Cell Death J. Cell. Mol. Med. Vol 13, No 9B, 2009 pp. 3687-3698

Endostatin induces autophagy in endothelial cells by
modulating Beclin 1 and pB-catenin levels
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Abstract

Endostatin is a well-characterized endogenous inhibitor of angiogenesis that affects cell proliferation and migration by inhibiting inte-
grin and Wnt-mediated signalling pathways. Here, we show that endothelial cells treated with native and P125A-endostatin activate
autophagy. Because autophagy can either be protective or induce programmed cell death, experiments were carried out to understand
the signalling pathways leading to autophagy in endothelial cells. P125A-endostatin treatment increased the levels of Beclin 1, a crucial
molecule in vesicle nucleation and autophagy. The treatment also reduced the levels of Bcl-2, Bel-x, and B-catenin; however, progres-
sively increasing amounts of Bcl-2 and Bcl-x. were found to be complexed with Beclin 1. Increased B-catenin and Wnt-mediated sig-
nalling reduced Beclin 1 levels and rescued endothelial cells from endostatin-induced autophagy. Finally, knocking down Beclin 1 levels
by RNA interference decreased autophagy and accelerated caspase activation in endostatin-treated cells. These studies suggest that
endothelial cells may initiate autophagy as a survival response to limit the effects of angiogenesis inhibitors. Thus, interfering with
autophagy can potentiate the effects of endostatin by promoting a switch to apoptosis.
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Introduction

Both physiological and pathological angiogenesis are regulated by a
delicate balance between angiogenic growth factors and endogenous
inhibitors [1]. Tumour growth and metastasis are promoted when
this balance is shifted towards angiogenesis. Angiogenesis inhibitors
can be used to reverse this trend [2]. Endostatin, a 20-kD fragment
of the non-collagenous 1 domain of collagen XVIlI-a1, is a well-
characterized endogenous angiogenesis inhibitor [1, 3, 4] and is
known to inhibit endothelial cell proliferation, and cell migration [5],
and to induce apoptosis [6]. Recently, a mutant form of endostatin
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with a proline to alanine substitution at position 125 was identified
and characterized [7]. P125A-endostatin showed higher binding to
endothelial cell surface and exhibited stronger inhibitory effects on
both cell proliferation and cell migration [7, 8]. Integrin as@1 and
glypican-1 are the major targets of endostatin [9]. Endostatin bind-
ing is known to induce dynamic changes in integrins and associated
stress fibres that ultimately lead to inhibition of cell migration [10].
In addition, endostatin has also been shown to antagonize the Wnt-
signalling pathway [11, 12] and target B-catenin for degradation.
Concomitantly, endostatin-treated cells also show increased dephos-
phorylation of the anti-apoptotic protein Bcl-2, affecting its intracel-
lular levels [6]. Bcl-2 is known to be associated with human vascular
endothelial growth factor (VEGF)-mediated angiogenesis and tumour
growth [13, 14]. Bcl-2 and another family member, Bcl-x, have also
been found to regulate autophagy [15, 16], a self-consumption
process involving bulk degradation of long-lived proteins and defec-
tive or superfluous organelles, which plays a major role in cell
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survival. Bcl-2 and Bcl-x. regulate autophagy via Beclin 1, a pivotal
initiator of autophagy. The identification of Beclin 1 as a binding part-
ner of Bcl-2 and Bel-x. not only suggests a communication channel
between apoptosis and autophagy [15] but also establishes the con-
nection between autophagy and oncogenesis [17].

The autophagic response in endothelial cells treated with angio-
genesis inhibitors has hitherto been largely undefined. In an earlier
study, endostatin was found to induce autophagy in Eahy926
human endothelial cell line, which is derived from the fusion
between HUVEC and an epithelial lung cancer cell line [18]. In the
present study, we have investigated the possible mechanism by
which primary cultures of endothelial cells initiate autophagic sur-
vival responses during endostatin treatment. Our studies suggest
that Beclin 1 levels and autophagic vesicle formation are regulated
by Bcl-2, Bel-x, and the Wnt—3-catenin signalling pathway.

