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The guanylate binding protein-1 GTPase controls
the invasive and angiogenic capability of endothelial
cells through inhibition of MMP-1 expression
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Expression of the large GTPase guanylate binding
protein-1 (GBP-1) is induced by inflammatory cyto-
kines (ICs) in endothelial cells (ECs), and the helical
domain of the molecule mediates the repression of EC
proliferation by ICs. Here we show that the expression
of GBP-1 and of the matrix metalloproteinase-1
(MMP-1) are inversely related in vitro and in vivo, and
that GBP-1 selectively inhibits the expression of
MMP-1 in ECs, but not the expression of other pro-
teases. The GTPase activity of GBP-1 was necessary
for this effect, which inhibited invasiveness and
tube-forming capability of ECs in three-dimensional
collagen-I matrices. A GTPase-deficient mutant
(D184N-GBP-1) operated as a transdominant inhibi-
tor of wild-type GBP-1 and rescued MMP-1
expression in the presence of ICs. Expression of
D184N-GBP-1, as well as paracrine supplementation
of MMP-1, restored the tube-forming capability of
ECs in the presence of wild-type GBP-1. The latter
finding indicated that the inhibition of capillary form-
ation is specifically due to the repression of MMP-1
expression by GBP-1, and is not affected by the anti-
proliferative activity of the helical domain of GBP-1.
These findings substantiate the role of GBP-1 as a
major regulator of the anti-angiogenic response of
ECs to ICs.
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Introduction

The guanylate binding proteins (GBPs), including GBP-1
and GBP-2, constitute the most abundant class of proteins
induced by IFN-y (Cheng et al., 1983, 1991). GBPs are
GTP-binding proteins with a relative molecular mass of
67 000 (Schwemmle and Staeheli, 1994; Praefcke et al.,
1999; van der Bliek, 1999; Prakash et al., 2000a). Based
on the crystal structure of GBP-1 and on biochemical
considerations (Prakash er al., 2000a, b), it was proposed
that GBP-1 belongs to the group of large GTP-binding
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proteins such as Mx and dynamin, all of which have a
similar domain composition and the ability to undergo
oligomerization with a high-turnover GTPase activity (van
der Bliek, 1999). Structural hallmarks of GBP-1 are a large
globular o/Bf-domain harboring the GTPase activity, and
an elongated C-terminal part organized in an o-helical
structure with unique features (Prakash ez al., 2000a,b).

Angiogenesis in inflammation is an invasive and
proliferative process, where the coordinated activation of
endothelial cells by inflammatory cytokines (ICs) such as
IL-1B, TNF-o and IFN-y, and angiogenic growth factors
(AGF) such as bFGF and VEGEF leads to the formation of
new vessels and triggers the extravasation of leukocytes
into the tissues. Interestingly, the major activation path-
ways of endothelial cells during inflammatory angiogen-
esis, namely the IC pathway and the AGF pathway,
converge on the regulation of GBP-1 expression. GBP-1
expression in endothelial cells is selectively induced by
ICs (IFN-y, IL-1q, IL-1B and TNF-co), which have been
shown to inhibit endothelial cell proliferation and induce
adhesion of leukocytes to these cells. In contrast, GBP-1
expression is inhibited by VEGF and bFGF, potent
activators of endothelial cell proliferation (Guenzi et al.,
2001; Lubeseder-Martellato et al., 2002).

Recently, we have shown that the human GBP-1
characterizes IC-activated endothelial cells in human
tissues and is a key mediator of the anti-proliferative
effect of IC on endothelial cells (Guenzi et al., 2001;
Lubeseder-Martellato et al., 2002). The GBP-1 anti-
proliferative activity occurs in the absence of apoptosis,
is independent of the GBP-1 GTPase activity and is
specifically mediated by the C-terminal helical domain
(Guenzi et al., 2001).

In addition to proliferation, invasion of endothelial cells
into the extracellular matrix is a key feature of angio-
genesis. Invasion is a multistep process in which cell
motility is connected to proteolysis (Pepper, 2001; Silletti
et al., 2001; Vihinen and Kahari, 2002). Angiogenic
proteolysis is dependent on matrix metalloproteinases
(MMPs), a family of structurally related, zinc-dependent
endopeptidases (Egeblad and Werb, 2002).

