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Signals and genes induced by angiogenic
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Abstract. The evaluation of signaling pathways leading to gene induction by VEGF-A and IL-1 in endothelial cells supports the
importance of the NF-xB pathway for the IL-1-induced gene repertoire, whereas VEGF-A is a strong and preferential trigger
of signals via PLC-~. This leads (i) via Ca™™ to the activation of calcineurin and NFAT and (ii) via PKC and the MEK/ERK
MAPK pathway to the upregulation of EGR-1. Part of the VEGF-triggered gene induction depends on a cooperation of the
transcription factors NFAT and EGR-1. Gene activation via PLC-v provides VEGF with the potency to induce a wide spectrum
of genes including many also upregulated by IL-1. A gene upregulated by VEGF and IL-1 is the DSCR-1 gene, which encodes
an inhibitor of calcineurin. DSCRI1 is induced by NFAT or NF-xB and limits Ca*™ signaling in a negative feed-back loop.
Similarly, NAB2, a corepressor of EGR-1, is induced by EGR-1 and limits EGR-1 effects. Adenoviral overexpression of DSCR1
or NAB2 inhibited part of VEGF-induced gene expression and reduced sprouting in angiogenesis models.

1. Introduction

The endothelium-specific growth factors important for vasculogenesis and angiogenesis include five
members of the VEGF family and four members of the angiopoietin family [23]. They exert their specific
activities through binding to three forms of VEGF receptors and two forms of Tie receptors. VEGF-A
signaling mainly via VEGFR-2 (VEGEF receptor-2) mediates the major growth and differentiation ac-
tivities for vascular endothelial and progenitor cells and is the primary factor initiating physiological
sprouting angiogenesis [4]. VEGF-C, based on its ability to bind to the lymphatic-specific VEGFR-3, is
important for the formation of the lymphatic system [1]. PIGF (placenta growth factor) and VEGF-B,
which bind to VEGFR-1, and VEGF-D binding to VEGFR-2 and -3 are the remaining isoforms of the
VEGF family. They appear to have more subtile roles in adult vascular remodeling, coronary vascular-
ization or the lymphatic system, respectively. Ang-1 by binding to the Tie-2 receptor and potentially
co-activating Tie-1 [19] has a role in vascular remodeling events, probably optimizing the manner in
which endothelial cells integrate with supporting cells. Ang-2 on the other hand appears to antagonize
Ang-1 action by blocking its binding to Tie-2 [5,23].
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The VEGF and Tie receptors are transmembrane proteins with intrinsic tyrosine kinase activity in
their cytoplasmic domains. It is still largely unclear to what extent the multitude of different tyrosines
in the cytoplasmic tails (the VEGFR-2 contains 19 tyrosine residues) are differentially phosphorylated,
bind different SH-2 domain-containing proteins and thus lead to the activation of receptor-specific in-
tracellular signaling and gene induction pattern. It seems, that in addition to differences in the temporal
and spatial expression of the various receptors, a receptor-specific signaling pattern is responsible for the
differential effects of the various growth factors and receptors which govern the differentiation, growth,
tube formation and maturation aspects involved in new vessel formation.

Endothelial cells express further a number of receptors found on many different cell types, which
can either synergize or interfere with signals of the endothelial-specific receptors. Among those are the
bFGF receptor and members of the PDGF and EGF receptor families [2,24]. There is further consid-
erable evidence that receptors for inflammatory cytokines play important roles and participate in the
cross-regulation of inflammation and angiogenesis in many pathologies [10,18]. Whereas the main an-
giogenic factors as well as PDGF and EGF mediate their effects via tyrosine kinase receptors, binding of
inflammatory cytokines to their receptors generates signals by recruiting cytoplasmic adaptor molecules
which link to the IxB-kinase complex. The IL-1 receptor recruits first the adaptor protein MyD88 to
the cytoplasmic part of the IL-1 receptor [16] and MyD88 bridges via IRAK and TRAF6 to the protein
kinases TAK-1 and NIK and these activate the IxB-kinase complex. When IKK-2 (IxB kinase-2) in the
complex is activated it phosphorylates 1xB leading to ubiquitinylation and proteasomal degradation of
1xB which releases the NFxB subunits for nuclear transfer [6].

