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Summary. Endostatin, a proteolytic fragment of
collagen XVIII, is a potent inhibitor of angiogenesis and
suppresses neovascularization and tumor growth.
However, the inhibitory mechanism of endostatin in
human endothelial cells has not been characterized yet.
Electron microscopic analysis revealed that endostatin
induced formation of numerous autophagic vacuoles in
endothelial in 6 to 24 h after treatment. Moreover, there
was only a 2- to 3-fold increase in intracellular reactive
oxygen species after endostatin treatment. Endostatin-
induced cell death was not prevented by antioxidants
(vitamin C, vitamin E, or propyl gallate) or caspase
inhibitors, suggesting that the increase of oxidative stress
or the activation of caspases may not be the crucial
factors in the anti-angiogenic mechanism of endostatin.
However, the cytotoxicity of endostatin was significantly
reduced by 3-methyladenine (a specific inhibitor of
autophagy) and serine and cysteine lysosomal protease
inhibitors (leupeptin and aprotinin). Taken together,
these results suggest that in human endothelial cells: (1)
endostatin predominantly causes autophagic, rather than
apoptotic, cell death, (2) endostatin-induced autophagic
cell death occurs in the absence of caspase activation
and through an oxidative-independent pathway, and (3)
endostatin-induced ‘autophagic cell death or ‘type 2
physiological cell death’ is regulated by serine and
cysteine lysosomal proteases.
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Introduction

Angiogenesis plays an important role in
physiological processes such as embryonic development,
wound healing, and menstrual cycle (Risau, 1997;
Augustin, 1998; Ferrara and Alitalo, 1999). However, it
is also required for the growth and development of solid
tumors and their metastasis, tumor mass being limited to
1-2 mm? unless the tumor recruits additional vascular
network (Folkman, 1996; Hanahan and Folkman, 1996).
To stimulate angiogenesis in order to promote their
survival, tumors upregulate the production of a variety
of angiogenic factors, such as fibroblast growth factors
(aFGF and bFGF) and vascular endothelial growth
factor/vascular permeabilty factor (VEGF/VPF)
(Clement et al., 1999; Bruns et al., 2000). Extensive
angiogensis is, therefore, linked to aggressive tumor
growth and poor prognosis (Folkman, 1995, 1996;
O'reilly et al., 1997; Risau, 1997).

The concept of combating tumors by cutting off their
blood supply using angiogenesis inhibitors or
antiangiogenic proteins has received considerable
interest after the discovery of several endogenous
antiangiogenesis proteins (eg, angiostatin, endostatin,
antithrombin fragment and canstatin) (Harris, 1998).
Endostatin, in particular, has attracted tremendous
attention and has recently been used in human clinical
trial for cancer therapy (Bergers et al., 1999; Oehler and
Bicknell, 2000). It has been isolated from conditioned
media of a murine hemangioendothelioma cell line and
identified as a 20 kDa C-terminal proteolytic fragment of
the extracellular matrix protein, collagen XVIII (O'reilly
et al., 1997). In vitro studies, both mouse and human
endostatin specifically inhibit the proliferation and
migration of endothelial cells, and potently suppress the
neovascularization and tumor growth (Chen et al., 1999;
Moulton et al., 1999; Perletti et al., 2000). Analysis and
comparison of the human and murine endostatin
sequences revealed a high level of conservation (>90%
amino acid identity) (Saarela et al., 1998). Most
remarkably, in mice bearing various types of tumors,
repeated treatments with recombinant endostatin led to
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tumor dormancy but did not induce resistance (Harris,
1998; O'reilly et al., 1997; Yokoyama et al., 2000).
Moreover, endostatin causes apoptosis of rat or cow
pulmonary artery endothelial cells by down-regulating
cell proliferation genes and anti-apoptotic proteins (Bcl-
2, Bel-X| ), then increasing the activation of intracellular
protease caspase 3 (Dhanabal et al., 1999; Shichiri and
Hirata, 2001). Currently, the mechanism of endostatin-
mediated cell death of human endothelial cell lines is
still unclear.

