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CD105 prevents apoptosis in hypoxic endothelial cells
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Summary

CD105, a marker of endothelial cells, is abundantly hours of hypoxic stress. Hypoxia induced cell cycle arrest
expressed in tissues undergoing angiogenesis and is aat the GO/G1 phases and massive cell apoptosis after 24
receptor for transforming growth factor (3. The pivotal role  hours through a reduction in the Bcl-2 to Bax ratio,
of CD105 in the vascular system was demonstrated by the downregulation of Bcl-X. and Mcl-1, and upregulation
severe vascular defects that occur in CD105-knockout mice, of caspase-3 and caspase-8. The consequence of CD105
but the exact mechanisms for CD105 regulation of vascular upregulation was revealed using an antisense approach and
development have not been fully elucidated. In light of the a TUNEL assay. Suppression of CD105 increased cell
function of CD105 and the importance of hypoxia in apoptosis under hypoxic stress in the absence of TGRE.
neovascularisation, we speculated that CD105 is involved Furthermore, hypoxia and TGF{31 synergistically induced

in hypoxia-initiated angiogenesis. Using tissue-cultured apoptosis in the CD105-deficient cells but not in the control
human microvascular endothelial cells, we have cells. We conclude that hypoxia is a potent stimulus for
investigated the effects of hypoxic stress on CD105 gene CD105 gene expression in vascular endothelial cells, which
expression. Hypoxia induced a significant increase in in turn attenuates cell apoptosis and thus contributes to
membrane-bound and secreted CD105 protein levels. angiogenesis.

CD105 mRNA and promoter activity were also markedly

elevated, the latter returning to the basal level after 16 Key words: Hypoxia, CD105, Endothelial cells, TRF Apoptosis

Introduction 1997). CD105 appears to function in these processes by

Angiogenesis, the formation of neovasculature, is importarf€gulating TGB signalling.

for tumour growth and metastasis, diabetic retinopathy, Hypoxia is a common feature of tumour and ischaemic
rheumatoid arthritis and atherosclerosis (Folkman, 1998issues (Semenza, 2000). If the cellular oxygen concentration
Kumar et al., 1996). CD105, a receptor for B&Fand fails to match the requirements of energy metabolism, a
TGFB3, is a crucial molecule in vascular development andiumber of genes are triggered to respond to the hypoxic
angiogenesis. Overexpression of CD105 is found irenvironment. Hypoxia-inducible genes promote cell survival
neoplastic and regenerating tissues where it is implicated #y expediting oxygen delivery to the oxygen-deprived tissues
promoting angiogenesis (Burrows et al., 1995; Seon an®.g. erythropoietin) (Wanner et al., 2000), by increasing
Kumar, 2001; Takahashi et al., 2001; van de Kerkhof et alglucose transport (e.g. glucose transporter-1) (Ebert et al.,
1998; Wikstrom et al., 2002; Tanaka et al., 2001). Targete#i995), by raising the levels of glycolytic enzymes (e.g. lactate
disruption of the CD105 gene in mice leads to defectivelehydrogenase A) (Kambe et al., 1998) and, most importantly,
embryonic angiogenesis and foetal death, which indicaté8y promoting angiogenesis (Marti and Risau, 1999; Yue and
that it is an absolute requirement for normal vasculafomanek, 1999). A number of angiogenic factors, such as
development (Arthur et al., 2000; Bourdeau et al., 1999; Lvascular endothelial growth factor (VEGF) (Mukhopadhyay et
et al., 1999). CD105 gene mutations in man are responsib#., 1995; Schweiki et al., 1992), angiopoietin-2 (Mandriota et
for hereditary haemorrhagic telangiectasia type 1, aal., 2000), erythropoietin (Huang et al., 1997) and fibroblast
autosomal dominant disorder characterised by multisystemigrowth factor (Sakaki et al., 1995) are induced by oxygen-
vascular dysplasia and recurrent haemorrhage (Shovlin amgprivation to facilitate angiogenesis.