Materials and methods

Materials

MitoTracker Deep red 633 and Alexa Fluor 488 anti-rabbit 1gG antibody were
from Molecular Probes (Eugene, OR). Rapamycin, 3-methyladenine (3-MA)
and B-actin antibody were obtained from Sigma (St. Louis, MO).
Oligofectamine 2000 was from Invitrogen (San Diego, CA). Protein A/G Plus-
Agarose, Bcl-2 polyclonal antibody, Bcl-x. polyclonal, B-catenin polyclonal
antibody, MAP LC3 antibody, integrin o5 SiRNA and integrin 381 siRNA were
from Santa Cruz (Santa Cruz, CA). Silencer® pre-designed siRNA to
-catenin and control was from Ambion (Austin, TX). Vinculin antibody was
from Abcam (Cambridge, MA). Human integrin asB1 mAb was obtained
from Chemicon (Temecula, CA). Beclin 1 mAb was from BD Transduction
Laboratories (Lexington, KY). Recombinant hVEGF (VEGF165) was from
R&D Systems (Minneapolis, MN). Ad-CMV—@-catenin and Ad-CMV-GFP
were acquired from Vector Biolabs (Philadelphia, PA). Ad-Wnt and pcDNA
dominant negative B-catenin were generated in the laboratory of Dr. Randall
Moon, University of Washington. Pichia pastoris native endostatin was from
Calbiochem (San Diego, CA). P pastoris—derived P125A-endostatin was
purified as previously described [19]. LAMP1-GFP (lysosomal associated
membrane protein 1) construct was a generous gift from Dr. Dell’Angelica,
University of California, Los Angeles. LC3-GFP construct was kindly provided
by T. Yoshimori (National Institute of Genetics, Shizuoka-ken, Japan) and N.
Mizushima (The Tokyo Metropolitan Institute of Medical Science, Japan).

Cell culture

MA148 ovarian cancer cells, human foreskin fibroblasts and human umbil-
ical vein cells (HUVECS) were cultured as previously described [7, 20].
Endothelial cells were cultured in chamber slides and stimulated with VEGF
(20 ng/ml) prepared in 5% FBS containing M199 medium.

Confocal and immunofluorescence microscopy

HUVECs, MA148 or human foreskin fibroblasts were transfected with
either LAMP1-GFP or LC3-GFP and cultured as previously described [20].
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Transfected cells were treated with different concentrations (2.5-20 wg/ml)
of endostatin for 24 hrs or as otherwise stated. Mitotracker Red or DAPI
(Vector Laboratories, Burlingame, CA) was used to visualize mitochondria
and the nucleus, respectively. Confocal images were recorded at 600X
magnification (PlanApo N 60</1.24 oil, «/0.17/FN26.5) using a Fluoview
1000 System (Olympus, Irving, TX) via a FV1000 software Ver.01.06. Fields
were chosen randomly from various sections to ensure objectivity of sam-
pling. Digital images were processed to determine the number of
autophagic vesicles per cell [20]. 3-Catenin distribution in cells treated with
endostatin was monitored by staining the cells with mouse anti-human
B-catenin antibody linked to phycoerythrin. Cells were counterstained with
DAPI and observed using a Fluoview 1000, Olympus, inverted microscope.

Western blotting

HUVECs were treated with either P125A-endostatin (20 wg/ml) or
rapamycin (100 ng/ml) with or without E64d (10 wg/ml), a protease
inhibitor and pepstatin A (10 pg/ml) for 24 hrs in complete medium sup-
plemented with 20 ng/ml of recombinant VEGF-A (R&D Systems). Control
and treated cells were then lysed and about 10 g of lysate proteins were
used for Western blotting as previously described [20].

Flow cytometry

Endothelial cells were co-transfected with either scrambled or ShRNA spe-
cific for Beclin 1 and a DsRed expression construct. Subsequently, cells were
treated with P125A-endostatin (20 wg/ml). Caspase activation in transfected
cells treated with endostatin was assessed by flow cytometry using carboxy-
fluorescein FLICA apoptosis detection kit (Immunochemistry Technologies,
LLC, Bloomington, MN, USA) as previously described [20]. Briefly, treated
cells were labelled with green fluorescent-labelled inhibitor of caspases
(FLICA) and analyzed by flow cytometer (BD Biosciences, Rockville, MD)
according to the manufacturer’s protocol. Transfected HUVECs were gated
for DsRed* cell populations and scored for FAM-VAD-FMK " cells FAM-VAD-
FMK, a carboxyfluorescein (FAM) derivative of benzyloxycarbonyl-valine-
alanine-aspartic acid—fluoromethy! ketone (zVAD-FMK), irreversibly binds to
activated caspases. Caspase activation in apoptotic cells can then be deter-
mined by the amount of cellular FAM-VAD-FMK retention.

Statistical analysis

The results are given as the mean standard error. Statistical analysis was
performed by using Student’s t-test. Differences with Pvalues <0.05 were
considered significant.

Results

Both native endostatin and P125A-endostatin
induce autophagy in endothelial cells