Apoptosis, a complicated event, is induced by
various stimuli or pharmacological agents. Recently,
oxidative stress has been recognized as an important
factor involved in the mechanism of apoptosis. Increased
levels of intracellular free radicals impair mitochondrial
functions, including ATP synthesis, release of
cytochrome ¢ and cleavage of caspases, then initiate the
cell death program (Brunk and Svensson, 1999;
Olejnicka et al., 1999). Our previous observations
indicate that endostatin induces changes in respiratory
rate and decreases ATP synthesis in human endothelial
cells, suggesting that it affects mitochondrial functions
and depletes the energy pool of endothelial cells
(unpublished data). Since it is not known whether
oxidative stress is involved in the mechanism of
endostatin-mediated apoptosis, in the present study we
tested whether it was involved in endostatin-mediated
cell death in endothelial cells. Here, we present evidence
that endostatin predominantly causes autophagic, rather
than apoptotic, cell death. Moreover, endostatin-induced
cell death is independent of oxidative stress and the
caspase pahway, and regulated by serine and cysteine
lysosomal enzymes.

Materials and methods
Cell culture

Human vascular endothelial cell line, EAhy926, was
cultured in 5% CO, at 37 °C in Dulbecco’s modified
Eagle medium containing 10% fetal calf serum, HAT
(100 uM sodium hypoxanthine, 0.4 M aminopterin, 16
uM thymidine), 2 mM glutamine, and 100 U/ml of
penicillin and of streptomycin (Gibco BRL, Rockville,
MD).

Cloning, expression and purification of recombinant
endostatin

Total RNA, isolated from mouse liver using the Tri-
zol reagent (Gibco BRL, Rockville, MD), was used for
RT-PCR cloning of mouse endostatin cDNA. The
sequences of the PCR primers used to clone endostatin
(5’-GCGCATATGCACAGCCACCGCGACTTCCAGC-
3’; 5°-GGGGGATCCCTACTTGGAGGCAGTCA
TGAAGCTG-3") were designed using the mouse
collagen XVIII cDNA sequence (GenBank accession
number: L.22545). After DNA sequencing, the endostatin
c¢DNA was subcloned into the Ndel and BamHI sites of

the GST-2TKcs vector (Amersham Pharmacia Biotech;
UK) to yield the GST-2TKcs-endostatin plasmid. For
expression and purification, the GST-2TKcs-endostatin
plasmid was transformed into BL-21 cells (pLysS;
Novagen Inc., Madison, WI), which were then grown at
37 until log phase (OD600nm approximately 0.5-0.9).
IPTG (1 mM) was then added to induce protein
expression and culture continued for another 3 hr at 30
°C. After centrifugation at 5,000 g for 10 min at 4 °C,
the cell pellet was harvested and resuspended in NETN
buffer (20 mM Tris pH 8.0, 0.5% NP-40, 100 mM NaCl,
1 mM EDTA) containing 1 mM PMSF, 10 pg/ml of
aprotinin, and 10 gg/ml of leupeptin, then homogenized
by sonication or French press. After centrifugation at
14,000 g for 20 min at 4 , the supernatant was collected
and incubated for 30 min at 4 °C with GST-Sepharose
4B resin (Amersham Pharmacia Biotech; UK) to bind
the GST-fused recombinant protein. Following several
washes with NETN buffer, the recombinant protein was
eluted with NETN containing 20 mM reduced
glutathione (Sigma, St. Louis, MO) and applied to a
Sephadex G-25 gel filtration column (Amersham
Pharmacia Biotech, UK) to remove salts. The
recombinant protein was further passed through Detoxi-
Ggel (Pierce; Rockford, Illinois, USA) to remove
endotoxin and then analyzed by western blotting. Under
this purification scheme, the recombinant endostatin was
at least >90% in purity (data not shown).