Letarte, 1999). We and others have shown that CD105 forms Considering the pro-angiogenic function of CD105, we
complexes with the TGFreceptors | and Il and actively speculated that there might be an association between oxygen
regulates TGB signalling in human vascular endothelial deprivation and CD105 gene expression. Should such a
cells (ECs) and CD105-transfected cells (Lastres et al., 1996lationship exist, it would not only explain the augmented
Li et al.,, 2000a; Yamashita et al., 1994). T85fegulates expression of CD105 in tumours and ischaemic tissues but
cell proliferation, differentiation, extracellular matrix would also have therapeutic implications for many angiogenic
metabolism, angiogenesis and vascular integrity (Peppedjseases. Furthermore, elucidating the function of CD105
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under hypoxic stress would improve our understanding of themembrane (Millipore) (Li et al., 2000a). mAb E9 (1:1000; j@géml)
pathogenesis of several vascular diseases in which CD105iiigblocking solution was applied to detect CD105 protein, and filters
implicated. were incubated overnight at 4°C. Finally, the blots were incubated
with horseradish peroxidase (HRP)-conjugated rabbit anti-mouse IgG
(DAKO) for 2 hours at 4°C with shaking. The CD105 protein was
. visualised using the enhanced chemiluminescence system (Amersham
Materials and Methods Biosciences, UK). As an internal loading control, the blot was stripped
Cell culture and reprobed using a goat amtactin (Sigma) or mouse anti-CD31
Human dermal microvascular endothelial cells (HDMECs)antibody (DAKO) and detected by HRP-conjugated secondary
(Clonetics, San Diego, CA) were grown in complete growth mediunantibodies. CD105 shed into the medium was detected by a
composed of MCDB 131, 10 ng/ml epithelial growth factor, 10% (v/v)chemiluminescent ELISA system as described previously (Wang et
foetal calf serum (Invitrogen), 2 mM glutamine plus 10@/ml al., 1995; Li et al., 2000c).
penicillin and 100 pg/ml streptomycin. For hypoxic exposure,
confluent HDMECs were incubated within a modular incubator ) )
chamber filled with a gas mixture of 0.2% oxygen, 5% carbon dioxidé\nalysis of CD105 mRNA by northern blotting
and 94.8% nitrogen placed in a 37°C incubator. Control cells with th&otal RNA from HDMECs was extracted using guanidinium
same confluency were maintained at normoxic conditions (20%hiocyanate/phenol/chloroform (Chomczynski and Sacchi, 1987).
oxygen, 5% carbon dioxide and 75% nitrogen) in the same incubatdRNA samples (1%g) were denatured and fractionated in 1% (w/v)
To study cell apoptosis under hypoxic stress, HDMECs in completagarose/2.8% (v/v) formaldehyde gel and blotted onto nitrocellulose.
growth medium were cultured in the hypoxic chamber in the presencehe CD105 probe used was a 2.3 kb fragment excisedBeitRI
or absence of recombinant human PEKR&D Systems, Abingdon, from the pcEXV-EndoL plasmid (Lastres et al., 1996) and labelled
UK) for 24 hours. We used ELISAs that were sensitive for fIGF  with 32P by random prime labelling. The blot was hybridised with the
and TGPB3 [and can detect as little as 20 pg/ml of PEFRand 100 32P-labelled probe and the hybridisation was revealed by a
pg/ml of TGFR3 (Li et al., 2000b)], but we did not detect BGBr phosphorimager (Molecular Dynamics), then analysed using Image
TGFB3 in the complete growth medium. However, in order toQuant software. The blots were rehybridised W#P-labelled probe
eliminate any trace amount of TGF and TGR3 in the medium, for GAPDH for use as a loading control.
neutralising antibodies to T@E and TGIB3 were administered in
parallel experiments. Targ/ml of chick anti-TGB1 (R&D Systems) )
and an equal amount of goat anti-T®3RR&D Systems) were added Luciferase reporter gene assay
to the cultures in the absence of exogenously adde@®TGFTGH3 To determine the level of CD105 promoter activity, plasmid pXP2
during exposure to hypoxia. This antibody concentration wasarbouring the 2.8 kb (-2450/+350) CD105 promoter (Rius et al.,
sufficient to neutralise the bioactivity of 2,000 pg/ml of BAFand  1998) and a downstream firefly luciferase gene was used for transient
250 pg/ml of TGB3. transfection of HDMECSs. Internal normalisation was performed by
To suppress CD105 expression in HDMECs, an antisense approachtransfection of the pXP2 plasmid with Cayal, ap-galactosidase
was applied as described previously (Li et al., 2000a). Briefly, the 1Gxpression vector driven by the cytomegalovirus (CMV) promoter.
mer antisense phosphorothioate-modified oligodeoxynucleotide (A%$ransfection of HDMECs was carried out using the liposome-
ODN: 5-ATGCTGTCCACGTGGG-3 and the scrambled control mediated gene transfer technique. Briefly, cells were seeded Gt 1
ODN with the same base composition (SC ODNAGTCGTGC-  cells per 35 mm dish and the following day were transfected with 8
TACGGTGG-3) were synthesised (Applied Biosystems, Foster City,ug/ml of DMRIE-C (Invitrogen) plus lug of plasmid CM\Bgal
CA). Subconfluent HDMECs grown in 35 mm petri dishes weremixed with 2ug of pXP2 in serum-free medium. Twenty-four hours
transfected with 0.5 nM/ml of AS or SC ODN plug@ml of DMRIE- after transfection, the cultures were replenished with complete
C (Invitrogen) in serum-free medium. After overnight incubation, themedium and placed in hypoxic or normoxic conditions for the
medium was replenished with complete growth medium, andlesignated time periods. Thereafter, the cells were harvested and the
incubation was continued for an additional 48 hours in normoxiaenzymatic activity determined. Luciferase arffdgalactosidase
Thereafter the medium was replaced with fresh complete growthctivities were measured on a TD-20/20 Luminometer (Promega, WI)
medium, and the cultures were exposed to hypoxia for up to 24 hournd a colorimetric plate reader (Labsystems), respectively, using kits
from Promega (UK).

Analysis of CD105 protein expression

Cell surface expression of CD105 protein in AS-, SC-treated of€ll cycle analysis

untreated cells was quantified by flow cytometry as describe@ell cycle distribution was evaluated by propidium iodide staining of

previously (Li et al., 2000a). Briefly, 2@ells per tube were incubated nuclei and flow cytometric analysis (Li et al., 1991 cells were

with 50 pl (10 pg/ml in PBS) of anti-CD105 mAb E9 or pre- fixed with 2 ml cold 70% (v/v) ethanol in PBS, immediately mixed

immunised mouse serum as a negative control antibodyg/hol in and slowly agitated for 15 minutes at room temperature. After two