At the outset, we compared the effects of native and P125A-
endostatin on endothelial cell autophagy. HUVECs were transfected
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with either LC3-GFP, a biomarker for autophagy [21, 22], or
LAMP1-GFP, a marker for lysosomes, autolysosomes, late endo-
somes and multi-vesicular bodies [23-25], and exposed to both
native endostatin and P125A-endostatin in the presence of VEGF
(20 ng/ml). LC3, microtubule-associated protein-light chain 3
(MAP-LC3), typically exhibits diffuse cytosolic distribution.
Representative confocal images, shown in the lower panel (Fig. 1A),
confirm that the treatment of endostatin led to the redistribution of
modified LC3 to punctate structures and increased number of
LC3-GFP-positive vesicles in the endostatin-treated cells.
Although both native endostatin and P125A-endostatin induced
autophagy in endothelial cells (Fig. 1A and Supplementary S1A),
the number of autophagic vesicles per cell was higher in P125A-
endostatin—treated cells. The mean number of LC3-GFP—positive
vesicles in the control, untreated endothelial cells was 24 + 5. In
the presence of native endostatin, the LC3-GFP—positive vesicles
increased to 42 = 15, which is statistically significant (P < 0.05).
P125A-endostatin treatment under similar conditions further
increased the number of autophagic vesicle number to 68 = 7 per
cell (P < 0.001). P125A-endostatin has been previously shown to
have better anti-angiogenic activity than the native endostatin
[7, 8]. Subsequent studies were therefore carried out with P125A-
endostatin. A concentration-dependent increase in LC3-GFP-
positive vesicles was observed in P125A-treated HUVECs (Fig. 1B).
Similarly, the number of LAMP1-GFP—positive vesicles were also
increased in treated HUVECs plateaued at 10 wg/ml of P125A-
endostatin (Supplementary S1B). The treatment of human
microvascular endothelial cells with P125A-endostatin also
resulted in a >2.5-fold increase in autophagic vesicles compared
with control (data not shown). P125A-endostatin, however, failed
to induce autophagic vesicles in human foreskin fibroblast (pri-
mary culture). In contrast, as a positive control, etoposide induced
an increase in the number of autophagic vesicles in the latter (Fig. 1C
and Supplementary S1C). P125A-endostatin also did not induce
any autophagic response in MA148 cells, an ovarian cancer cell
line (data not shown).

Transmission electron microscopy was also used to confirm
the nature of P125A-endostatin—induced vesicles (Fig. 1D). An
increased accumulation of large vesicles within the cytoplasm of
treated cells was observed after a 24-hr treatment compared with
that at the earlier time-points (0 and 12 hrs). Ultrastructural
images showed both double- and single-membrane containing
vesicles enclosing intact and disintegrating mitochondria. A few
single-membrane vesicles were also observed at the edge of con-
trol cells. The presence of these vesicles in the control-treatment
can be attributed to serum restriction.

Autophagosome formation is known to correlate with the con-
version of LC3-1 to LC3-II that involves proteolytic cleavage and
lipidation [26]. As further confirmation of autophagy induced by
endostatin, cell lysates were analyzed for the conversion of LC3-I
to LC3-II. In these experiments E64d, a membrane-permeable
inhibitor of cathepsins B, H and L, and pepstatin A, an inhibitor of
cathepsins D and E, in combination with treatment groups [27]
were also used in order to determine the contribution of lysoso-
mal degradation to LC3-11 levels in endothelial cells. Data in Fig. 1E
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show an increase in LC3-Il upon endostatin treatment compared
with control cells. As expected, rapamycin-treated cell lysates also
showed an increase in the level of LC3-Il. Treatment of endostatin
or rapamycin in combination with the inhibitors further enhanced
the levels of LC3-Il, suggesting an active lysosomal turnover
induced by endostatin. Finally, because trichloroacetic acid (TCA)
precipitates proteins but not free amino acids and peptides, an
increase in the ratio of TCA-soluble/TCA-insoluble radioactivity
was used to determine whether endostatin treatment affected the
intracellular long-lived protein degradation and turnover, one of
the hallmarks of autophagy [28]. Endothelial cells treated with
endostatin in the presence or absence of 3-MA (an autophagy
inhibitor) showed a 30% increase in TCA-soluble radioactivity
(data not shown). Collectively, these studies demonstrate that
P125A-endostatin selectively induces autophagy in endothelial cells.

Effect of integrin knockdown on autophagic
response

Because endostatin binds to the integrins asB1 [9, 10, 29] with
high affinity, we next determined whether autophagy induced by
endostatin is dependent on integrin binding. Figure 2A shows that
autophagic response was partially inhibited by function-blocking
antibody against integrin asB1 in endothelial cells. In the next
series of experiments, SiRNA specific t0 a5 and 1 were used to
reduce the levels of integrin sub-units (Supplementary S2C).
P125A-endostatin treatment dramatically increased the number of
autophagic vesicles in scrambled siRNA-transfected cells (Fig. 2B).
In contrast, knockdown of a5 and B+ integrin with specific SiRNA
reduced by up to 45% the number of autophagic vesicles induced
by P125A-endostatin. In a parallel experiment using LAMP1-
GFP-transfected HUVECs, similar changes were observed
(Supplementary S2A and S2B). These studies suggest that
P125A-endostatin binding to «sB1 integrin is important for the
endothelial autophagic response.