Cell death assay

Approximately 5 x 10° EAhy926 cells were seeded
in each well of 96-well tissue culture plates and cultured
for 24 h, then incubated for 24 h with various
concentrations (0.001-10 xg/ml) of GST or GST-
endostatin before cell viability was determined using the
MTT assay. In brief, 10 ul of a 5 mg/ml stock solution of
MTT was added to each well and incubation continued
for another 4 h at 37 °C. The insoluble formazan product
was dissolved at 37 °C for 30 min in 100 ul of DMSO
and the absorbance measured at 570 nm using a
microplate reader (Tecan, Austria). For antioxidant and
protease inhibitor studies, EAhy926 cells were
pretreated for 3 h with various drugs [antioxidants:
ascorbic acid (vitamin C, 25 yM), a-tocopherol (vitamin
E, 10 mM), or propyl gallate (PG, 5 puM); caspase
inhibitors: Ac-DEVD-CHO or Ac-YVAD-CHO (100
1M); endosomal trafficking inhibitor: brefeldin (BFA,
100 mM); autophagy inhibitor: 3-methyladenine (3-MA,
10 mM); lysosomal proteinase inhibitors: leupeptin (100
#M) and pepstatin (100 pM)], then coincubated with the
drugs and endostatin for a further 3, 6, 12, or 24 hrs
before cell viability was evaluated using the MTT assay.
Data are presented as the mean + SD for at least three
sets of independent experiments, each experiment being
carried out in duplicate. Differences between different
groups were examined using one-way ANOVA with the
Scheffe’s test. A p value less than 0.05 was considered
statistically significant.
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Acridine Orange (AO) Staining

5x10* EAhy926 cells cultured on coverslides in 24-
well plates were used. For AO staining, cells were
exposed to various concentrations of endostatin for 3, 6,
12, or 24 h, then fixed with methanol : glacial acetic acid
(3:1, v/v), stained for 5 min with 0.5 ml of AO solution
(10 pg/ml in PBS), and examined using an Olympus
BH-2 microscope with a fluorescence attachment.

Transmission electron microscopy

After two washes in PBS, untreated, GST-treated, or
GST-endostatin-treated cells were fixed in 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4,
4 °C) for 30 min. Following osmification and
dehydration, the cells were embedded in Epoxy-Araldite
resin and sections cut on a Reichert ultramicrotome
(Ultracut E), mounted on grids, and double-stained with
uranyl acetate and lead citrate. The sections were viewed
and photographed on a Joel-2000 electron microscope.

Measurement of intracellular reactive oxygen

Species (ROS) Production. Free radical production
was monitored by flow cytometry using 2°,7-
dichlorofluorescein diacetate (DCFH-DA) (Molecular
probe, Eugene, OR). Briefly, the cells (5x10°) were
incubated for 60 min at 37 °C with 50 yM DCFH-DA in
the presence or absence of GST or GST-endostatin, then
centrifuged, resuspended in ice-cold PBS, and subjected
to FACScan flow cytometry (Becton Dickinson).

Flow cytometric analysis

Untreated, GST-treated, or GST-endostatin-treated
cells were washed with ice-cold PBS, then fixed for 1
hour at -20 °C in 70% ethanol. After PBS washes, they
were incubated for 30 min at 37 °C with 0.5 ml of 0.5 %
Triton X-100 in PBS containing 1 mg/ml of RNase A,
and stained for 10 min at RT with 0.5 ml of 50 pg/ml of
propidium iodide (PI). The intensity of the fluorescence
emitted by the PI-DNA complex was quantified after
laser excitation of the fluorescent dye using FACScan
flow cytometry (Becton Dickinson).

Immunocytochemical staining

5x10* cells plated on coverslips in 24-well plates
were used to study the expression of lysosomal-
associated membrane protein-1 (LAMP-1). Briefly,
untreated, GST-treated, or GST-endostatin-treated cells
were fixed for 10 min with cold 4% paraformaldehyde in
PBS (pH 7.4), washed several times with PBS, then
incubated for 2 h at 37 °C with anti-LAMP-1 antibody
(diluted 1:200, Transduction Lab., San Diego, CA).
After washing for 30 min with PBS, the cells were
incubated for 2 h at RT with horseradish peroxidase
(HRP)-conjugated secondary antibodies diluted 1:200,

then bound antibody was visualized using
diaminobenzidine (DAB) and 0.003% H,0,. For light
microscopy, the stained cells were dehydzrated using a
graded alcohol series, then mounted on glass slides with
Entellan (Merck, Germany).

