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The formation of new blood capillaries from preexisting
ones (angiogenesis or neovascularization; Scheme 1) is a
fundamental aspect of many physiological and pathological
processes[1] such as reproduction, embryonic development,
wound healing, chronic inflammation, and malignant growth.
Folkman�s view of the early 1970s[2] that an appropriate blood
supply is necessary for tumor growth has been confirmed
meanwhile. Furthermore, subsequent investigations have
shown that not only tumor growth but also tumor metastasis
is dependent on angiogenesis.[3] For these reasons anti-angio-
genesis became an attractive strategy for the treatment of
neoplastic diseases.[4±7] Angiogenesis inhibitors are likewise
useful for the treatment of other frequent angiogenesis-
dependent diseases such as diabetic retinopathy[8] and rheu-
matoid arthritis.[9]

The mechanisms of angiogenesis have been intensively
investigated during the last years, and several endogenous
regulators have been identified.[10] Vascular endothelial
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Scheme 1. The complex process of angiogenesis comprises the following
steps: A) Activation of the endothelial cell by growth factors. B) Degra-
dation of the basement membrane of the blood vessels by proteinases
(collagenases, plasminogen activator). C) Migration and proliferation of
endothelial cells towards the angiogenic stimulus. Matrix metalloprotein-
ases are recruited for extracellular matrix remodeling during this step.
D) Formation of a new basement membrane around the immature blood
vessels and merging of the ends of two outgrowing blood vessels
(anastomosis). In general, tumor vascularization also stimulates tumor
growth. Modified according to ref. [5, 33].

growth factor (VEGF), a protein with several isoforms, is
considered to be the most important stimulator of angio-
genesis.[11] The different VEGF isoforms bind to two tyrosine
kinase receptors, VEGF-R1 (flt-1) and VEGF-R2 (flk-1),
both of which are almost exclusively present on the plasma
membrane of endothelial cells.[12] Activation of VEGF
receptors leads by the Ras-Raf-MAP-kinase pathway to the
expression[11] of proteinases (serine proteinases, cysteine
proteinases, and matrix metalloproteinases) and of specific
integrins on endothelial cell surfaces, and finally initiates the
proliferation and the migration of these cells towards the
angiogenic stimulus. The Ets-1 transcription factor[13, 14] plays
an important role for the regulation of neovascularization.
Some of the genes which encode the above-mentioned
proteinases contain within their promotor sequences Ets
binding sites with the central core motif GGAA/T. Ets-1 binds
to these regulatory control regions through a helix ± turn ±
helix motif and enhances the expression of these proteinases.

We were able to show that the expression of Ets-1 proteins
is stimulated during tumor-induced angiogenesis.[15, 16] Re-
cently it has also been reported that stimulation of human
endothelial cells with VEGF leads to an induction of Ets-1
expression.[17] Interestingly enough, the Ets-1 protein is also
involved as a positive regulatory factor in the transcriptional
control of the gene encoding VEGF-R1 (flt-1).[18] However,
the importance of Ets-1 for in vivo angiogenesis has not been
demonstrated yet.

Here we report for the first time that ets-1 antisense
oligodeoxynucleotides (ODN) effectively reduce the forma-
tion of new blood vessels on the chick chorioallantois
membrane (CAM-assay[19]). Additionally, we show that the
potent angiogenesis inhibitor fumagillin (3) strongly inhibits
Ets-1 expression.

To block Ets-1 expression in the CAM assay we used
the phosphorothioate antisense ODN 5'-AGATC-