At present, 21 different human MMPs have been
identified (Egeblad and Werb, 2002). These enzymes are
classified according to their structure and substrate speci-
ficity into four major subgroups: the interstitial collage-
nases, gelatinases, stromelysins and membrane-type
MMPs (MT-MMPs) (Egeblad and Werb, 2002; Vihinen
and Kabhari, 2002). Collagenase-1 (MMP-1), collagenase-2
(MMP-8) and collagenase-3 (MMP-13) are the principal
secreted neutral proteinases for the degradation of
collagens (Kahari and Saarialho-Kere, 1997;
Westermarck and Kahari, 1999; Vihinen and Kabhari,
2002). The release of MMP-1 by endothelial cells is
crucial for angiogenesis (Fisher et al., 1994), and cleavage
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GBP-1 inhibits MMP-1 expression
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Fig. 1. GBP-1 expression is inversely related with matrix metalloproteinase-1 (MMP-1) expression in endothelial cells. (A) Western blot analysis of
GBP-1 expression in CR-, AS-GBP-1- and S-GBP-1-transduced HUVECsS using a polyclonal rabbit anti-GBP-1 antibody. Corresponding signal intensi-
ties were densitometrically determined and normalized to actin in each lane. The relative increase of GBP-1 expression compared with CR-transduced
HUVECs is given below. (B) Gene expression profile of AS-GBP-1- and S-GBP-1-transduced HUVECs using Atlas™ Human 1.2 array 1. Signals
corresponding to the main matrix metalloproteinases expressed in endothelial cells are indicated by arrows: a, mmp-I; b, mmp-2; c, mmp-9; d,
mmp-14. (C) RT-PCR analysis of mmp-1, mmp-2 and mmp-14 expression in CR-, AS-GBP-1- and two independent S-GBP-1-transduced (S;, S;)
HUVEC cultures. Corresponding signal intensities were densitometrically determined (arbitrary values) and are given below. (D) Western blot analysis
of GBP-1 and MMP-1 expression in HUVECs either unstimulated (control) or stimulated with AGF (VEGF and bFGF, 10 ng/ml each) or IL-1
(200 U/ml) for the indicated periods of time. Corresponding signal intensities were densitometrically determined and normalized to GAPDH for each
lane (lower panel). (E) Western blot analyses of GBP-1 and MMP-1 expression in CR- and S-GBP-1-transduced HUVECs incubated for the indicated
periods of time with (+) or without (=) AGF (10 ng/ml). Corresponding signal intensities were densitometrically determined and normalized to
GAPDH for each lane (lower panel). The monoclonal rat anti-GBP-1 antibody (mAb 1B1) was used for the detection of GBP-1 in (D) and (E).

of collagen type I, a substrate of MMP-1, is required for
endothelial cell invasion into the ECM and for vessel
formation in vivo (Seandel et al., 2001). Elevated MMP-1
expression correlates with invasiveness of colorectal
cancer (Ghilardi et al., 2001) and cutaneous melanoma
(Ghilardi et al., 2001; Nikkola et al., 2002), and is
associated with lymph node metastasis in stage IB cervical
cancer (Moser et al., 1999) and peritoneal metastasis in
gastric cancer (Inoue et al., 1999).

The aim of this study was to identify putative GBP-1-
regulated genes in endothelial cells in order to further
elucidate the cellular function of GBP-1. Here we show
that ICs inhibit MMP-1 expression in endothelial cells and
that this is mediated by GBP-1. This activity requires the
GTPase activity of GBP-1 and efficiently inhibits
endothelial cell invasion and their capability to form
tubular networks in three-dimensional (3D) collagen I
matrices. A GTPase-negative mutant of GBP-1 (D184N-
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Fig. 2. GBP-1 expression is inversely related to MMP-1 expression in endothelial cells in Kaposi’s sarcoma (KS). (A-C and E-
G) Immunofluorescence staining of consecutive sections of two different KS biopsies (KS1, KS2) for the detection of the endothelial cell-associated
antigen CD31, of MMP-1 and of GBP-1. Corresponding CD31- and MMP-1-positive, and CD31- and GBP-1-positive vessel endothelial cells are
labeled with an arrow. MMP-1 (D) and GBP-1 (H) expressing KS sections subjected to the staining procedure without the anti-MMP-1 (D) and the

anti-GBP-1 (H) antibody, respectively.

GBP-1) abrogated the inhibitory effect of GBP-1 on
MMP-1 expression in endothelial cells in a transdominant-
negative manner. Expression of D184N-GBP-1, as well as
paracrine supplementation of MMP-1, restored the tube-
forming capability of endothelial cells in the presence of
wild-type GBP-1. The capability of GBP-1 to inhibit both
invasion (via its GTPase activity) and proliferation (via its
helical domain) establishes GBP-1 as a key mediator of the
anti-angiogenic effects of ICs in endothelial cells.