P125A-endostatin-induced autophagy is Beclin
1-PI-3 kinase dependent

Class Il PI-3 kinase—p150-Beclin 1 complex is essential for the
vesicle nucleation step in autophagy [30]. To evaluate whether
autophagic induction by P125A-endostatin can be inhibited by
interfering with the activity of PI-3kinase, 3-MA, a widely used PI-
3kinase inhibitor [31], was added to LC3-GFP-transfected HUVEC
cultures at a non-toxic concentration. Figure 2C shows that 3-MA
treatment reduced the P125A-endostatin—induced autophagy by
about 30% compared with control. Similarly, reducing Beclin 1
using shRNA [32] (Supplementary S2F) also resulted in reduction
in autophagic response. P125A-endostatin treatment induced up
to 2.4-fold increase in the number of autophagic vesicles when
compared with untreated control endothelial cells, and knocking
down Beclin 1 led to a 36% reduction in the number of vesicles
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Fig. 1 Endostatin induces autophagy in endothelial cells. (A) Representative confocal images of LC3-GFP—transfected HUVECs treated with P125A-
endostatin (20 wg/ml). Native endostatin (20 wg/ml) was used under similar conditions. (B) LC3-GFP—transfected HUVECs were treated with different
concentrations of P125A-endostatin (CJ)(n = 3, **P < 0.001) or recombinant, native endostatin (20 wg/ml) (M), P < 0.05. Rapamycin (A) was used as
a positive control. Cells were treated for 24 hrs. Results are shown as mean =+ S.E. (C) LC3-GFP-transfected fibroblasts were treated with P125A-endo-
statin (20 wg/ml). Etoposide (10 wg/ml) was used as a positive control. (D) Transmission electron microscope image of HUVECs treated with P125A-endo-
statin were collected at two different time-points (12 and 24 hrs). Images were recorded using a JEOL 1200 EX transmission electron microscope (Tokyo,
Japan) as previously described [43]. Double-membrane autophagosomes and single-membrane autolysosomes that contained disintegrated materials clus-
tering at the perinuclear sites are shown (open arrow or filled arrows, respectively). (E) Whole-cell lysates of HUVECs treated with rapamycin (100 ng/ml),
P125A-endostatin (20 wg/ml) in the presence and absence of E64d (10 pg/ml) and pepstatin A (10 pg/ml) for 24 hrs, in medium supplemented with
20 ng/ml of recombinant VEGF-A, were evaluated for LC3-I and LC3-I1 levels by Western blotting. B-Actin was used to normalize the values of LC3-II.
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per cell under similar conditions (Fig. 2D). Endothelial cells trans-
fected with LAMP1-GFP showed similar results (Supplementary
S2D and S2E), suggesting that Beclin 1 and PI-3 kinase complex
play important roles in endostatin-induced autophagy of endothe-
lial cells.

P125A-endostatin up-regulates Beclin 1 levels

The interaction of Beclin 1 and Bcl-2 in the Beclin 1-Bcl-2 complex
has been implicated as a rheostat that regulates the homeostasis
of autophagic capacity [15, 32]. In addition, Beclin 1 was also
found to interact with a conserved hydrophobic groove in Bcl-x,
a close counterpart of Bcl-2, through a BH3-like domain [16].
Western blot analysis showed gradual increase in Beclin 1 levels
that reached a plateau after 16 hrs of P125A-endostatin treatment.
In contrast, a reduction in total levels of Bcl-2 was observed over
the course of 24-hr P125A-endostatin treatment (Fig. 3A). A sim-
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ilar effect was observed when HUVECs were treated with native
endostatin and rapamycin (data not shown). To determine whether
endostatin-induced autophagy in endothelial cells involved inter-
actions between Beclin 1 and Bcl-2 family members, endogenous
Beclin 1-Bcl-2 or Beclin 1-Bcl-xL complexes were immunoprecip-
itated with antibodies against Beclin 1 (Fig. 3B). A steady increase
in the levels of Bcl-2 and Bcl-x. co-immunoprecipitating with
Beclin 1 was observed over 24 hrs. Levels of Beclin 1 complexed
with Bcl-2 and Bcl-x. reached a steady state after 16 hrs of treat-
ment (Fig. 3B). Endostatin treatment reduced the levels of Bcl-2 as
has been previously shown [6] (Fig. 3C). Changes in Bcl-2 levels
concomitantly reduced the amount of Beclin 1 that was complexed
with Bcl-2 (Fig. 3C). Similar observation was found in immunopre-
cipitation studies with Bcl-x.. Substantial reduction in Bcl-x_ levels
was accompanied by distinct dissociation of Bel-x. from the Beclin
1-Bcl-x. complex after 16 hrs of treatment with P125A-endostatin
(Fig. 3D). Together, these data suggest that P125A-endostatin
induces autophagy in endothelial cells by up-regulating Beclin 1
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Fig. 3 P125A-endostatin induced changes in Beclin 1-Bcl-2/Bcl-x. association. HUVECs were treated with P125A-endostatin (20 wg/ml). (A) Western
blot analysis of Beclin 1, Bel-2 and vinculin expression in HUVEC. Total cell lysates were collected at different time-points of P125A-endostatin treat-
ment (n = 3). (B) Representative of co-immunoprecipitation blot of Beclin 1, Bcl-2 and Bel-x. in HUVEC. (C) Representative of co-immunoprecipitation
blot of Bcl-2 and Beclin 1 from whole-cell lysates of P125A-endostatin—treated HUVECs. (D) Representative of co-immunoprecipitation blot of Beclin 1
and Bel-x_ in treated HUVECs. Immunoprecipitation using 1gG was used as a control for all studies. (E) Flow cytometric analysis showing Beclin 1 down-
regulation in HUVECs potentiates P125A-endostatin—induced apoptosis. HUVECs were co-transfected with a transposon-expressing DsRed 2 plasmid
and shRNA specific to Beclin 1 or a scrambled shRNA using Lipofectamine 2000. After 36 hrs, transfected HUVECs were treated with P125A-endostatin
(20 pg/ml). Treated cells were labelled with green fluorescent-labelled inhibitor of caspases (FLICA) and analyzed by FACS. Transfected HUVECs were
gated for DsRed-positive cell population and scored for FAM-VAD-FMK-positive cells. Histogram shows FAM-VAD-FMK—positive cells in the control,
scrambled shRNA-transfected and shRNA specific to Beclin 1-transfected HUVECs. (F) Summary of the data from the flow cytometric analyses is
shown as a percentage (n = 3, mean =S.E.) of transfected HUVECs positive for the activation of caspase (FAM-VAD-FMK—positive cells).