GACGGCCGCCTTCAT-3' (1), which inhibits Ets-1 expres-
sion in cultured endothelial cells.[17] This 20-mer is comple-
mentary to the AUG inition codon and a short ªdownstreamº
sequence of the c-ets-1 mRNA. We used the sense phosphor-
othioate 5'-ATGAAGGCGGCCGTCGATCT-3' (2) as a
negative control. We directly applied three different concen-
trations of either antisense or sense ODNs (2.5, 5, and 10 mg
per egg; the ODNs were dissolved in 5 mL of 150 mm NaCl
and 5 mL of transfection solution,[20] respectively) on the
chicken chorioallantois membrane on day 5 of development
and evaluated the results on day 7. A drastic reduction of
angiogenesis was observed after application of 5 mg of
antisense ODN 1 (seven embryos compared to eight embryos
of the sense control group). Both the number and the
diameter of blood vessels were significantly reduced (Fig-
ure 1 c ± g). No effect was detected in either the antisense
group (two embryos) or in the sense group (three embryos)
after application of 2.5 mg of ODN. All six embryos in the
antisense group and five of six embryos in the control group
had died by day 7 following the application of 10 mg of sense
or antisense ODN. We observed no inhibition of angiogenesis
when using the transfection solution alone (Figure 1 h).

Since the biosynthesis rate of the Ets-1 transcription factor
is greatly enhanced during angiogenesis under both physio-

Figure 1. Inhibition of blood vessel development on the chick chorioal-
lantois membrane by ets-1 antisense ODN 1. No angiostatic effect was
detected after application of 2.5 mg of antisense ODN in 10 mL of
transfection solution (a) or of 2.5 mg of sense ODN in 10 mL of transfection
solution (b). In contrast, a strong inhibition of angiogenesis was observed
after application of 5 mg of antisense ODN in 10 mL of transfection solution
(c, e, g; examples of different embryos). Compared to the sense control
group (d, f; in each case 5 mg of sense ODN in 10 mL of transfection
solution), both the number and the diameter of blood vessels were
significantly reduced. No angiostatic effect was observed after application
of the transfection solution alone (h, bar� 1 cm). The oligodeoxynucleo-
tides were purchased from Applied Biosystems, Weiterstadt (Germany),
and the transfection solution was purchased from Euromedex, Strasbourg
(France).
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logical and pathological conditions, a participation of Ets-1 in
in vivo blood vessel formation has strongly been suggested.
When angiogensis is finished, Ets-1 expression is downregu-
lated again.[21] The results obtained in the present study prove
for the first time the in vivo role of the Ets-1 transcription
factor in neovascularization. This is further supported by
investigations in cultured endothelial cells[17] in which inhib-
ition of Ets-1 expression by the antisense ODN 1 not only
diminishes cell proliferation and migration but also the
production of urokinase-type plasminogen activator and
collagenase I. Both enzymes are necessary for extracellular
matrix remodeling during angiogenesis.[5, 22, 23]

In view of these findings the Ets-1 transcription factor
represents a promising target in experimental cancer ther-
apy.[13] In addition to antisense strategies, low molecular
weight compounds which inhibit Ets-1 expression seem
particularly useful. We assumed that the fungal metabolite
fumagillin (3),[24] which strongly inhibits both endothelial cell
proliferation in vitro and angiogenesis in vivo, could exert its
effects by modulating Ets-1 expression. To investigate this
hypothesis, we stimulated human umbilical vein endothelial
cells (HUVEC) with VEGF in the absence or in the presence
of fumagillin and subsequently investigated Ets-1 expression
by Western blotting. Four hours after application of VEGF
(150 ng) we observed a significant increase of both the p51
and the p39 Ets-1 proteins.[25] Upon simultaneous application
of VEGF and fumagillin (0.15 nm) we found a nearly
complete inhibition of the biosynthesis of both proteins
(Figure 2). As expected, fumagillin also inhibits in vivo
angiogenesis in the CAM assay (Figure 3).

Figure 2. Inhibition by fumagillin (3) of VEGF-induced Ets-1 expression
in cultured human umbilical vein endothelial cells (HUVEC). The HUVE
cells were cultured in Medium 200 (TEBU) with low serum growth
supplement (LSGS, TEBU). After confluence, cells were maintained in
LSGS-free medium for four hours and then stimulated for four hours with
VEGF (150 ng) with or without fumagillin (0.15 nm). Proteins were
extracted with Trizol,[34] separated electrophoretically by means of SDS-
PAGE, and blotted onto a nitrocellulose membrane. Ets-1 proteins were
demonstrated by ELISA. For the detection of Ets-1 proteins a polyclonal
rabbit antibody (directed against amino acids 422 ± 441, Santa Cruz, CA)
and a monoclonal mouse antibody (directed against amino acids 122 ± 288,
Transduction Laboratories) were used. Bands were visualized with the BM
Chemoluminescence Western Blotting Kit (Boehringer Mannheim, Ger-
many). VEGF strongly induced both p39 (a, polyclonal rabbit antibody)
and p51 (b, monoclonal mouse antibody) Ets-1 proteins (lane 2 in (a) and
(b)). This induction was nearly completely inhibited by fumagillin (lane 3).