PBS) on ice for 1 hour and washed twice with cold PBS. mAb 44G#vashes with PBS, 0.7 ml of 0.2 mg/ml pepsin (Sigma) in 2 M HCI

to human CD105 (Gougos and Letarte, 1988) was also employed faras added to the pelleted cells for simultaneous proteolysis and DNA

comparison with mAb E9. After incubation with a fluorescein-denaturation at 37°C for 30 minutes. The hydrolysis was terminated

labelled F(ab?fragment of rabbit anti-mouse antibody (1/40; DAKO, by addition of 2 ml of 1 M Tris (pH 10). Cells were washed twice and

Denmark) for 30 minutes on ice, the cells were washed and réacubated in 0.3 ml PBS containing @/ml propidium iodide for

suspended in 0.3 ml of 2% buffered formalin and analysed on a Bectd® minutes on ice. To determine the proportion of cells in various

Dickinson FACScan flow cytometer. phases of the cell cycle, propidium iodide staining of the DNA in
For analysis of CD105 protein by immunoblotting, CD105 protein2x10* nuclei was quantified using a Becton Dickinson FACScan flow

was extracted from HDMECs by solubilising10? cells/ml with a  cytometer.

cocktail buffer [0.2% (v/v) Nonidet P-40 in 0.1 M Tris buffer (pH 7.3),

0.5 M PMSF, 1 mM pepstatin, 0.1 mM leupeptin, 1 mM EDTA] and ) )

resolved on 4-7.5% (w/v) sodium dodecyl sulphate (SDS)Analysis of apoptosis

polyacrylamide gel and electrophoretically transferred onto a PVDRhe terminal deoxynucleotidyltransferase-mediated dUTP end
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labelling (TUNEL) assay was used to identify cell apoptosis. CelldVicl-1, caspase-3 and caspase-8 (BD Biosciences) were incubated
were seeded onto chamber slides (Nunc) at a densityl@f 2ells  with 5x1P cells/tube for 1 hour on ice. Pre-immunised rabbit serum
per 0.5 ml per well, grown overnight and subjected to hypoxic oor isotype matched mouse immunoglobulins were used as negative
normoxic conditions. Fragmented DNA staining of apoptotic cellscontrols. The FITC-conjugated secondary antibodies (DAKO) were
was carried out using a commercial kit (Roche, Mannheim, Germanyadded and incubated for 30 minutes on ice. Flow cytometric analysis
Briefly, the cells were rinsed twice with pre-warmed PBS followed bywas carried out on a FACScan.

fixation using 4% paraformaldehyde for 1 hour at room temperature.

The fixed cells were permeabilised by incubation with 0.1% Triton X-

100 in 0.1% sodium citrate for 2 minutes. The cells were rinsed agaiResults

with PBS and incubated with 50 per sample of TUNEL reaction ; ;
mixture for 1 hour at 37°C. A negative control was included in eact'#ypOXla upregulates CD105 protgln levels .
staining wherein only the labelling solution was added. HDMECs collected from normoxic or hypoxic cultures were

TUNEL staining of cells for FACS analysis was carried out usingStained with mAb E9, which reacts specifically with- human
the same kit as described above. The cells were fixed with a freshiyD105 (Pichuantes et al., 1997), and cell surface CD105
prepared paraformaldehyde solution (4% in PBS, pH 7.4) for 1 howexpression was quantified by flow cytometry. CD105 levels
at room temperature. After one wash with PBS, cells weravere markedly elevated under hypoxic conditions compared
permeabilised using 0.1% Triton X-100 in 0.1% sodium citrate for Zyith normoxic conditions, especially after 16 hours (Fig. 1A).
minutes on ice, followed by two washes with PBS. The permeabilisegthe geometric mean fluorescence intensity increased from
cells were stained with 50/sample of the TUNEL reaction mixture 149.5+13.5 in normoxic conditions to 278.0+19.0 after 16
containing the enzyme or the labelling solution without the enzym P . : 0 i -
as a negative control and incubated for 1 hour at 37°C in a humidifiggﬁ :Jf;‘zec’f (?ggg)s(lc s,&”ct;usreéggssil? 32383'838{;’ 'tgcrggr?ﬁ);?ec?#e

chamber in the dark. Finally, the cells were washed twice with PB o :
and resuspended in 0.5 ml PBS for FACS analysis. For quantificatidig@ctivity of mAbs E9 and 44G4 against human CD105 on the

of anti- and pro-apoptotic proteins, cells were harvested, fixed ang@me HDMECs (Gougos and Letarte, 1988; Pichuantes et al.,
permeabilised as described above. Antibodies to Bcl-2, BcB¥x,  1997). Both mAbs reacted with ~100% of the confluent cells
in normoxic conditions. mAbs 44G4 and E9 bound equally
well to HDMECs, resulting in almost identical results under
hypoxic conditions (data not shown). Next, analysis of total
CD105 present in cellular extracts was carried out by
immunoblotting analysis. Cell extracts were prepared from the
same batch of HDMECs used for flow cytometry analysis and
subjected to electrophoresis under non-reducing conditions,
blotted to PVDF membrane and probed using a mAb against
CD105 and a goat andi-actin antibody. In contrast to flow
) cytometry analysis, which detects only membrane-bound
Baration. ot hyposia antigen, immunoblotting identifies total CD105. As depicted
in Fig. 1B, two specific bands with molecular weights of

Geometric mean
fluorescence intensity

0 1 3 6 16 24(n

B . A 3 ,(' 16 24 A0 approximately 180 and 95 kDa were observed. The 180 kDa
(Ds) band corresponds to the mature dimeric form of CD105 and