Results

GBP-1 inhibits MIMP-1 expression in endothelial
cells in vitro and is inversely related with MMP-1
expression in vivo

In order to identify genes regulated by GBP-1 in
endothelial cells, HUVECs were transduced with retro-
viral vectors that expressed the GBP-1 full-length cDNA
in the sense (S-GBP-1) and antisense (AS-GBP-1)
orientations, and with a control vector (CR). AS-GBP-1
was used to repress the expression of endogenous GBP-1
(Guenzi et al., 2001). Expression of GBP-1 protein in
S-GBP-1-transduced cells was 7- and 18-fold higher
compared with CR- and AS-GBP-1-transduced cells,
respectively (Figure 1A). We compared the gene expres-
sion profiles of AS-GBP-1- and S-GBP-I1-transduced
HUVEC using cDNA array technology. A total of 3528
genes were screened. Approximately 30% of the DNA on
the arrays hybridized to the cDNA probes. The gene
encoding matrix metalloproteinase-1 (mmp-1) was highly
expressed in AS-GBP-1-transduced cells, but not in
S-GBP-1-transduced cells (Figure 1B, arrow a). RT-
PCR analysis confirmed that mmp-1 expression was absent
or very low in two independently S-GBP-1-transduced
HUVEC:s cultures, and was high in AS-GBP-1- and CR-
transduced cells (Figure 1C, panel a). The expression of
mmp-2 and mmp-14 was not affected by GBP-1 (Figure 1B,
arrows b and d, and Figure 1C, panels b and c), and
expression of mmp-9 was not detected in endothelial cells
(Figure 1B, arrow c). In addition, array hybridization did
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not show signals for other mmps, such as mmp-3, -7, -8,
-12, -13, or mt-mmp-2, -3 and -4 (data not shown).

Expression of GBP-1 and MMP-1 is regulated by IC and
AGF (Hanemaaijer et al., 1993; Kumar et al., 1998; Sato,
1998; Cardozo et al., 2001; Guenzi et al., 2001;
Lubeseder-Martellato et al., 2002). We analyzed the effect
of IL-1P and AGF [bFGF (10 ng/ml) and VEGF (10 ng/ml)
combined] on the expression of both proteins in HUVECs.
IL-1PB, in agreement with previous studies (Guenzi et al.,
2001), increased GBP-1 expression after 24 h for up to
4 days (Figure 1D). MMP-1 expression was constantly low
in the presence of IL-1B (Figure 1D). In contrast, AGF
increased the expression of MMP-1 but not of GBP-1
(Figure 1D). AGF-induced expression of MMP-1 was
maximal after 16 h and decreased rapidly afterwards
(Figure 1D). Quantitative analysis of band intensities
demonstrated that GBP-1 (Figure 1D, black columns) and
MMP-1 (Figure 1D, white columns) were differentially
expressed in the presence of IC and AGF.

MMP-1 expression was induced by AGF in CR-
transduced cells (Figure 1E, light gray columns) with the
same kinetics and to the same extent as in non-transduced
HUVECs (compare Figure 1D and E), demonstrating that
the transduction procedure did not impair endogenous
MMP-1 expression. In contrast, MMP-1 expression could
not be induced in S-GBP-1-transduced cells (Figure 1E,
white columns) that constitutively expressed GBP-1
(Figure 1E, black columns).

Kaposi’s sarcoma (KS) lesions are highly vascularized
(Figure 2A). In the lesions, both AGF and IC are highly
expressed, but in a temporally and spatially restricted
manner (Guenzi et al., 2001; Stiirzl et al., 2001,
Lubeseder-Martellato et al., 2002). Expression of the
endothelial cell-associated antigen CD31 (Figures 2A and
E), of MMP-1 (Figure 2B and F) and of GBP-1 (Figure 2C
and G) was analyzed by immunofluorescence in consecu-
tive sections of two different KS biopsies (Figure 2, KS1,
KS2). Vessel endothelial cells in the KS1 tumor
(Figure 2A) highly expressed MMP-1 (Figure 2B, arrows),
but not GBP-1 (Figure 2C). In contrast, in the other tumor
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Fig. 3. GBP-1 mediates the IC-induced inhibition of MMP-1 expression
in vitro. Western blot analyses of GBP-1 and MMP-1 expression in
HUVECs. (A) Cells were pre-treated without (—) or with IL-1f (6.5 h,
200 U/ml) and subsequently incubated without (-) or with AGF (VEGF
and bFGF, 10 ng/ml each) for 16 h. (B) Cells were pre-treated without
(=) or with IL-18 (200 U/ml), TNF-a. (300 U/ml) or IFN-y (100 U/ml)
for 24 h, and subsequently stimulated with AGF (10 ng/ml) for 16 h.
(C) CR- and AS-GBP-1-transduced HUVECs were pre-treated without
() or with IL-1B (24 h, 200 U/ml), and subsequently stimulated with
AGF (10 ng/ml) for 16 h. Immunochemical detection of GAPDH
indicates, for each lane, the amount of protein blotted onto the
membranes.

(KS2), single blood vessels (Figure 2E) highly expressed
GBP-1 (Figure 2G, arrows), but not MMP-1 (Figure 2F).
We have shown that GBP-1-positive vessel endothelial
cells in KS are exposed to high concentrations of IC, and
that GBP-1-negative vessel endothelial cells are prolifer-
ating due to AGF activation (Guenzi er al., 2001;
Lubeseder-Martellato et al., 2002). Control sections of
specimen with MMP-1- (Figure 2D) and GBP-1-
(Figure 2H) expressing endothelial cells did not show
any staining when the primary anti-GBP-1 or anti-MMP-1
antibody was omitted, respectively.