Western Blot analysis

Whole cell extracts from untreated, GST-treated, or
GST-endostatin-treated cells were prepared at various
times. Briefly, cells in 6-well culture dishes were washed
twice with ice-cold PBS, scraped off, and collected by
centrifugation (4 °C, x800 g for 10 min), then lysed for
30 min at 4 °C with gentle agitation in lysis buffer [50
mM Tris (pH 7.5), 150 mM NacCl, 10 mM EDTA, 10%
NP-40, 0.1% SDS, 1 mM PMSF, 10 ug/ml of aprotonin,
and 10 pg/ml of leupeptin]. After centrifugation (4 °C,
15,000 g for 10 min), the supernatants were collected
and stored at —80 °C as whole cell extracts. Protein
concentrations were determined using the Bradford
assay (Bio-Rad., Hercules, CA) and 100-200 pg samples
of protein separated by 12% SDS-PAGE. The separated
proteins were transferred for 2 h at 200 V to Immobilon-
P membranes (Millipore, Bedford, MA) in a Trans-Blot
Electrophoretic Transfer cell, then the membranes were
blocked with 5% skimmed milk in PBS-0.2 % Tween 20
(PBST) for 1 h, incubated for 2 h at RT with caspase-3
and caspase-8 antibodies (diluted 1:500 in PBST,
Transduction Lab. San Diego, CA) respectively, washed
for 1 h at RT in PBS-0.2 % Tween 20, then incubated at
RT with horseradish peroxidase-conjugated secondary
antibody (diluted 1:2000 in PBST). Bound antibody was
detected using the ECL Western blotting reagent
(Amersham, Piscataway, NJ), chemiluminescence being
detected using Fuji Medical X-ray film (Tokyo, Japan).
Induction levels were quantified using either
densitometry or gel image analyses on a Bio-Bad Gel
Doc 1000 system.

Results
Endostatin induces cell death in EAhy926 cells

The effect of endostatin on the viability of EAhy926
cells was evaluated using the MTT assay. More than
90% of cells were killed after 24 h treatment with 10
pg/ml of endostatin (Fig. 1A). As shown in Fig. 1A,B,
endostatin-mediated cell death was dose- and time-
dependent. Surprisingly, treatment with 10 pg/ml
endostatin for 1-2 h was sufficient to reduce cell viability
(Fig. 1B). To determine whether endostatin induced
apoptosis, cells treated for 24 h with 10 yg/ml of
endostatin were examined using AO staining. Our results
demonstrated that only 15-30% of endostatin-treated
cells showed relatively intensive fluorescence with AO
staining (Fig. 2). Consistenly, cell-cycle analysis
confirmed that sub-G1 hypodiploid cells (apoptotic
cells) only made up 15-30% of the cells after 24 h
exposure to 10 pg/ml of endostatin (Fig. 3). Taken
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together, these results indicated that endostatin induces
both apoptosis and non-apoptotic cell death in the
EAhy926 cell line.

Induction of lysosomal vacuoles in EAhy926 cells by
endotastin

In contrast to untreated or GST-treated cells, some
endostatin-treated cells showed a typical morphology of
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Fig. 1. Concentration- (A) and time- (B) dependent effects of endostatin
on the viability of human endothelial EAhy926 cells. Cells (5 x 10%) were
seeded in 96-well culture plates for 24 h. After 24 h with various
concentration of GST or GST-endostatin (A) or after treatment with 10
pg/ml of GST or GST-endostatin for the indicated times (B), cell survival
was determined using MTT assay. Data are expressed as mean + SD of
three measurements.

apoptotic cells with a shrunken cytoplasm and nuclear
chromatin condensation, but most had a relatively large
cytoplasm with abundant vacuoles (Fig. 4). After 3 h
treatment with 10 xg/ml endostatin, numerous vacuoles
were seen, the size of which gradually increased in a
time-dependent manner (Fig. 4C-F). Electron
microscopic analysis indicated that these vacuoles were
autophagosomes, originating from the rough
endoplasmic reticulum (RER), with dilated cisternae
(Fig. 5). These nascent autophagic vacuoles then
enlarged by fusion with primary lysosomes to form
autolysosomes. This was confirmed by immunostaining
with anti LAMP-1 antibody, which specifically stained
the membrane of the vacuoles (Fig. 6A). These results
suggest that the endostatin-induced cell death of
EAhy926 endothelial cells may occur via autophagy.

Measurement of oxidative stress induced by endostatin

Oxidative stress is frequently involved in the
apoptotic mechanism. To determine whether it was
involved in the mechanism of endostatin-mediated cell
death of EAhy926 cells, we measured the production of
intracellular ROS in endostatin-treated cells using
DCFH-DA and flow cytometry. Endostatin treatment
increased H,0, production 2- to 3-fold within 2 h (Fig.
6B). Addition of antioxidants, such as vitamin C,
vitamin E, or propyl gallate, failed to inhibit endostatin-
induced cytoplasmic vacuolization or cell death (Fig. 7).
Taken together, these results suggested that endostatin
induced a small increase in oxidative stress in
endothelial cells, but that oxidative stress may not play a
causal factor in the cytotoxic mechanism of endostatin in
EAhy926 cells.