- - .mm“ showed a ~threefold greater intensity after 16 hours of hypoxic

— 95 culture compared with normoxic controls. The smaller band is

Actin R

Fig. 1. Hypoxia induces CD105 protein expression. HDMECs were
cultured under hypoxic conditions for up to 24 hours, and CD105
expression was quantified by flow cytometry (A), immunoblotting
(B) and ELISA (C) as described in Materials and Methods.
(A) Hypoxic culture resulted in a maximal cell surface expression of
' CD105 at 16 hours (86.3% increase). The data represent five samples
at each time point collected from five separate experimeRt)(05
and **P<0.01 compared with 0 hours as analysed by one-way
ANOVA followed by the Duncan test). JEell extracts were
resolved on 4-7.5% SDS-PAGE under non-reducing conditions and
electrophoretically transferred onto membranes. The blot was probed
using mAb E9 and a rabbit antiactin antibody. The maximal
expression (as quantified on a densitometer) of CD105 was seen at
16 hours of hypoxic culture. Similar results were observed when the
02 = : blots were reprobed using mAb 44G4 (data not shown). The bar
s = chart shows the CD105 signal intensity relative to actin, pooled from
three experiments. {Conditioned medium was collected, and
soluble CD105 levels were quantified using a chemiluminescence
ELISA system. CD105 levels peaked at 16 hours of hypoxic culture.
The data represent six replicates at each time point pooled from three
; separate experimentsR%0.05 and *P<0.01 compared with O hours
0 1 3 6 18 24 as analyzed by one-way ANOVA followed by the Duncan test).

Duration of hypoxia Vertical bars indicate the standard error of the means.
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likely to be a monomer of CD105 (Paquet et al., 2001). Botl
the dimer and the monomer forms of CD105 were marked|
increased under hypoxic conditions and were maximal at 1
hours, indicating that hypoxia significantly elevated the level:
of total cellular CD105 protein. When the blots were strippec
and reprobed using mAb 44G4, the same bands were observ
with similar intensity, confirming that the two mAbs to human
CD105 had almost equal reactivity.

CD105 levels in the blood of patients with breast cancer an
those with atherosclerosis are elevated and associated w
disease progression. Thus CD105 could be a marker for certe
clinical conditions (Blann et al., 1996; Li et al., 2000c). In the
present study, CD105 levels were quantified in conditione
medium collected from cells used for protein and mRNA
analysis. The levels of secreted CD105 were increased aftel
hour of oxygen deprivation, peaked at 16 hours in hypoxis
cultures and remained higher than controls at 24 hours (Fi
1C). However the biological implications of the increase in
CD105 are unknown. The profile of secreted CD105 in th
oxygen-deprived medium was comparable to cell surfac
CD105 observed by flow cytometry and total CD105 estimate
by immunoblotting analysis.

0 1 3 6 16 24 (h)
CDI105 = '“"’U‘l“-—-w

GAPDH et s e s, st s
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0o 1 3 6 16 24(h

. Duration of hypoxia
Hypoxia upregulates CD105 mRNA levels and promoter

activity Fig. 2. Effect of hypoxia on CD105 transcription. (A) Northern blot

. nalysis. Total RNA was extracted from HDMECSs and fractionated
To analyse whether th_e levels of CD105 tran_scrlpts Weﬁn ayl% denaturing agarose gel. After blotting onto a nitrocellulose
also affected by hypoxia, total RNA was fractionated anqnemprane, the fractionated RNA was probed u&Rgabelled
hybridised with radiolabelled CD105 and GAPDH cDNAS, cpNAs for CD105 or GAPDH, visualised on a phosphorimager and
visualised on a phosphorimager and quantified using @uantified using a densitometer. Maximal expression of CD105
densitometer. Hypoxia elevated CD105 mRNA levels, whictmRNA was observed at 3 hours with a ~threefold increase over
was evident even after 1 hour, compared with normoxic culturgormoxic culture. The bar chart represents CD105 mRNA relative to
(Fig. 2A). The highest expression of CD105 mRNA (aGAPDH mRNA signal intensity collected from three experiments.
~threefold increase) occurred at 3 hours. The relatively wedl@) Hypoxia activates the CD105 promoter. HDMECs (the same
signal for CD105 mRNA after 24 hours of hypoxic culture wasPatch of cells as for panel A) co-transfected with plasmid
considered to reflect hypoxia-induced cell cycle arrest anagfdzi{%ﬁ%?fg‘g gzdhgxfgfbgg;géog‘gi\t’i?yd\?v;gyg;’é'fmine dand
apoptosis, which was Conflrme'd by propidium iodide stainin rmalised t@3-galactosidase activity. CD105 promoter activity
and a TUNEL assay, as des_crlbed _beloyv. These IOW levels gaked between 3 hours and 6 hours of cultPe@05 and
CD105 mRNA were concomitant with high expression levels« p<g 01 compared with 0 hours as analysed by one-way ANOVA
of CD105 protein (Fig. 1), in agreement with the high stabilityfollowed by the Duncan test). Data represent six replicates at each
of the protein (Paquet et al., 2001). To assess whether tkige point collected from three separate experiments. Vertical bars
increased CD105 expression in hypoxic conditions was due todicate standard error of the means.
an increased promoter activity, CD105 promoter activity was
examined using a luciferase reporter assay. CD105 promoter
activity was significantly induced by hypoxia, reaching atotal population — blue profile) after 24 hours of hypoxic
maximal level after 3-6 hours of hypoxic culture (Fig. 2B).culture, implying massive cell apoptosis (Fig. 3A). A TUNEL
Longer durations of hypoxia (more than 16 hours) led to basalssay was carried out in parallel on the same batch of cells to
levels of the promoter activity, probably owing to cell cycleidentify cells with fragmented DNA. Under normoxic
arrest and apoptosis. conditions, few apoptotic cells were observed. In contrast, in
cells grown under hypoxic conditions DNA fragmentation
occurred in a time-dependent manner: prolonged exposure to
Hypoxia induces cell cycle arrest and apoptosis in oxygen deprivation induced substantial cell apoptosis (Fig.
HDMECs 3B). The highest proportion of apoptotic cells was detected
Since persistent hypoxia induces alterations in cell cycle arafter 24 hours of hypoxic culture, which is consistent with the
apoptosis in certain cell types (Carmeliet et al., 1998), adata obtained by propidium iodide staining.
analysis of cell cycle and apoptosis was performed in hypoxic
HDMECSs. Prolonged exposure to hypoxia (24 hours) led to a ) ) ] ]
dramatic alteration in cell cycle, that is, more cells arrested &lypoxia alters expression of pro- and anti-apoptotic
the GO/G1 phases and fewer cells undergoing DNA synthesigarkers
(S phase). Moreover, DNA fragmentation was observed in @o investigate the mechanisms by which hypoxia induces cell
considerable proportion of cells (approximately 21% of theapoptosis, the protein expression of the known anti-apoptotic
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] §=39.5% = $=38.2% $=28.7%
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g Fragmented 55" Fragmented Fragmented