Figure 3. Inhibition of blood vessel development on the chick chorioal-
lantois membrane (CAM) by fumagillin (3). A methylcellulose plate[19]

(diameter about 2 mm) containing 10 mg of fumagillin was applied on the
outer one-third of the CAM on day 5 of development. The results were
evaluated after 48 h. Fumagillin caused a significant and generalized
inhibition of angiogenesis (b) compared to the negative control (a).

The bisepoxide 3 is one of the most potent angiostatic
agents. Its synthetic analogue TNP-470 4 was the first
angiostatic drug in clinical trials.[26]

It has already been shown that fumagillin is a covalent
inhibitor of the enzyme methionine aminopeptidase type 2
(MetAP-2).[27] The crystal structure of the fumagillin ±
MetAP-2 complex has recently been published.[28] However,
the link between MetAP-2 inhibition and the angiostatic
effect is not yet clear. The cobalt-dependent enzyme MetAP-2
is responsible for the removal of N-terminal methionine
residues from specific proteins,[29] which are essential for cell-
cycle progression of endothelial cells. It has been supposed
that these proteins participate in the signal transduction
cascade triggered by VEGF.[30] Our results suggest that
inhibition of Ets-1 expression by fumagillin is an important
aspect of the angiostatic effect of this natural compound. The
way in which this inhibition is achieved is not yet clear. Both a
fumagillin-mediated decrease of Ets-1 biosynthesis or a
stimulation of Ets-1 degradation are conceivable. In addition,
MetAP-2 might partcipate in the regulation of Ets-1 tran-
scription factor activity.[31] In this context it is noteworthy that
Ets-1 contains a N-terminal methionine group[32] and is
therefore a potential MetAP-2 substrate.
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The hydroformylation of olefins to aldehydes is an impor-
tant example of an efficient and clean process, because of its
potentially 100 % atom economy.[1] In the industrial produc-
tion of C4 and C5 aldehydes, where regioselectivity towards
the more valuable linear aldehyde product is critical, rho-
dium ± triphenylphosphane complexes are used as catalysts.
The products are separated from the catalyst by distillation,
which results in catalyst decomposition as an undesirable side
reaction. Furthermore, distillation techniques are not suitable
for the production of heavier products or fine chemicals
because of the high boiling points.

The use of an aqueous biphasic system, in which the water
phase contains the dissolved catalyst, affords a straightfor-
ward separation of the organic products. To this end, a process
using the water-soluble catalyst [HRhCO(TPPTS)3]
(TPPTS� triphenylphosphanyl trisulfonate) has been devel-
oped by Ruhrchemie/-RhoÃ ne-Poulenc for the hydroformyla-
tion of propene.[2] This process meets all the requirements for
an environmentally benign process. The applicability of the
aqueous biphasic system is, however, strictly limited to
substrates that are slightly soluble in water, such as propene
and but-1-ene.

A widely investigated approach to facilitate catalyst ±
product separation is the attachment of the catalyst to a
polymeric resin.[3] To date, immobilized catalysts of industrial
importance are still unknown: Metal leaching[4] and low
catalyst selectivity are the insurmountable problems.

The hydroformylation catalyst that we present here is
covalently anchored to a silicate matrix by the sol ± gel
technique.[5] This material can be prepared by a simultaneous
cocondensation of tetraalkoxysilanes and functionalized tri-
alkoxysilanes [Eq. (1)].[6] The sol ± gel technique is an ideal
method to immobilize catalysts because of its diversity[7] and

nSi(OR)4 � 4n H2O ! nSi(OH)4 � 4n ROH ! polysilicate (1)
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