Lack of caspase activation during endostatin-induced cell
death

Caspases play a central role not only in apoptosis,
but also in some forms of necrosis or autophagic
degeneration. However, since activation of the caspase
cascade is not always found in autophagic cell death, we
examined whether it was involved in endostatin-
mediated cell death. Western blot analysis demonstrated
that there was no significant change in caspase-3 and
caspase-8 in endostatin-treated cells (data not shown). In
addition, three caspase inhibitors (Ac-DEVD-CHO, Ac-
YVAD-CHO, and z-VAD-FMK) failed to suppress
endostatin-induced cell death (Fig. 8A), further
supporting the fact that caspase was not involved in the
mechanism of endostatin-induced autophagic cell death
in EAhy926 cells.

Endostatin-induced autophagic cell death is inhibited by
3-MA, a specific autophagic inhibitor, and by lysosomal
serine and cysteine proteinase inhibitors

To determine whether endocytosis and lysosomal
enzymes were involved in endostatin-induced cell death,
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Fig. 3. Flow cytometric analysis of endostatin-treated EAhy926 cells.
EAhy926 cells were treated for 24 h with vehicle (A) or 10 pg/ml of
endostatin (B), then fixed in cold 70 % ethanol, stained with propidium
iodide (Pl) and analyzed by flow cytometry as described in Materials
and Methods.

Fig. 2. Analysis of apoptotic cell
death in EAhy926 cells after
endostatin treatment. EAhy926
cells, grown on coverslides,
were treated with 10 pg/ml of
endostatin for 0 h (A); 6 h (B);
12 h (C) or 24 h (D), then fixed
with methanol : glacial acid (3:1)
for 10 min at 4 °C. Following
several PBS washes and AO
staining, the cells were
examined using an Olympus
fluorescence microscope.

cells were pretreated for 3 h with an inhibitor of
endosomal trafficking (brefeldin A), an inhibitor of
autophagy (3-MA), or three lysosomal proteinase
inhibitors (leupeptin, pepstatin and aprotinin) prior to
endostatin treatment. As shown in Fig. 8B, the
autophagic inhibitor and the lysosomal serine and
cysteine inhibitors (leupeptin and aprotinin), but not the
endosomal trafficking inhibitor (brefeldin A) or the
lysosomal aspartic acid proteinase inhibitor (pepstatin
A), provided partial protection for endostatin-treated
cells. These results suggest that the endostatin-induced
cell death of EAhy926 cells occurs via the autophagic,
rather than the endocytic, pathway, and is regulated by
lysosomal serine and cysteine proteinases, but not by the
lysosomal aspartic acid proteinase.

Discussion

Endostatin induced different types of cell death in human
endothelial (EAhy926) cells

Although the human endothelial EAhy926 cell line
is a hybrid resulting from fusion of human umbilical
vein endothelial cells (HUVEC) with human lung
adenocarcinoma, A549 cells, EAhy926 cells possess
numerous characteristics of human endothelial cells
(Edgell et al., 1983; van Oost et al., 1986) and are
currently used in cardiovascular studies (Haynes et al.,
2000; Muller et al., 2000; Stula et al., 2000). Since
endostatin arrests cellular proliferation and induces
apoptosis of rat or bovine endothelial cells (Dhanabal et
al., 1999; Gasparini, 1999; Dixelius et al., 2000), we first
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examined its effect on the viability of EAhy926 cells.
Our results show that endostatin caused cell death of
EAhy926 cells in a dose- and time-dependent manner
(Fig. 1). Both fluorescent microscopic and flow
cytometric results showed that it induced apoptotic cell
death in 15-30% of cells and autophagic cell death in the
remaining 70-85%. Apoptotic cells showed
morphological alterations consisting of shrinkage of the
cytoplasm and nuclear condensation and intensive