i DNA=2.7% DNA=33% ¥ DNA=21.1%

Fig. 3.Cell cycle analysis and TUNEL staining of
cells cultured under hypoxic conditions. HDMECs 1
were cultured under hypoxic conditions for 0, 6 or 24 |
hours as indicated. (A) For cell cycle analysis, DNA
was stained using propidium iodide and analysed by
flow cytometry. Hypoxic culture resulted in an
increased number of cells arrested at the GO/G1
phases and an increased level of DNA fragmentation
(blue profile). (B) TUNEL staining was performed on
the same batch of cells used for cell cycle analysis.
Apple green staining of nuclei corresponds to
apoptotic cells. Hypoxic culture led to an increased
number of apoptotic cells (original magnification:
x250). All experiments were performed at least three
times and produced similar results.

markers Bcl-2, Bcl-X, Mcl-1 and the pro-apoptotic markers 70 - " 5 Normoxia
Bax, caspase-3 and caspase-8 were quantified in cells unc 2 60 - = Hvboxia
normoxia or hypoxia for 24 hours. As shown in Fig. 4, Bcl-X = 2 P
and Mcl-1 were significantly suppressed, Bax and Caspase 2 2 50+ *k
were markedly raised and caspase-8 slightly raised in hypoxi o E 404«
Although Bcl-2 was elevated in hypoxia, the ratio of Bcl-2to & 2
Bax was lowered from 1.36 in normoxia to 0.79 in hypoxia. § & 301
These data suggest that hypoxia induces cell apoptosis throu & @ 20~
the downregulation of Bcl-Xand Mcl-1, upregulation of Bax, S 104
caspase-3 and caspase-8 and the lowering of the Bcl-2 to B = o
ratio. o

v > > S

& @‘}:\‘ & & &

Suppression of CD105 gene expression using an 0'2? Q‘Zr6

antisense approach Fig. 4. Analysis of anti- and pro-apoptotic proteins under hypoxic
To investigate the role of CD105 in HDMECs, CD105 9€N&onditions. Cells collected after 24 hours of culture under normoxic

expression was specifically inhibited using an antisensg; hypoxic conditions were subjected to immunostaining using
approach. There have been numerous reports in the literatuigecific antibodies and FACS analysis. The ratio of Bcl-2 to Bax
using the same experimental approach, and the method @bpped from 1.36 in normoxia to 0.79 in hypoxia. Data were
transfection is mild and well-tolerated. Thus, examining thexpressed as meansts.e.m. pooled from duplicate samples of three
effect of hypoxia on the transfected cells is considered to bexperiments (P<0.05 and *P<0.01, student's-test).

appropriate. In comparison with HUVECS, in which CD105

was significantly reduced using 0.25 nM/ml of AS ODN plus

5.6 ug/ml of lipofectACE (Invitrogen) (Li et al., 2000a), expression of CD31, VWF, T@Receptor | and receptor Il in
HDMECs were less responsive to such a formulationthe untreated HDMECs or HDMECSs treated with either AS or
However, the efficacy was improved by using an increase8C ODN. As determined by FACS and immunoblotting, these
concentration of AS ODN (0.5 nM/ml) plus gg/ml of cell membrane proteins were not affected by the ODN
DMRIE-C (Invitrogen). FACS and immunoblotting analysis treatment, whereas CD105 protein was significantly reduced
revealed a 55-60% reduction in CD105 protein levels in theéy the AS ODN (data not shown). The selective inhibition of
AS-ODN-treated cells after 72 hours of incubation in normoxiaCD105 gene expression by the AS ODN can also be seen in
and 24 hours exposure to hypoxia, compared with SC-ODNrig. 5, where CD105 but not CD31 protein (A), CD105 but not
treated (0.5 nM/ml plus gg/ml DMRIE-C) or untreated cells GAPDH mRNA (C) were markedly decreased by the AS ODN.
under the same conditions (Fig. 5A,B). To investigate whether