expression. The up-regulation disrupts the balance between Beclin
1 and Bcl-2 or Bcel-xL interaction.

anti-apoptotic proteins Bcl-2 and Bcl-x. to bind the protein. This
prompted us to investigate whether the pro-apoptotic effect of
endostatin could be unmasked by knocking down Beclin 1.
HUVECs, transiently co-transfected with shRNA specific to Beclin 1

Dow"'regma“on of Beclin 1 in endothelial cells and DsRed2 marker plasmid, were treated with P125A-endostatin

potentiates the apoptotic effect of P125A-endostatin

P125A-endostatin treatment induces the up-regulation of Beclin 1 in
endothelial cells and simultaneously impinges on the availability of
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(Fig. 3E and supplementary S3). Figure 3F summarizes the flow
cytometric analysis of caspase activation in HUVECs. P125A-
endostatin treatment of scrambled shRNA-transfected cells
showed a marginal increase in caspase-positive cells, whereas
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Fig. 4 Effects of modulation of g-catenin levels on P125A-endostatin-induced autophagy. (A) Upper panel: Representative confocal images of HUVECs
that were cultured in complete medium, 10% FBS supplemented with VEGF-A (20 ng/ml) or complete medium containing P125A-endostatin (20 pg/ml)
are shown. 3-Catenin localization on the cell membrane and in the cytoplasm is indicated by yellow and green arrows, respectively. Notice the reduc-
tion in the cytoplasmic 3-catenin levels in P125A-endostatin-treated cells. Lower panel: HUVECs were transfected with either SiRNA specific to g-catenin
or scrambled control siRNA (20 pmols per reaction). Whole-cell lysates from different treatments were evaluated for B-catenin, Beclin 1 and B-actin
levels. (B) HUVECs were co-transfected with LC3-GFP and siRNA specific to 3-catenin or scrambled control siRNA. The number of autophagic vesicles
per siRNA or scrambled siRNA-treated cell was quantified as described previously. Scrambled siRNA-transfected cells were used as a control for the
study (n = 3). (C) Expression of B-catenin. HUVECs were infected with 500 MOI of either Ad-CMV-B-catenin (solid dark line) or Ad-CMV-GFP (solid
grey line). Infected cells were treated with 20 pg/ml of P125A-endostatin (abbr. E) and assessed by FACS analysis for 3-catenin levels. (D) Expression
levels of Beclin 1 in the corresponding treatments were measured by flow cytometry. Fold changes in Beclin 1 were calculated by comparing with Beclin
1 levels in Ad-CMV-B-catenin-transduced HUVECs treated with P125A-endostatin and that of Ad-CMV-GFP—infected control cells (n = 3).

down-regulation of Beclin 1 increased active caspase-positive
cells to 21%. Together, these data suggest that inhibition of endo-
statin-induced autophagy increases apoptosis in endothelial cells.

Endostatin treatment is also known to perturb the Wnt-g-catenin
pathway. Specifically, native endostatin has been shown to reduce
the endogenous levels of B-catenin [11]. To further explore the
possible cross-talk between Wnt—g-catenin pathway and
autophagy in endostatin-treated endothelial cells, we first con-
firmed that the levels of 3-catenin were greatly reduced by both
P125A-endostatin  (Fig. 4A-confocal image panels and
Supplementary S4-A) and native endostatin (data not shown).

B-Catenin modulates P125A-endostatin—-induced
autophagy in HUVECs

Studies described above suggest that endostatin induces
autophagy by modulating Beclin 1, Bcl-2 and Bcl-x. levels and the
Beclin 1-Bcl-2-Bcl-x. complex in treated endothelial cells.