73

2N
=
B

SN

RN
PN AT 7
|:"' ‘a g

\V ,‘

fluorescence with AO staining (Figs. 2, 4). In contrast,
autophagic cells contained numerous autophagic
vacuoles identified by positive LAMP-1 immunostaining
(Fig. 6A). Autophagy is generally accepted as a normal
catabolic pathway for lysosomal degradation of the
intracellular membrane, cytosolic organelles and
secretory products, but can be increased under
pathological conditions, such as starvation, oxidative
stress or mitochondrial dysfunction (Aubert et al., 1996;
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Fig. 4. Phase-contrast microscopy of
| EAhy926 cells following endostatin

treatment. Cells (5x10%), grown on
coverslides in 24-well culture plates for 24
h, were treated with PBS (A) or 10 pg/ml
of GST (B) for 24 h, or with 10 pg/ml of
GST-endostatin for 3 h (C); 6 h (D); 12
(E), or 24 h (F) and observed on a Nikon
'~ phase-contrast microscope. Note that
~ numerous vacuoles are seen within cells
3l {3‘ after treatment with 10 pyg/ml endostatin
oum for 3 h (C), the sizes of vacuoles gradually

~ 84 increasing with time (C-F).
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Nilsson et al., 1997; Isahara et al., 1999). In addition,
autophagy has recently been linked to neurodegenerative
disease, cardiomyopathy (Danon’s disease) and tumor
development (Petersen et al., 2001; Larsen and Sulzer,
2002; Yue et al., 2002). Recent evidence showed that the
expression of beclin 1 (a mammalian autophagy gene)
protein that can inhibit tumorigenesis is frequently low
in human breast epithelial carcinoma cell lines and
tissue, suggesting that the decreased expression of
autophagic proteins may contribute to the development
of breast and other human malignancies (Liang et al.,

1999). Apoptosis and autophagic degeneration are
recognized as two different types of physiological cell
deaths responsible for the elimination of surplus cells
during embryogenesis and maintenance of tissue cell
number (Bursch et al., 2000). Apoptotic cell death is
characterized by nuclear condensation, DNA
fragmentation, shrinkage of the cytoplasm, and
activation of the caspase cascade, whereas autophagic
degeneration is always accompanied by cytoplasmic
vacuolization and activation of lysosomal enzymes
(Afford et al., 2000; Bursch et al., 2000; Strasser et al.,

Fig. 5. Ultrastructural analysis of endostatin-

treated EAhy926 cells. EAhy926 cells (5x 10%)
were cultured on cultured plates for 24 h, then
treated with 10 pg/ml of GST-endostatin for 0
h (A), 3h (B), 6 h (C), 12 h (D), and 24 h (E
and F) before being fixed with 4 %
paraformaldehdye in 0.1 M phosphate buffer,
postfixed with 1% osmic tetroxide, dehydrated
with series alcohol and embedded in Epon-
Araldite resin. Thin sections, cut using an
ultramicrotome, were mounted on grids and
double-stained with uranyl acetate and lead
citrate as described in Materials and Methods.
Electron microscopy shows endostatin-
induced autophagy in both non-apoptotic (B-
E) and apoptotic cells (F). Numerous
autophagic vacuoles (*), originating from the
rough endoplasmic reticulum (RER) with
dilated cisternae (B-F) are seen in the
endostatin-treated cells. Some autophagic
vacuoles with digested cytoplasmic content
are observed. The sizes of the autophagic
vacuoles increases with time (B-E). Note that
endostatin-induced autophagy is also
observed in an apoptotic EAhy926 cell (F)
characterized by condensed chromatin.
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2000). Although the mechanism of autophagy is still
unclear, it is seen in both apoptotic and non-apoptotic
cells after serum deprivation, mitochondrial damage, or
TNFa treatment (Reipert et al., 1995; Jia et al., 1997;
Lemasters et al., 1998; Isahara et al., 1999). In addition,
there is an indication that early stages of autophagy are
required in the process of TNFa-induced apoptosis (Jia
et al., 1997). In this study, we observed numerous
autophagic bodies in both apoptotic and non-apoptotic
cells, suggesting that endostatin-induced cell death in
EAhy926 cells may occur via the autophagic pathway
and be regulated by lysosomal enzymes.