CD105 mRNA was altered by ODN treatment, northern ) ] )

blotting was carried out. As depicted in Fig. 5C, CD105 mRNANhibition of CD105 gene expression heightens hypoxia-

was decreased by AS but not by the SC ODN, demonstratingduced cell apoptosis

that specific degradation of CD105 mRNA was one of thédypoxia stimulates angiogenesis by upregulating expression of
mechanisms involved in the antisense effect. The specificity @ngiogenic factors but causes apoptosis as well. A balance
the antisense effect was further verified by quantifying thdetween the two forces determines the fate of the cell. To
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A B able to act independently of TGk preventing cell apoptosis
1 2 3 . under hypoxic stress.
(kDa) L
195 -
- Hypoxia and TGFpB1 synergistically augment cell

Everts

112 - apoptosis in CD105-depressed cells

8. CD105 regulate TEFL signalling in endothelial cells apd in
57 e T CD105 transfectants (Lastres et al., 1996; Letamendia et al.,
B T Rt 1998; Li et al., 2000a) but how CD105 and PB&HFnteract

36- ¢ 1 5 3 under hypoxic conditions to control cell apoptosis has not been

examined. Therefore we investigated this issue using the AS-
_ _— CD105 ODN-treated (CD105-deficient) cells, the SC-ODN-treated
CD31 S s s S S s GAPDH and untreated cells. As shown in Fig. 6, B&FRnduced a
marginal increase in apoptotic cells in the SC-ODN-treated
and the untreated cells. In contrast, it caused a considerable

1
054 | ' increase in apoptotic cells in the CD105-depressed cells.
1 | | ' : The fluorescence intensity of CD105-deficient cells was
0 4= , oL N [:_I L 193.1+10.6 in the absence of T@&F 229.7+10.7 at 0.1 ng/ml
1 2 3 1 2 3

—

of TGH31, and 298.2+11.5 at 10 ng/ml of T@&EE in contrast

to 150.74£9.0, 157.9+8.7 and 175.6+£10.8, respectively, in
Fig. 5.CD105 mRNA and protein expression in ODN-treated and SC-ODN-treated cells P<0.05 or P<0.01, significant
untreated cells. HDMECs were cultured for 72 hours in normoxia in difference between the two groups at each same concentration
the presence or absence of ODN plus DMRIE-C, followed by of TGRB1) (Fig. 6A). This represents 28.1%, 45.5% and 69.8%
exposure to hypoxia for 24 hours. CD105 protein levels were increases in fluorescence intensity in the CD105-deficient
assessed by immunoblotting and FACS, and mRNA levels were cells compared with SC-ODN-treated cells at the same
assessed by northern blotting. (A) Immunoblotting revealed that oncentrations of TQFL. A higher proportion of apoptotic

. . C
CD105 protein was reduced by ~58% in AS-ODN-treated cells (lane . . .
2) compared with SC-ODN-treated (lane 3) and untreated cells (lan&€llS was observed in the CD105-deficient cells compared with

1). The bar chart indicates the ratio of CD105 relative to CD31 signdtither the SC-ODN-treated or untreated cells at the same
intensity collected from three experiments (means+s.e.m.). (B) FACsoncentration of TGFL (Fig. 6B). The percentage of apoptotic
analysis of cell surface CD105 indicated a ~60% reduction in AS- cells increased from 48.2+2.6, 51.3+3.0 and 56.9+3.0 in SC-
ODN-treated (blue profile) compared with SC-ODN-treated (green ODN-treated cells at 0, 0.1 and 10 ng/ml of P&Fto
profile) or untreated (black profile) cells. The red profile represents &6.5+2.3, 75.7+2.6 and 87.4+2.5 in the AS-ODN-treated cells
negative control, where mAb E9 was substituted with pre-immunisegt the same concentrations of TRF (P<0.05 or P<0.01,
mouse serum. The plot is a representative of five similar experiments;ynificant difference between the two aroups at each same
(C) Northern blotting of CD105 and GAPDH mRNA showed that cc?ncentration of TGEL). These data dem%nst?ate that CD105

CD105 mRNA was markedly degraded by AS ODN (lane 2) but notf i fi tofi tein in th TGF
by SC ODN (lane 3). Lane 1 is mRNA extracted from untreated unctions as an anti-apoptotic protein in the presence of
junder hypoxic stress.

cells, and it has no evident alteration compared with lane 3. The ba
chart shows CD105 mRNA, relative to GAPDH mRNA signal

intensity, pooled from three experiments (meanss.e.m.). . .
Discussion

Hypoxia is a major stimulus of neovascularisation under many
elucidate whether upregulation of CD105 in HDMECs underconditions, including tumour angiogenesis, collateral vessel
hypoxic stress is of functional importance, we quantifiedormation in ischaemic cardiovascular diseases and
cell apoptosis of the AS-ODN-treated, SC-ODN-treated oproliferative retinopathy (Semenza, 2000; Marti and Risau,
untreated HDMECs. Exposure of untreated cells to hypoxi@999; Richard et al., 1999; Smith et al., 1997). CD105 is
stress for 24 hours elicited a significant cell apoptosis, 48.5%pregulated in all these disease states, although its role in
under hypoxia in contrast to 4.3% under normoxia. Hypoxiangiogenesis is not fully understood. In this study we
induced a maximal cell apoptosis in the CD105-depressed odemonstrate that hypoxia activates the CD105 gene promoter,
of the three groups of cells cultured in complete growttaugmenting its mRNA transcription and protein translation.
medium without exogenously added TgaFor TGH33. Thus,  Most importantly, our data reveal that CD105 exerts an anti-
the geometric mean fluorescence intensity was 139.1+13.3 apoptotic effect in endothelial cells under hypoxic stress, either
untreated, 150.7+9.0 in SC-ODN-treated and 193.1+10.6 iim the absence or in the presence of BGHN view of these
AS-ODN-treated cellsR<0.05, AS-ODN-treated, compared observations, it can be speculated that hypoxia-initiated
with either SC-ODN-treated or untreated cells) (Fig. 6A). Theneovascularisation is mediated, at least in part, through the
percentage of apoptotic cells correlates well with the geometritimulation of CD105 expression in ECs.
mean fluorescence intensity, which was 66.5% in CD105- The notion that CD105 is associated with angiogenesis
depressed compared with 48.5% in untreated or 48.2% in S@itially came from the observation that a mAb to CD105 reacts
ODN-treated cellsR<0.05) (Fig. 6B). Administration of the most strongly with the endothelium of tumours but only
neutralising antibodies to T@E and TGIB3 produced no weakly or not at all with normal tissues (Wang et al., 1993).
significant alteration either in the percentage of apoptotic cellSubsequently, numerous studies using mAbs to CD105 on a
or in their fluorescence intensity, demonstrating that CD105 isroad range of tissues have provided supportive evidence that