© 2009 The Authors

Modulation of B-catenin by siRNA treatment show reduced
endogenous B-catenin levels that were further lowered upon
P125A-endostatin treatment (Fig. 4A). Concomitant increase in

3693

Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



Beclin 1 levels was observed. g-Catenin knockdown led to a small
increase in autophagic vesicle formation that was enhanced by
P125A-endostatin exposure (Fig. 4B). Similar observations were
found in LAMP1-GFP-transfected HUVECs following a 24-hr
P125A-endostatin treatment (Supplementary S4A). These results
suggest that the Wnt—3-catenin pathway regulates the induction of
autophagy in endothelial cells. To confirm this observation, domi-
nant negative B-catenin was expressed in HUVEC. Treatment with
endostatin did not affect the turnover rate of the dominant negative
B-catenin. After 24-hr endostatin treatment, increased expression
of dominant negative -catenin was accompanied by increased lev-
els of Beclin 1 and autophagic vesicles (Supplementary S4B and
S4C). Collectively, these data demonstrate the involvement of the
Wnt-B-catenin signalling pathway in the induction of autophagy by
P125A-endostatin in endothelial cells.

To confirm that B-catenin expression modulates Beclin 1 levels
in HUVECs, cells were infected with a replication-deficient aden-
ovirus that over-expressed B-catenin (Ad-CMV-B-catenin). Ad-
CMV-B-catenin virus infection decreased the levels of Beclin 1 in
HUVECs in a concentration-dependent manner compared with the
control Ad-CMV-GFP construct (Supplementary S5B). Endostatin
treatment significantly reduced the levels of B-catenin in the Ad-
CMV-GFP-infected cells but did not alter the levels in Ad-CMV-@3-
catenin-infected cells (Fig. 4C). Ad-CMV-B-catenin-infected cells,
however, showed reduced levels of Beclin 1 that remained low
even in the presence of P125A-endostatin (Fig. 4D) as compared
with controls that showed an increase. These results indicate a
negative correlation between pB-catenin and Beclin 1 levels and
raise the possibility that -catenin may be one of the regulators
of autophagy.

The Wnt-p-catenin canonical pathway modulates
the induction of autophagy in endothelial cells

To determine whether P125A-endostatin-induced changes in
B-catenin plays an essential role in the induction of autophagy, we
attempted to over-ride the effect of endostatin by exogenous acti-
vation of the Wnt pathway. As shown in Fig. 5A and B, HUVECs
either transfected with pcDNA-expressing Wnt or infected with a
replication-deficient adenovirus-expressing Wnt (Ad-Wnt) led to
marked increase in B-catenin levels when compared with that of
the control pcDNA vector—transfected cells or adenovirus-
expressing B-galactosidase (Ad-p-Gal)-infected cells, respec-
tively. The treatment of P125A-endostatin significantly reduced the
B-catenin levels in the control, empty vector-transfected cells or
Ad-B-Gal-infected cells, while progressively increasing the levels
of Beclin 1 over a period of 24 hrs. In contrast, in Wnt over-
expressing HUVEGCs, endostatin treatment did not alter either
B-catenin or Beclin 1 levels after 24 hrs of P125A-endostatin treat-
ment. These results further confirm a negative correlation between
B-catenin and Beclin 1 levels during P125A-endostatin treatment.
Likewise, the autocrine stimulation of Wnt did not greatly affect
the basal level of autophagy vesicles in control group (Fig. 5E and F).
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Addition of P125A-endostatin to control cells induced >2-fold
increase in autophagic vesicles. These results suggest that
Wnt-B-catenin pathway is important for endostatin-mediated
autophagy of endothelial cells.

Discussion

Autophagy has been characterized as a survival response as well
as a pathway culminating in cell death. This pathway is normally
induced under conditions of stress, such as nutritional or growth
factor deprivation [30]. Our studies show that native and P125A-
endostatin selectively induced autophagic responses in endothe-
lial cells independent of nutritional stress. Normal fibroblast and
even ovarian cancer cells, which are known to bind endostatin [7,
38], failed to elicit an autophagic response upon endostatin treat-
ment. Therefore, binding of endostatin to integrin alone is not suf-
ficient to induce autophagy. Downstream signalling pathways fol-
lowing integrin ligation may differ between the endothelial and
tumour cells, which may account for the differences seen in the
autophagic response to endostatin.

Endostatin is known to affect two cellular signalling pathways.
High-affinity binding to the integrin asB1 has been shown to
induce clustering of endostatin—integrin complex in lipid rafts
leading to Src kinase—dependent activation of p190RhoGAP.
Subsequent inhibition of RhoA activity disrupts focal adhesion and
ultimately affects endothelial cell migration [33]. The second path-
way affected by endostatin involves low-affinity binding to glypi-
can and interruption of Wnt-mediated signalling, resulting in the
degradation of B-catenin independent of glycogen synthase
kinase-33 (GSK-3B) [11, 34].