Together, these data demonstrate that MMP-1 expres-
sion is inversely related to GBP-1 expression in endo-

GBP-1 inhibits MMP-1 expression
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Fig. 4. The GTPase activity of GBP-1 is necessary to inhibit MMP-1
expression. (A) Western blot analysis of phospho-P38 (P-P38) and
phospho-SAPK/JNK (P-SAPK/INK) MAPK expression in S- and CR-
GBP-1-transduced HUVECs stimulated with AGF (VEGF and bFGF,
10 ng/ml each), except control (-), for the indicated periods of time.
(B) Left panel, western blot analyses of GBP-1 and MMP-1 expression
in CR-, S-GBP-1-, Hel-GBP-1-, Glo-GBP-1- and D184N-GBP-1-trans-
duced HUVECs stimulated with AGF (10 ng/ml) for 16 h (upper
panel). Corresponding signal intensities were densitometrically deter-
mined and normalized to GAPDH in each lane (lower panel). Right
panel, western blot analyses of the expression of the C-terminal helical
domain (Hel-GBP-1, upper arrow) and the N-terminal globular domain
(Glo-GBP-1, lower arrow) in HUVECS transduced with the respective
retroviral vectors. CR-transduced HUVECs were used as a negative
control (CR). A polyclonal rabbit anti-GBP-1 antibody was used.
(C) Western blot analyses of GBP-1 and MMP-1 expression in D184N-
GBP-1-transduced HUVECs (upper panel). Cells were pre-treated with-
out () or with IL-1B (24 h, 200 U/ml), and subsequently incubated
without () or with AGF (10 ng/ml) for 16 h. The rat monoclonal anti-
GBP-1 (mAb, 1B1) antibody was used for detection of GBP-I.
Immunochemical detection of GAPDH demonstrates that equal concen-
trations of protein were blotted onto the membranes (middle panel).
Corresponding signal intensities were densitometrically determined and
normalized to GAPDH in each lane (lower panel).

thelial cells in vitro and in vivo, and that ectopically
expressed GBP-1 inhibits the induction of MMP-1
expression by AGF.

GBP-1 mediates the inhibition of MMP-1
expression by IC

In order to determine whether cellular GBP-1 inhibits
MMP-1 expression, HUVECs were pre-treated for differ-
ent times (6.5 h and 24 h) with IL-1f and then incubated
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Fig. 5. GBP-1 inhibits migration and tube formation of HUVECs on collagen I matrices. (A) Zymography analysis using gelatin (left panel) or
collagen I (right panel) as substrates. Cell culture supernatants of S-GBP-1- and CR-transduced HUVECs stimulated with AGF (VEGF and bFGF,
10 ng/ml each), except control (-), were used for the times indicated. The bands corresponding to the pro- and active forms of MMP-1 and MMP-2
are indicated (arrows). (B) Invasion assay of CR- and S-GBP-1-transduced HUVECsS in collagen IV (left panel) and collagen I (right panel). The mean
values obtained in three different experiments are shown [* standard deviations (SDs)]. The numbers of transmigrated CR-transduced cells in the
respective experiments were set to 100% (white columns), and the relative numbers of S-GBP-1-transduced cells (black columns) were calculated
accordingly. The absolute numbers of transmigrated cells are given in parentheses. (C) Adhesion assay of CR- and S-GBP-1-transduced HUVECs to
collagen I and collagen IV matrices. The mean values obtained in six independent experiments are shown (= SD). Serum-free medium (sfm) without
collagen was used as a control. (D) Phase contrast pictures of HUVECs or S-GBP-1-transduced HUVECs cultured for 24 h on gelatin (upper panel) or
Matrigel (lower panel) in the presence of AGF (10 ng/ml). (E) Tube formation of CR- or S-GBP1-transduced HUVECs in 3D collagen I matrices in
the presence of AGF (10 ng/ml) and PMA (0.1 uM). (F) In situ detection of apoptosis of CR- and S-GBP1-transduced HUVECs in 3D collagen I
matrices after 24 h treated as in (E). Apoptosis was induced by treatment with streptonigrin (Strep, 1 uM) for 3 h. Non-apoptotic, CR-transduced
HUVECs are stained red [CR, Strep(-)]. Apoptotic cells are stained green [Strep(+)]. White arrows indicate apoptotic cells (green) in the tube

formation assay with S-GBP-1-transduced HUVECs.

