptor stimulates downstream signaling supporting endothe-
lial survival, Ang-2-induced junctional clustering of Tie2 leads
to recruitment of and clustering with av[33 integrin. This com-
plex leads to FAK activation at Ser®'® with subsequent focal
adhesion dissociation and integrin internalization and degrada-
tion. The experiments establish a plausible model for Ang-2-
mediated endothelial destabilization (29). Future work will
need to unravel the exogenous cytokine-dependent contextu-
ality of Ang-2 effects as a mediator of endothelial destabiliza-
tion associated vessel regression or as facilitator of EC activat-
ing cellular responses.
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