Because sustained autophagy can lead to cell death, the path-
way is also referred to as programmed cell-death type Il (PCD 1)
[30]. Alternatively, inhibiting apoptosis (PCD 1) can also activate
autophagy and vice versa [35]. Fewer than 10% of endothelial
cells undergo apoptosis in response to endostatin (data not
shown) suggesting that the majority of the endothelial cells resist
death by activating a survival pathway. Endothelial cells possess
many redundant survival pathways. For example, endothelial cells
treated with chemotherapeutic agents such as carboplatin induce
expression of VEGF, a survival growth factor for endothelial cells
[36]. Recent studies using conditional knock-out of VEGF in
endothelial cells have elucidated the importance of stress-induced
autocrine stimulation of endothelial cells by VEGF [37]. Our stud-
ies provide evidence for another survival mechanism, autophagy,
that is initiated in angiogenesis inhibitor-treated endothelial cells.
In this respect, the effect of endostatin parallels the previous stud-
ies with kringle-5 (K5) of human plasminogen [20].

Although K5 and endostatin bind to distinct sets of target mol-
ecules and affect different signalling systems, both of them
increased Beclin 1 levels in endothelial cells. Beclin 1 is involved
in vesicle nucleation along with PI-3 kinase and is believed to
be an early initiator of autophagy [23]. How Beclin 1 levels are
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Fig. 5 Effects of modulating canonical Wnt—B-catenin pathway on P125A-endostatin-induced autophagy. (A) HUVECs were co-transfected with
pcDNA-expressing Wnt or pcDNA control (500 ng). Cells were treated with 20 p.g/ml P125A-endostatin and analyzed for the levels of B-catenin, Beclin
1 or B-actin at the indicated time by Western blot. (B) HUVECs were infected with the Ad-Wnt at 1000 MOI. Ad-B-Gal was used as a negative control.
P125A-endostatin—treated and control cells were lysed at different time-points and analyzed for -catenin, Beclin 1 and B-actin levels by Western
blot. (C) Densitometric analysis of Beclin 1 and B-catenin levels in control, pcDNA-expressing Wnt and pcDNA control-transfected cells following
P125A-endostatin treatment. (D) Densitometric analysis of Beclin 1 and B-catenin levels in control, Ad-B-Gal and Ad-Wnt-infected cells following
P125A-endostatin treatment. (E) The number of autophagic vesicles in HUVECs transfected with pcDNA-expressing Wnt and pcDNA control. Vesicles
were quantified after 24 hrs of P125A-endostatin treatment (n = 3). (F) The number of autophagic vesicles in HUVECs infected with Ad-Wnt and
Ad-B-Gal. Vesicles were quantified after 24 hrs of P125A-endostatin treatment (n = 3).

modulated by endostatin treatment is not clear. Real-time PCR
studies showed that the transcript levels change after endostatin
treatment (data not shown). Although transcriptional activation
can increase Beclin 1 levels, it does not rule out alternate mecha-
nisms, such as increased protein stability. Because Beclin 1 is
known to interact with Bcl-2 and Bcl-x., we determined its associ-

© 2009 The Authors

ation with these two anti-apoptotic proteins by immunoprecipita-
tion. Bcl-2, Bel-x. and Mcl-1 inhibit caspase activation and sub-
sequent downstream apoptotic events by preventing the release of
cytochrome ¢ from the mitochondrial intermembrane space
[38-40]. Although our data show that Beclin 1 sequestered Bcl-2
and Bcl-x_ in the early stages of endostatin treatment, a distinct
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Fig. 6 Schematic illustration of the pathway for autophagy induction by
endostatin in endothelial cells. Endostatin treatment reduces Bcl-2, Bcl-
xL and B-catenin levels while increasing the levels of Beclin 1. These
events disrupt the physiological Bcl-2 (or Bel-xL)/Beclin 1 ratio resulting
in the induction of autophagy. In addition, 3-catenin levels negatively cor-
relate with Beclin 1 levels, and it is speculated that g-catenin regulates
Beclin 1 either by altering its stability or by transcriptional repression.

dissociation of Bcl-2 and Bcl-x. from the Beclin 1 complex was
observed after 16 hrs, suggesting that endothelial cells may
switch from a protective autophagic response to programmed cell
death upon sustained exposure. This hypothesis is further sup-
ported by the increased caspase activation upon Beclin 1 knock-
down using shRNA. The mediator of this conversion, however,
remains unknown. Recent studies suggest that the balance
between proapoptotic BH3-only proteins and anti-apoptotic Bcl-2
proteins determines the final outcome of programmed cell death.
For example, a BH3-mimetic, ABT737, not only inhibited the inter-
action between Beclin 1 and Bcl-2—-Bcl-x but also induced apop-
tosis when the intracellular level of Beclin 1 was reduced [16]. It
is tempting to speculate that angiogenesis inhibitors impinge
upon signalling pathways that regulate the interaction of Beclin 1
with Bcl-2-Bcl-xL. This regulation may further control the switch
between autophagy and apoptosis in endothelial cells.