CD105 and cell apoptosis 2683

effects might be cell type dependent (Lastres et al., 1996;
350 - Letamendia et al., 1998). In addition, suppression of CD105 in
O As treated o ECs with antisense ODN in combination with T&3Hed to a
300 - B Sc treated strong inhibition of angiogenesis (Li et al., 2000a). These
observations indicate that CD105 modulates FG§ignalling
2504  [HUntreated | *x in these cells and that an adequate level of CD105 in ECs is
200 * required for angiogenesis.
The expression of CD105 is likely to be regulated by factors
150 involved in angiogenesis and/or vessel remodelling. Here we
100 - have demonstrated that CD105 is markedly induced in ECs by
exposure to hypoxia. CD105 promoter activity and mRNA
50 transcription responded rapidly to hypoxia, which suggests that
it is regulated at the transcriptional level. In this regard, a
"0+Abs 0 0.1 10 consensus hypoxia responsive element (HRE) has been
TGFR1 (ng/ml) recently characterized within the CD105 promoter (Sanche_z-
Elsner et al., 2002). The CD105 protein was maintained at high
levels until the end of the experiment. The half-life of CD105
on the cell surface has been estimated to be 17 hours, measured
by metabolic labelling (Paquet et al., 2001). Thus, once it is
upregulated, CD105 can remain in the EC, exhibiting a
80 1 O Untreated *k . ..
201 % I prolonged effect. The relatively Iow_promoter_actlwty and
60 - MRNA level after 24 hours of hypoxic culture is apparently
50 4 a consequence of hypoxia-induced cell cycle arrest and
40 - apoptosis. This is in line with previous observations that
30 4 CD105 is more strongly expressed in activated/mitotic cells
20 - than quiescent cells, suggesting that it is a proliferation-
10 A associated gene. These findings also highlight the potential
0 value of the CD105 promoter for gene therapy in cancer and
O+Abs 0 01 10 ischaemic diseases (Brekken et al., 2002; Velasco et al., 2001).
TGFR1 (ng/ml) Genes driven by the CD105 promoter may be more strongly
Fig. 6. Effect of CD105 antisense ODN on cell apoptosis. Three and specmcally_ expressed in the oxygen-deprived tissues and
groups of cells, AS- or SC-ODN-treated or untreated HDMECSs, exert the_rapeutlc ef_feCtS' . L
were exposed to hypoxia and/or TRE-for 24 hours, TUNEL- Hypoxia is the primary driving force for neovascularisation.
stained and analysed by FACS. The fluorescence intensity (A) and The major angiogenic factors, such as VEGF and bFGF, are
percentage of apoptotic cells (B) were determined. The apoptotic upregulated by hypoxia, and promote angiogenesis and thus
effect of TGPB1 was observed to be concentration dependent, with improves oxygen supply to the hypoxic tissues
the maximal effect of TGEL at 10 ng/ml. Data were expressed as  (Mukhopadhyay et al., 1995; Sakaki et al., 1995; Schweiki et
meanszs.e.m. collected from six samples of three experiments. al., 1992). On the other hand, persistent hypoxic stress induces
(*P<0.05 and *P<0.01, one-way ANOVA followed by the Duncan ¢ apoptosis (Carmeliet et al., 1998; Hogg et al., 1999). In this
test). study we have shown that the pro-apoptotic proteins Bax,
caspase-3 and caspase-8 were elevated and that the anti-
apoptotic proteins Bcl-X and Mcl-1 were significantly
CD105 is indeed upregulated in many types of tissuedecreased under hypoxic stress. Although anti-apoptotic Bcl-2
undergoing angiogenesis (Kumar et al., 1996; Miller et al.was upregulated, the ratio of Bcl-2 to Bax was considerably
1999; Seon and Kumar, 2001; Wikstrom et al., 2002). Théowered under hypoxic stress compared with normoxia.
expression of CD105 in blood vessels of breast and lung cancEnerefore, the mechanisms of hypoxia-induced EC apoptosis
tissues was found to be correlated with poor prognosis (Kuméargely depend on the lowered Bcl-2 to Bax ratio, BelaXd
et al., 1999; Tanaka et al., 2001), which suggests that CD108cl-1 and increased expression of caspase-3 and caspase-8.
promotes tumour progression. A conclusive demonstration dfhese findings are in agreement with previous reports
the crucial role of CD105 in vascular development camég¢Khurana et al., 2002; Taraseviciene-Stewart et al., 2001; Wang
from CD105-knockout mice, which had severe defects iret al., 2002).
angiogenesis; the homozygotes died in utero owing to impaired Because CD105 is strongly expressed in the HDMECs under
development of vasculature (Arthur et al., 2000; Bourdeau dtypoxic conditions, we adopted an antisense approach to
al., 1999; Li et al., 1999). In line with these observationssuppress CD105 expression so that its function could be
CD105 expression correlates with activation/proliferation ofspecifically addressed. The CD105 protein and mRNA levels
tumour endothelial cells (Kumar et al., 1999; Miller et al.,were considerably reduced by the antisense ODN but not
1999). These findings provide compelling evidence thaaffected by the control SC ODN. Using the CD105-deficient
CD105 is important for angiogenesis. However, the underlyingells and the control cells, an important function of CD105 has
mechanism of how CD105 promotes angiogenesis is not cledreen discovered, which is that it acts as an anti-apoptotic
Existing data support the view that CD105 overexpression iprotein in ECs under hypoxic stress. Such an effect was
transfectants weakens the effects of BGFRand that these observed in the absence of T&Fand TGIB3, indicating that
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CD105 functions beyond its role as a receptor for FIG&nd  Ebert, B. L., Firth, J. D. and Ratcliffe, P. J. (1995). Hypoxia and
TGHB3. In fact, only approximately 1% of membrane-bound mitochondrial inhibitors regulate expression of glucose transporter-1 via
CD105 binds to TGEL and TGR3 (Cheifetz et al., 1992). The _ distinct Cis-acting sequenceb Biol. Chem270 29083-29089.