In an attempt to define the specificities in signaling and gene induction of the different receptors
present on endothelial cells, which contribute to the angiogenic and inflammatory response, we have so
far investigated in detail the signal transduction pathways initiating at VEGFR-2 and compared them to
the signals of the EGFR and the IL-1 receptor. This was done by directly studying induced signaling
pathways and how they interact to trigger the induction of selected genes. Initially, we have used the
tissue factor (TF) gene as a model of a gene induced by VEGF and IL-1. Then we have investigated by
microarray analyses the complete gene repertoires induced by the same receptors and to what extent they
overlap or lead to the induction of distinct genes. Furthermore, we have tested whether the adenoviral
overexpression of natural feed-back inhibitors detected in our screens, such as DSCR-1 and NAB?2,
could be used to inhibit VEGF-triggered gene expression and angiogenesis models.

2. Tissue factor as a model for an IL-1 and VEGF-regulated gene

To determine specificities of VEGF-mediated signaling and gene induction we have investigated the
downstream signaling of VEGFR-2 and the gene repertoire induced in comparison to another, non-
endothelial specific growth factor receptor, the EGFR, and the inflammatory cytokines TNF-« and IL-1
[11-13]. Our initial data had shown that EGR-1 is an important transcription factor for VEGF-mediated
gene induction in endothelial cells [11]. We have then analyzed signals at the MAP kinase level origi-
nating from the VEGFR-2 and leading to EGR-1. The obtained results showed that in endothelial cells
VEGF-A mainly activates ERK1/2 and p38, but only trace amounts of JNK. The upregulation of EGR-1
by VEGF could be completely blocked by a specific MEK inhibitor, but not by a p38 inhibitor, demon-
strating the upregulation of EGR-1 via the MEK/ERK MAP-kinase cascade [13]. Furthermore, EGR-1
upregulation was blocked by a PKC inhibitor suggesting that PKC was involved in VEGF-mediated
MEK/ERK and EGR-1 induction. This is in contrast to EGF-induced EGR-1, which cannot be inhibited
by PKC inhibitors.
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Fig. 1. Signal tranduction by VEGF-A/VEGFR?2 in comparison to IL-1/IL-1R. Major characteristic pathways activated by
VEGF-A/VEGFR?2 and the IL-1 receptor in endothelial cells are shown. VEGF-A couples via Tyr1175 to PLC-vy [20,21]

activating the Ca™ T /calcineurin and PKC/MAPK pathways. This leads to the induction of the transcription factors NFAT and
EGR-1, which are important for part of the VEGF-induced gene repertoire and the angiogenic/proliferative response [8,11,13,
14,25]. The IL-1 receptor induces genes to a large extent via NFxB [17,22]. A significant fraction of the NF-xB-induced genes
appears to be also upregulated by VEGF-A-induced NFAT. VEGF-A does not trigger NF-xB activation to a significant extent
[13]. Adenoviral overexpression of natural feed-back inhibitors inhibits gene induction via these pathways, e.g. [xB interferes
with NFxB, NAB2 with EGR-1 and DSCR1 with calcineurin/NFAT activation. Alternatively, calcineurin/NFAT induction can
be blocked by cyclosporin A (CsA).

The TF gene promoter was used in these studies as we have shown that TF is an example of a
gene/protein upregulated not only by inflammatory cytokines [15], but also by VEGF-A in endothe-
lial cells [11]. Therefore TF seems to be a valid model to delineate principal signaling pathways leading
to gene activation during the angiogenic and inflammatory activation of endothelial cells. Whereas we
had previously shown that NFxB activation is essential for TF gene induction by TNF-« [22] and a spe-
cific p65/c-Rel heterodimer regulates the TF promoter [15], we found NFxB not activated by VEGF-A
[11,13]. However, the obtained data displayed that VEGF-A is a strong and preferential trigger of signals
via PLC-, PKC and Ca™ ™. On the one hand PKC-a and PKC-¢ are activated and lead to the induction
of the MEK/ERK MAP-kinase pathway and consecutively to the upregulation of EGR-1. The Ca™"
signals, on the other hand, activate calcineurin and the transcription factor NFAT (see Fig. 1). NFAT
cooperatively with EGR-1 activates the TF gene in endothelial cells [25]. NFAT has been previously
shown to bind to a site closely overlapping with the NF«<B binding site in the TF promoter [3]. Based on
these data it appeared that full transcriptional response of the TF and potentially other genes in response
to VEGF requires EGR-1 and NFAT.