Endostatin is known to affect the Wnt-mediated signalling
pathway by down-regulating B-catenin levels via an unidentified
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GSK-3p—-independent mechanism [11]. GSK-3B plays a critical
role in cell proliferation, differentiation and apoptosis. In addition,
GSK-3p also regulates the degradation of gene expression regula-
tors, particularly, B-catenin, one of the main effectors of the Wnt
signalling pathway. The binding of Wnt to Frizzled activates
Dishevelled (Dsh), often antagonizes GSK-3p activities, and leads
to the stabilization of B-catenin [41]. Although endostatin directly
inhibited the Wnt-g-catenin signalling pathway, the effect was
found to be independent from GSK-3B8 regulations [11].
Therefore, our studies focussed on the correlation between the
expression levels of B-catenin and autophagy in endostatin-
treated cells. Consistent with previous studies, we found that the
treatment of endothelial cells with endostatin (P125A-endostatin
and native endostatin) reduced B-catenin levels in endothelial
cells. Furthermore, we showed that B-catenin levels negatively
correlated with Beclin 1 levels and autophagy. It is not clear
whether B-catenin directly binds Beclin 1 and modulates its levels
in the cytoplasm. This is currently under investigation. Exogenous
stimulation of Wnt pathway, however, increased B-catenin levels and
prevented endostatin-induced increase in Beclin 1. As a conse-
quence, the activation of Wnt pathway significantly inhibited
autophagy. Furthermore, siRNA to 8-catenin was found to potentiate
the effects of endostatin by increasing Beclin 1 levels and autophagy.
Elucidating the mechanisms behind this inverse relationship between
[-catenin and Beclin 1 could reveal novel targets that can be modu-
lated to improve the effects of angiogenesis inhibitors. In conclusion,
our studies suggest that endothelial cells mount an autophagic sur-
vival response to endostatin, and inhibition of autophagy is required
to channel them towards apoptotic cell death. Thus, concomitant
inhibition of autophagy may be a useful strategy to increase the
potency and efficacy of endostatin treatment.
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Fig. 81 Endostatin induces autophagy in endothelial cells. (A)
Representative confocal images of LAMP1-GFP-transfected
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HUVECs (upper panel) and LC3-GFP-transfected HUVECs (lower
panel) treated with P125A-endostatin (20 wg/ml). Native endo-
statin (20 wg/ml) was used under similar conditions. (B) LAMP1-
GFP-transfected HUVECs were treated with different concentra-
tions of P125A-endostatin (A) (n = 6, P < 0.05,**P < 0.001) or
recombinant, native endostatin (20 wg/ml) (O). Rapamycin (m)
was used as a positive control. Results are shown as mean =+ S.E.
(C) LAMP1-GFP-transfected fibroblasts were treated with P125A-
endostatin (20 wg/ml). Etoposide (10 wg/ml) was used as a posi-
tive control.

Fig. 82 Effect of integrin antibodies and down-regulation of inte-
grin sub-units on endostatin-induced autophagy. (A) The number
of LAMP-1-positive vesicles per cell treated with control 1gG was
used as the basal level to calculate fold change in the antibody-
treated groups. Autophagy induction was partially inhibited by
monoclonal antibody against integrin asB1 (15 pg/ml)(n = 3,*P
< 0.05). (B) HUVECs were transfected with LAMP1-GFP and
SiRNA specific to integrin as and integrin B1. Transfected cells
were treated with P125A-endostatin for 24 hrs and assessed for
autophagic vesicles per cell (n = 3, P < 0.001). (C) Effect of inte-
grin antibodies and integrin down-regulation on endostatin-
induced autophagy. FACS analysis data of as@1 levels in HUVECS
transfected with SiRNA «s and B3+. Cells were transfected and ana-
lyzed as previously described [33]. Mouse 1gG1 was used as a
control. (D) Effect of 3-MA on P125A-endostatin-induced
autophagy in HUVECs. 3-MA (5 mM) was added to LAMP1-
GFP-transfected HUVECs culture 12 hrs into the experiment (n = 3,
*P < 0.05, **P < 0.001). (E) LAMP1-GFP was co-transfected
with shRNA specific to Beclin 1 or control scrambled shRNA to
HUVECs [20, 43]. Results are shown as mean + S.E. Statistical
significance was determined using Student’s t-test (*P < 0.05,
**P < 0.001). (F) P125A-endostatin-induced autophagy in
HUVECs is Beclin 1/PI-3 kinase dependent. Knocking down Beclin 1
expression in HUVEGCs is shown. HUVECs were transfected with
shRNA specific to Beclin 1 or control scrambled shRNA as previ-
ously described [20, 32]. Total cell lysates were evaluated for
Beclin 1 expression.

Fig. S3 Beclin 1 down-regulation in HUVECs potentiates P125-
endostatin—induced apoptosis. Transfected HUVECs were gated
for DsRed-positive cell populations and scored for FAM-VAD-
FMK-positive cells. (A) Histogram shows FAM-VAD-FMK-positive
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