with AGF for 16 h to induce MMP-1 expression. MMP-1
expression was induced by AGF in control cells and in
cells that were pre-treated for 6.5 h with IL-1 (Figure 3A).
In these cells GBP-1 expression was still at background
levels (Figure 3A). In contrast, MMP-1 expression could
not be induced by AGF in cells that were pre-treated with
IL-1B for 24 h, and expressed high levels of GBP-1
(Figure 3B). In addition, pre-treatment for 24 h with other
ICs (TNF-a., IFN-y), which similar to IL-1f3 induce GBP-1
expression in HUVECs (Guenzi et al., 2001; Lubeseder-
Martellato et al., 2002), efficiently blocked the induction
of MMP-1 expression by AGF (Figure 3B). After pre-
treatment with IL-1B for 24 h, GBP-1 expression was
7-fold higher in CR-transduced HUVECs compared with
the AS-GBP-1-transduced HUVECs, in which GBP-1
expression is repressed. Of note, in the latter cells, MMP-1
expression could still be induced under these conditions,
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but not in CR-transduced cells (Figure 3C). These data
indicate that cellular GBP-1 is necessary for the inhibitory
effect of IC on AGF-induced MMP-1 expression.

The GTPase activity of GBP-1 is necessary for the
inhibition of MMP-1 expression

Members of the mitogen-activated protein kinases
(MAPK) family, including MAPK/ERK, MAPK p38 and
SAPK/JNK, have been shown to be involved in the
transcriptional regulation of the mmp-1 gene (Benbow
et al., 2002; Vincenti and Brinckerhoff, 2002). However,
GBP-1 does not affect the MAPK/ERK signaling cascade
(Guenazi et al., 2001). In addition, AGF- (Figure 4A) and
IC-induced (data not shown) phosphorylation/activation of
MAPK p38 and SAPK/JNK was not impaired in S-GBP-1-
transduced HUVECs. Moreover, activation of the tran-
scription factor ATF-2, which acts downstream of p38



MAPK, was not affected by GBP-1 (data not shown). This
indicated that GBP-1 may inhibit MMP-1 expression via
alternative mechanisms.

In order to identify the structural/functional components
of GBP-1 that are required for the inhibition of MMP-1
expression, the effects of three mutants (D184N-GBP-1,
Glo-GBP-1 and Hel-GBP-1) of the GBP-1 protein were
analyzed. D184N-GBP-1 carries a single amino acid
exchange (aspartate to asparagine) at position +184 in the
N-terminal globular domain of GBP-1 that abolishes
GTPase activity (Praefcke er al., 1999; Guenzi et al.,
2001). Glo-GBP-1 represents the isolated N-terminal
globular domain of GBP-1 (amino acids 1-290), which
fully retains GTPase activity (Guenzi et al., 2001). Hel-
GBP-1 represents the C-terminal helical domain (amino
acids 288-592) that lacks GTPase activity, but has been
shown to inhibit endothelial cell proliferation (Guenzi
et al.,2001). The cDNAs encoding these different mutants
were expressed in HUVECs by the use of retroviral
vectors. The constitutive expression of Hel-GBP-1, Glo-
GBP-1 (Figure 4B, right panel) and D184N-GBP-1
(Figure 4B, left panel) was confirmed by western blot
analyses. In contrast to S-GBP-1-transduced cells, MMP-1
expression could be induced by AGF in cells expressing
the different mutants of GBP-1 (Figure 4B, left panel).
These results demonstrate that the GTPase activity is
necessary (see D184N-GBP-1), but not sufficient (see
Glo-GBP-1), for the inhibition of MMP-1 expression by
GBP-1.

The biological activities of two other members of the
large GTPases, MxA and dynamin, are inhibited in a
transdominant-negative manner by the respective GTPase
mutants (Ponten et al., 1997; Lee et al., 1999). By analogy,
D184N-GBP-1 may also inhibit the effect of cellular GBP-
1 on MMP-1 expression. To investigate this, HUVECs
were transduced with D184N-GBP-1. High constitutive
expression of D184N-GBP-1 was confirmed by western
blot analysis (Figure 4C, lane —,—). In these cells, MMP-1
expression could be induced by AGF, irrespective of
whether the cells expressed high amounts of endogenous
GBP-1 induced by pre-treatment with IL-1f or not
(Figure 4C, right two lanes). These data demonstrate that
D184N-GBP-1 can inhibit wild-type GBP-1 activity in a
transdominant-negative manner.

GBP-1 inhibits selectively the expression of MMP-1
The total proteolytic activities released by CR- and
S-GBP-1-transduced HUVECs were analyzed by gel
zymography of culture supernatants using either gelatin
(Figure 5A, left panel) or collagen I (Figure 5A, right
panel) as a substrate. In agreement with previous studies
(Zucker et al., 1998), HUVECs secreted large amounts of
the zymogen proMMP-2 (72 kDa) (Figure 5A). Addition
of AGF enhanced the processing of the zymogen to the
active MMP-2 (62 kDa) after 24 h, both in CR- and
S-GBP-1-transduced cells (Figure 5A). In addition, CR-
transduced HUVECs released a proteolytic activity with a
molecular weight of 47 kDa that corresponded to the
active form of MMP-1 (Figure 5A). This activity was
maximal 16 h after AGF-treatment of the cells (Figure 5A),
which is in agreement with the expression kinetics of
MMP-1 observed in AGF-treated endothelial cells (com-
pare Figure 1D). In contrast, MMP-1 was never detected in
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supernatants of S-GBP-1-transduced cells, irrespective of
cell stimulation and zymography substrate used
(Figure 5A). These findings confirmed at the enzymatic
level that GBP-1 selectively inhibits expression of MMP-1.