3. VEGF-regulated gene repertoire in comparison to EGF and IL.1

In the next step we have investigated this more closely by Affymetrix microarray analysis of the
genes induced by VEGF-A in endothelial cells in comparison to the genes induced by EGF and IL-1
(B. Schweighofer and E. Hofer, in preparation). The obtained data show that VEGF-A induces a large
spectrum of more than 100 genes. It is a characteristic feature of the VEGF-A-induced gene repertoire
that about 40% of these genes are also upregulated by IL-1. In contrast, this fraction of genes cannot be
upregulated by EGF. It seems that gene activation via PLC-vy, PKC and calcineurin provides VEGF-A
with the competence to regulate many genes in common with IL-1. The EGFR, which can not induce
the same genes, does not trigger PLC-y and NFAT in endothelial cells, but rather induces the MAPK
pathway solely via Ras [25]. Based on these data it is possible that VEGFR-2 signaling and gene reg-
ulation includes an inflammatory component, which at least in part is caused by the upregulation of a
group of genes with NFAT and NF-xB binding sites in their promoters, IL-1 uses NF-xB and VEGF
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NFAT for their upregulation. Furthermore, about 10% of the genes are specifically regulated by VEGF
and not by EGF or IL-1 and we propose that these might be important for the strong angiogenic proper-
ties of the factor. One example of a specifically VEGF and not EGF or IL-1 regulated gene is HLX1, a
diverged human homeobox gene, which we have chosen for further analysis (J. Schultes and E. Hofer,
in preparation).

4. Inhibition of angiogenesis by modulating these signals/genes

Another aspect of our work deals with the identification of natural feed-back inhibitors of endothelial
cell activation, which could be used to inhibit angiogenic gene induction. As a matter of fact the groups
of Aird and Gerber [7,14] and our laboratory (B. Schweighofer and E. Hofer, in preparation) find that
among the genes most strongly upregulated by VEGF is the DSCR1 gene, which encodes an inhibitor of
calcineurin. It is induced by NFAT likely to shut down calcineurin and consecutive NFAT activation in a
negative feed-back loop. Another example is NAB2, a specific corepressor of EGR-1, which is induced
by EGR-1 and limits EGR-1 effects [8]. As suggested by the cooperative gene regulation observed for
EGR-1 and NFAT, adenoviral overexpression of DSCR1 and NAB2 inhibited VEGF-induced expression
of genes with potential importance for angiogenesis reflected in reduced sprouting and tubule formation
in angiogenesis models [8,14].

In contrast to the positive effects on proliferation and angiogenesis of VEGF-A induced transient
expression of EGR-1, sustained adenoviral overexpression of EGR-1 itself led to preferential strong in-
duction of negative feed-back mechanisms including upregulation of transcriptional inhibitors such as
NAB?2 as well as anti-angiogenic, anti-proliferative and pro-apoptotic genes. EGR-1 expressing aden-
oviruses applied to endothelial cells inhibited not only angiogenesis in cellular and animal models, but
furthermore inhibited tumor growth in a murine fibrosarcoma model [9]. This may serve as an exam-
ple, that the modulation of natural inhibitive feed-back pathways could be exploited for inhibition of
angiogenesis.

5. Conclusions

Whereas NF-xB is the essential transcription factor in the inflammatory response mediated by IL-1,
EGR-1 and NFAT are important transcription factors in VEGF-A/VEGFR2-mediated gene regulation.
Both factors seem to cooperatively activate transcription of part of the VEGF-induced gene repertoire.
EGR-1 is upregulated by VEGF via PLC-v, PKCa/s and the MEK/ERK MAP kinase pathway, NFAT
is activated via PLC-y, Ca™ ™" and calcineurin. In contrast to VEGFR-2, some tyrosine kinase receptors,
such as the EGFR, can not activate NFAT. VEGF via VEGFR-2 is competent to induce a large gene
repertoire, 40% of which overlaps with IL1 induced genes. It appears that at least part of the genes
induced by VEGF in common with IL-1 are regulated by VEGF via NFAT and by IL-1 via NF-xB. This
property of VEGF to induce a large spectrum of genes including genes also regulated by inflammatory
mediators and a smaller number of VEGF-specific genes could be important for the strong angiogenic
properties of the factor. Modulation of natural inhibitory feed-back loops leading via EGR-1 to NAB2
and via calcineurin/NFAT to DSCR1 by adenoviral overexpression of the respective inhibitors leads to
inhibition of in vitro and in vivo angiogenesis models.
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