Endostatin induces cell death of EAhy926 cells via a
ROS- and caspase-independent pathway

Oxidative stress-induced caspase activation is a
common event in both apoptotic and non-apoptotic cell
death. An increase in oxidative stress caused by various
stimuli or anticancer drugs induces DNA damage,
decreases the mitochondrial membrane potential,
activates the caspase cascades and subsequently initiates
cell death (Nilsson et al., 1997; Bunk and Svensson,
1999). However, it is not known whether oxidative stress
increases during endostatin-induced cell death. In the
present study, we showed that ROS production only
increased by a small amount (2-fold) in endostatin-
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treated cells, whereas, under the same experimental
conditions, an up to 5-fold increase in the intensity of
DCF-DA fluorescence was seen in the H,O,-treated
positive control (Fig. 6B). In addition, pretreatment of
antioxidants and caspase inhibitors had no significant
protective effect on endostatin-induced cell death,
suggesting that it occurred via a ROS- and caspase-
independent pathway (Figs. 7, 8A).

Involvement of lysosomal enzymes in endostatin-induced
cell death

Morphological and immunocytochemical
observations showed that increased autophagic activity
was, in some way, associated with the process of
endostatin-induced apoptotic and autophagic cell death
(Figs. 4-6A). Autophagy, which usually occurs in normal
cells to maintain cellular homeostasis, consists of the
sequestration of intracellular components and
degradation by lysosomal enzymes. It is also induced by
various starvation conditions and is necessary for the
cells to degrade and for reused cytosolic
macromolecules for survival. The autophagic machinery
is highly conserved in organisms as diverse as plants,
animals and yeast. The process includes at least four
discrete steps: the induction and the formation of the
autophagosome, fusion of the autophagosome with the

25um

Fig. 6. Immunostaining of LAMP-1 (lysosome associated membrane
protein-1) and Measurement of ROS generation in EAhy926 cells following
endostatin treatment. A. EAhy926 cells, grown on coverslides in 24-well
plates, were treated with 10 pg/ml of GST-endostatin for 0 h (a) or 12 h
(b). After several PBS washes, the cells were fixed, then incubated with
anti-LAMP-1 antibody followed by horseradish peroxidase (HRP)-
conjugated secondary antibodies. Bound anti-LAMP-1 was visualized
using diaminobenzidine (DAB) and 0.003% H,0, as substrate. Lysosomes
(arrows) in cells are immunostained with anti-LAMP-1 antibody. The
arrowheads indicate that LAMP-1 immunostaining is specifically localized
on the membrane of autophagic vacuoles in endostatin-treated cells. (B)
Intracellular hydrogen peroxide generation in GST-treated,H,0,-treated or
GST-endostatin-treated cells was detected by flow cytometry using a
peroxide-sensitive dye, DCFH-DA. Note that only a small increase in H,0,
is seen in EAhy926 cells after treatment with endostatin compared to in
H,O,-treated positive control cells.



723

Autophagic cell death induced by endostatin

lysosome or vacuole, and autophagic vacuole breakdown
(Klionsky and Emr, 2000). Autophagic vacuoles are
known to form by the fusion of endocytotic vesicles
(endosomes) and lysosomes, indicating the convergence
of the autophagic and endocytic pathways (Liou et al.,
1997). Active endostatin uptake is detected in murine
brain endothelial cells, indicating that endostatin
internalization occurs and is possibly mediated by a cell
surface receptor. However, it is still unclear whether the
endocytic/autophagic pathways are involved in the
mechanism of endostatin-mediated cell death. The

effects of brefeldin A, an endocytic trafficking inhibitor,
and 3-MA, an anti-autophagic drug, were tested, and 3-
MA, but not brefeldin A, was found to reduce
endostatin-induced cell death (Fig. 8B), supporting our
idea that the internalized endostatin did not provided any
cytotoxic effect on endothelial cells because internalized
endostatin in endosomes is rapidly degraded (Dixelius et
al., 2000). Autophagy, a major pathway for the
degradation of cellular proteins, is regulated by
lysosomal proteinases (Klionsky and Emr, 2000).
Lysosomal serine proteases and cysteine protease have