. T ' Folkman, J. (1995). Angiogenesis in cancer, vascular, rheumatoid and other
functl_on of the majority of CD105 that does not bind to BGF ' giseaseNat. Med.1, 27-31.
remains unclear. Our data suggest that the nonBli8akling  Gougos, A. and Letarte, M(1988). Identification of a human endothelial cell
CD105 in EC plays a self-protective role against apoptotic antigen with monoclonal antibody 44G4 produced against a pre-B leukemic

factors such as hypoxia. The protective role of CD105 againstce!! line.J. Immunol.141, 1925-1933.
yp P 9 g, N., Browning, J., Howard, T., Winterford, C., Fitzpatrick, D. and

X ) . 0g
apoptoss has been fur,ther Conﬂrm_ed using a complete yGobe, G.(1999). Apoptosis in vascular endothelial cells caused by serum
different system — murine endothelial cells from CD105 geprivation, oxidative stress and transforming growth fact&rBothelium
heterozygous knockout mice (J.M.L.-N., C.L., S.K. et al., 7, 35-49. _

unpublished). The addition of T@E to control cells under Huang, L. E., Ho, V,, Arany, Z, Krainc, D., Galson, D., Tendler, D.,

. ; ; ; ; Livingston, D. M. and Bunn, H. F.(1997). Erythropoietin gene regulation
hypoxia induced a marginal increase in the proportion of depends on heme-dependent oxygen sensing and assembly of interacting

apoptotic _cells, Whereas th? apoptotic action of BGF iy anscription factorskidney Int.51, 548-552.

was considerably increased in the CD105-depressed cellsambe, T., Tada, J., Chikuma, M., Masuda, S., Nagao, M., Tsuchiya, T.,
demonstrating that the upregulation of CD105 protects ECs Ratcliffe, P. J. and Sasaki, R(1998). Embryonal carcinoma P19 cells
from the apoptotic action of TCBE. In an in vivo environment produce erythropoietin constitutively but express lactate dehydrogenase in

. . an oxygen-dependent mannBlood 91, 1185-1195.
where both hypOXIa and T(BE can co-exist, the auQmemed Khurana, P., Ashraf, Q. M., Mishra, O. P. and Delivoria-Papadopoulos,

expression of CD105 may act as an anti-apoptotic force, so asu. (2002). Effect of hypoxia on caspase-3, -8, and -9 activity and expression
to protect ECs against hypoxia and against fGiRduced in the cerebral cortex of newborn pigleieurochem. Re®7, 931-938.
apoptosis. Kumar, S., Wang, J. M. and Bernabeu, C(1996). CD105 and angiogenesis.
In conclusion, we have demonstrated that hypoxia activates>: ~ahol-178 363-366. :
! . . X Ef(?.;mar, S., Ghellal, A,, Li, C., Byrne, G., Haboubi, N., Wang, J. M. and
the CD105 promoter and significantly induces its gene gyndred, N.(1999). Breast carcinoma: vascular density determined using
expression in human microvascular ECs. The upregulatedCD105 antibody correlates with tumor prognogigncer Res59, 856-

CD105 exhibits a role in self-protection against hypoxia and 861.

i ; ; ; astres, P., Letamendia, A., Zhang, H., Rius, C., Almendro, N., Raab, U.,
TGFB]‘ induced cell apoptosis, reSU|tlng In-an enhance& Lopez, L. A,, Langa, C., Fabra, A., Letarte, M. and Bernabeu, Q1996).

survival abi”ty of EC under hyp_oxic stress. Thgse findings ma)’ Endoglin modulates cellular responses to TGFI3Cell Biol.133 1109-
lead us to a better understanding of the functions of CD105 in1121.

angiogenesis and of the pathogenesis of other CD105-relateelamendia, A., Lastres, P., Botella, L. M., Raab, U,, Langa, C., Velasco,

vascular disorders. B., Attisano, L. and Belfnabeu, C.(1998). Rolg of endoglin in cellular
responses to transforming growth fadBord. Biol. Chem.273 33011-
. - 330109.
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