GBP-1 inhibits invasion and tube formation of
HUVECs in collagen | matrices

We next investigated the effect of GBP-1 on the capability
of HUVECs to transmigrate in matrices of increasing
concentrations of collagen I and collagen IV. The use of
different concentrations of collagen allowed investigation
into both the migratory (5 ug collagen) and invasive (15,
20 ug collagen) capability of the cells. At 5 ug collagen I
and collagen IV the numbers of transmigrated S-GBP-1-
transduced cells (Figure 5B, black columns) were 50%
lower compared with CR-transduced cells (Figure 5B,
white columns). This indicated that GBP-1 reduces the
migratory capability of HUVECs in a substrate independ-
ent manner. Increasing the concentrations of collagen I
and of collagen IV further reduced the absolute numbers of
both transmigrated CR- and S-GBP-1-transduced cells
(Figure 5B). Of note, the relative numbers of transmi-
grated S-GBP-1-transduced cells compared with CR-
transduced cells were not further reduced by increasing
concentrations of collagen IV (Figure 5B, left panel, black
bars). In contrast, increasing concentrations of collagen I
completely inhibited the transmigration of S-GBP-1-
transduced cells (Figure 5B, right panel, black bars).
This effect was due to the inhibition of cell invasiveness by
GBP-1 and not due to different adhesion of the transduced
cells to the respective matrices (Figure 5C).

When plated on gelatin-coated surfaces, S-GBP-1-
transduced cells exhibited the same characteristic cobble-
stone morphology as non-transduced HUVECs (Figure 5D,
upper panels). To investigate whether GBP-1 may affect
the angiogenic capability of HUVECS, a capillary forma-
tion assay was used. In matrigel matrices, both cell
cultures formed the characteristic well elaborated network
of capillaries, with similar tube lengths and branching knot
frequencies (Figure 5D, lower panels). However, when
seeded in 3D collagen I matrices, where MMP-1
proteolytic activity of the cells is required for tube
formation (Fisher et al., 1994), only CR-transduced
HUVEC:s formed a clearly elaborated network after 48 h
(Figure 5E, CR). In contrast, S-GBP-1-transduced cells
only reorganized from a monolayer (Figure SE, S-GBP-1,
6 h) to structures resembling initiating tubes (Figure SE,
S-GBP-1, 24 h), but these were resolved almost com-
pletely after 48 h, concomitant with cell loss (Figure SE,
S-GBP-1, 48 h), probably due to apoptosis (Figure SF,
S-GBP-1). Apoptosis was absent in invasive networks of
CR-transduced HUVECs [Figure SF, CR, Strep(-), red
staining], could be induced in these cells by streptonigrin
(Strep) treatment [Figure F, CR, Strep(+), green staining],
and was detected in many cells in initiating networks of
S-GBP-1-transduced cells in the absence of streptonigrin
[Figure 5F, S-GBP-1, Strep(-), green staining].

GBP-1 mediates the inhibition of capillary
formation by IC via inhibition of MMP-1
expression

In order to investigate whether GBP-1 may regulate the
angiogenic capability of HUVECs in the presence of IC,
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Fig. 6. Tube formation in 3D collagen I matrices requires MMP-1
expression and is independent of cell proliferation. (A) Left panel,
morphology of CR-, D184N- and S-GBP-1-transduced HUVECsS culti-
vated on collagen I for 48 h in the presence of AGF (10 ng/ml). Middle
two panels, tube formation of transduced HUVECs in 3D collagen I
matrices in the presence of AGF (10 ng/ml) or IL-1p (200 U/ml) for
48 h. Right panels, tube formation of the respective transduced cells
pre-treated for 24 h with IL-1p (200 U/ml) and subsequently grown in
3D collagen I matrices for 48 h. (B) Tube formation of S-GBP1- and
CR-transduced HUVECs in 3D collagen I matrices. Culture medium
(CM) of HUVECS stimulated with AGF for 16 h [CM/MMP-1(+)] or
of unstimulated HUVECs [CM/MMP-1(-)] was added to AGF-
(10 ng/ml) treated CR- and S-GBPI-transduced HUVECsS in collagen I
matrices for 48 h. Right, CR-transduced HUVECs in 3D collagen I
matrices in the presence of AGF (control).

we analyzed the tube-forming capability of CR-, D184N-
and S-GBP-1-transduced HUVECs in 3D collagen I
matrices (Figure 6A). When seeded onto collagen I
matrices, all of the cells formed monolayers after 48 h in
the presence of AGF (Figure 6A, Collagen I, AGF). When
seeded into the 3D collagen I matrices, AGF-stimulated
CR- and D184N-transduced HUVECSs formed elaborated
capillary networks, whereas S-GBP-1-transduced cells did
not (Figure 6A, 3-D Collagen I, AGF). Of note, IL-1§-
stimulated CR-, DI84N- and S-GBP-I1-transduced
HUVECs did not form capillaries in 3D collagen I
(Figure 6A, IL-1B).