Fig. 7. Effects of various antioxidants on
endostatin-induced cell death in EAhy926

cells. Cells (5 x 10 were seeded in 96-
well culture plates for 24 h. Following a 3-
 h pretreatment with various antioxidants
(vitamin C, vitamin E or propyl gallate),
EAhy926 cells were coexposed to
antioxidant and 10 pg/ml of GST-
endostatin for 24 h and the cell
morphology monitored by phase contrast
microscopy. Note that pretreatment with
antioxidants fails to inhibit the
morphological changes such as
cytoplasmic vacuolization, induced by
endostatin.
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been implicated in the processing and degradation of
native collagens in vitro (Starkey, 1977; Maciewicz and
Etherington, 1988). The neutrophil serine elastase and
the cysteine protease cathepsin K can attack the triple
helix of collagen (Kafienah et al., 1998a,b) . Cathepsin L
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Fig. 8. Effects of caspase inhibitors and protease inhibitors in
endostatin-mediated autophagy in EAhy926 cells. A. Following a 3-h
pretreatment with various caspase inhibitors (z-VAD-FMK, Ac-DEVD-
CHO and Ac-YVAD-CHO), EAhy926 cells were coexposed to inhibitor
and 10 pg/ml of GST-endostatin for 24 h. The effects of various caspase
inhibitors on the survival of endostatin-treated cells were measured by
the MTT assay. Data are presented as the mean + SD (n=6). No
significant difference (p<0.05%) is found between the endostatin-treated
group and caspase inhibitor / endostatin-treated groups. B. The
inhibitory effects of 3-MA and serine and cysteine lysosomal inhibitors
on endostatin-induced autophagic cell death were examined in EAhy926
cells. Cells were pretreated for 3 h with brefeldin A, 3-MA, leupeptin,
pepstatin or aprotinin prior to coexposure to inhibitor and GST-
endostatin for 24 h. The survival of endostatin-treated cells in the
presence and absence of various lysosomal inhibitors was measured
using the MTT assay. Data are presented as the mean + SD (n=6). A
significant inhibitory effect of 3-MA or leupeptin or aprotinin is seen
compared with endostatin alone (*p: <0.05%).

and the other collagenolytic serine and cysteine
proteases cleave within non-helical regions located at
either end of native collagens, leading to destabilization
of the fibrils (Starkey, 1977; Maciewicz and Etherington,
1988; Kafienah et al., 1998a,b; Zatterstrom et al., 2000).
Although aspartic acid lysosomal proteases are not
involved in the degradation of native collagen, the
aspartic acid protease, cathepsin D, has been
demonstrated to be a death factor regulating neuronal
cell death under conditions of serum deprivation (Isahara
et al., 1999). We therefore examined the roles of
lysosomal enzymes in the autophagic process, using
three lysosomal proteinase inhibitors; aprotinin (a serine
proteinase inhibitor), leupeptin (a serine and cysteine
proteinase inhibitor), or pepstatin A (an aspartic acid
proteinase inhibitor), respectively, and found that only
aprotinin and leupeptin provided partial protection and
delayed endostatin-induced cell death. Taken together,
these results suggest that the effect of endostatin on
EAhy926 cells is mediated via a signaling pathway
which upregulates autophagic capacity and promotes the
activities of serine and cysteine lysosomal proteinases.
In this study, we observed that it is the RER, rather than
ribosome-free ER, which is responsible for autophagic
sequestration, indicating that protein synthesis in the ER
may be perturbed by endostatin. Autophagy is a novel
pathway of active cell death, which is regulated by
lysosomal proteinases (Kim et al., 2001; Klionsky and
Emr, 2000). Inhibition of lysosomal enzymes by
protease inhibitors showed that the serine and cysteine
lysosomal enzymes, but not aspartic acid lysosomal
enzymes, participate in the endostatin-induced
autophagic process. Moreover, it is likely that multiple
signaling pathways are involved in the anti-angiogenic
effect of endostatin. Many studies have shown that
endostatin interacts with several cellular molecules such
as integrin a561, caveolin-1, MMP-2, and KDR/Flk-1
(Wickstrom et al., 2002; Kim et al., 2002, Lee et al.,
2002; Shichiri and Hirata, 2001). Accordingly, it is
tempting to speculate that the cellular response to
endostatin such as apoptosis and autophagy observed in
the present study may be mediated by different signaling
pathways.

In summary, we conclude that in EAhy926 human
endothelial cells: (1) endostatin causes predominantly
autophagic, rather than apoptotic cell death; (2)
endostatin-induced autophagic cell death occurs in the
absence of caspase activation and through an oxidative-
independent pathway; and (3) endostatin inducing
‘autophagic cell death’ or ‘type 2 physiological cell
death’ is regulated by serine and cysteine lysosomal
proteases.
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