Interestingly, pre-treatment of CR-transduced HUVECs
with IL-1P for 24 h abrogated the capability of these cells
to form tubes after subsequent stimulation with AGF
(Figure 6A, pre IL-1B + AGF). In contrast, HUVECs
expressing the transdominant-negative D184N-GBP-1
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formed a well elaborated capillary network under these
conditions (Figure 6A, prelL-18 + AGF). These results
demonstrated that the tube-forming capability of HUVECs
in 3D collagen I matrices is inhibited by GBP-1 and
correlates with the expression of MMP-1 in these cells
(compare Figure 6A with Figures 3B and 4C).

In agreement with this, the tube-forming capability of
AGF-stimulated S-GBP-1-transduced HUVECs could be
restored by paracrine supplementation of MMP-1. The
addition of conditioned medium (CM) of AGF-stimulated,
non-transduced HUVECs, which contain high concentra-
tions of MMP-1, rescued the tube-forming capability of
these cells [Figure 6B, S-GBP-1, CM/MMPI1(+)]. In
contrast, CM obtained from non-stimulated HUVECs
that secrete only low concentrations of MMP-1 did not
restore capillary formation [Figure 6B, S-GBP-1, CM/
MMP-1 (-)]. In a control experiment, CM/MMP1 (+) did
not impair the tube-forming capability of AGF-stimulated
CR-transduced HUVECs [Figure 6B, CR, CM/MMP-1
(+)]. Altogether these results confirmed the antiangiogenic
effect of the GBP-1-mediated inhibition of MMP-1
expression by IC.

Discussion

We have recently shown that GBP-1 characterizes the IC-
induced, non-proliferating phenotype of endothelial cells
both in vitro and in vivo (Lubeseder-Martellato et al.,
2002), and that the helical domain of GBP-1 mediates the
anti-proliferative effect of IC on endothelial cells (Guenzi
et al., 2001). Here we report that GBP-1, in addition,
mediates the inhibition of MMP-1 expression by IC in
endothelial cells. This activity requires the GTPase
activity of the molecule and efficiently inhibits the
invasiveness and tube-forming capability of endothelial
cells in 3D collagen I matrices. The capability to inhibit
both invasion and proliferation of endothelial cells estab-
lishes GBP-1 as a key mediator of the anti-angiogenic
effects of IC in endothelial cells.

The inhibitory effect of GBP-1 on MMP-1 expression
was supported by several lines of experimental evidence.
First, pre-treatment of endothelial cells with IC blocked
the subsequent induction of MMP-1 expression by AGF.
This effect was only observed at later time points (24 h)
after IC treatment, when GBP-1 was strongly expressed,
but not at earlier time points (6.5 h) when GBP-1
expression was still at background levels in the cells.
Secondly, MMP-1 expression was inhibited by three
different ICs (IL-1B, TNF-o, IFN-y), which exert many
different activities on endothelial cells (Mantovani et al.,
1992, 1998; Introna and Mantovani, 1997; Pober, 2002),
but in common all induce GBP-1 expression. Thirdly,
S-GBP-1-transduced HUVECs that constitutively expres-
sed GBP-1 did not express MMP-1, and MMP-1 expres-
sion could not be induced by AGF in these cells. Fourthly,
the inhibition of GBP-1 expression and activity with GBP-
1 antisense RNA and a transdominant-negative GBP-1
molecule (D184N-GBP-1), respectively, abrogated the
inhibitory effect of IC on MMP-1 expression. Finally,
GBP-1 and MMP-1 expression were inversely related in
vessel endothelial cells of KS lesions in vivo. An inverse
relation of GBP-1 and MMP-1 expression in vivo was also
recently observed by others. For example, in the malignant



progression of prostate cancer, a decrease of GBP-1
expression (Virolle et al., 2003) concomitant with an
increase of MMP-1 expression (Daja ef al., 2003) has been
reported. These results congruently indicate that GBP-1 is
necessary and sufficient to mediate the inhibition of
MMP-1 expression by IC in vitro, and probably also
in vivo.

While investigating which structural/functional motifs
of GBP-1 may harbor the inhibitory activity on MMP-1
expression, we demonstrated that the exchange of a single
amino acid (D184N) fully abrogated the inhibitory effect
of GBP-1 on MMP-1 expression. This mutation represses
the GTPase activity of the molecule (Praefcke et al., 1999;
Guenzi et al., 2001); thus MMP-1 expression is the first
cellular target that has been identified to be regulated by
the GTPase activity of GBP-1. However, the globular
domain alone that retains full GTPase activity did not
inhibit MMP-1 expression, suggesting that the GTPase
activity of GBP-1 is necessary but not sufficient for this
effect.

For the inhibition of MMP-1 expression, the helical
domain or parts thereof were also required. Binding sites
for other regulatory molecules or for GBP-1 oligomeriza-
tion may reside in this domain that may be necessary for
GBP-1 function. This hypothesis is supported by the fact
that the biological activity of two other members of the
family of large GTP-binding proteins, MxA and dynamin,
is regulated by oligomerization (van der Bliek, 1999;
Prakash et al., 2000a; Marks et al., 2001; Kochs et al.,
2002). GTPase-defective mutants of both proteins inhib-
ited the biological activity of the respective wild-type
protein in a transdominant-negative manner (Ponten et al.,
1997; Lee et al., 1999). Our finding that the D184N-GBP-1
had a transdominant-negative effect on cellular GBP-1
supports the idea that oligomerization may regulate
GTPase-mediated activities of GBP-1.

During angiogenesis, degradation of the vessel base-
ment membrane and the underlying interstitium by matrix
metalloproteinases is required for migration of endothelial
cells into the perivascular space (Risau, 1995, 1997;
Stetler-Stevenson, 1999; Carmeliet and Jain, 2000).
Depending on the stimulus, endothelial cells can synthe-
size a variety of different MMPs, including MMP-1, -2, -3,
-9 and -14 (Herron et al., 1986; Unemori et al., 1992,
Fisher et al., 1994; Iwasaka et al., 1996; Duhamel-Clerin
et al., 1997; Moses, 1997; Vacca et al., 1997; Haas et al.,
1998; Hiraoka et al., 1998; Zucker et al., 1998). GBP-1
selectively inhibited the expression of MMP-1, as dem-
onstrated again by several different experiments. First,
expression and activity analyses of MMPs in HUVECs
showed that GBP-1 selectively inhibited the expression of
MMP-1, whereas expression of other MMPs was not
affected (mmp-2 and mmp-14) or could not be detected in
these cells (mmp-3, -7, -8, -12, -13, or mt-mmp-2, -3 and
-4) with the array technology. Secondly, analyses of the
invasive capability of the cells in different substrates
showed that the transmigration of S-GBP-1-transduced
cells was completely blocked by increasing concentrations
of collagen I [a substrate of MMP-1 (Kahari and Saarialho-
Kere, 1999; Johansson et al., 2000; Egeblad and Werb,
2002)] but not by collagen IV [a substrate for MMP-2 and
MMP-9 (Johansson et al., 2000; Egeblad and Werb,
2002)]. Thirdly, the ability of S-GBP-1-transduced cells to
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form capillary-like structures in collagen I was blocked,
while it was not impaired in Matrigel. Fourthly, the
tube-forming capability of highly GBP-1-expressing
endothelial cells could be rescued by restoring the
AGF-inducibility of MMP-1 expression with a trans-
dominant-negative D184N-GBP-1, and by paracrine
supplementation of MMP-1. These results indicate that
MMP-1 is required for the formation of angiogenic
capillaries in collagen I and that GBP-1 inhibits invasive-
ness and tube-forming capability of endothelial cells via
selective inhibition of MMP-1 expression.

In addition, the rescue of the tube-forming capability of
cells that highly express GBP-1 demonstrated that MMP-1
expression and the tube-forming capability of endothelial
cells are independent of the inhibition of cell proliferation,
which is mediated by the helical domain of GBP-1.

IC induction of GBP-1 expression suggests that IC may
harbor anti-angiogenic activities. This apparently contra-
dicts the fact that angiogenesis can occur in inflammatory
conditions in vivo (Frater-Schroder et al., 1987,
Mahadevan et al., 1989; Montrucchio et al., 1994; Gerol
et al., 1998; Torisu et al., 2000). However, it has to be
considered that the induction of GBP-1 expression by IC
can be inhibited by a surplus of AGF (Guenzi et al., 2001)
and in addition requires up to 24 h, after exposure to IC, to
reach a high level of expression (Figure 1D). Therefore, in
the presence of IC and AGF, endothelial cells can still
exert a full range of angiogenic activities during the
induction phase of GBP-1 expression. This is confirmed by
our finding that the induction of MMP-1 by AGF is
significantly faster than the induction of GBP-1 by IC
(Figure 1D). However, at later time points, when GBP-1
expression is maximal, this renders the cells refractory to
additional stimulation by AGF and terminates angiogen-
esis. This is in agreement with our findings that GBP-1
expression in inflammatory tissues in vivo is restricted to
single non-proliferating and MMP-1-negative vessels
(Guenzi et al., 2001; Lubeseder-Martellato et al., 2002).
Altogether, this leads to the provocative hypothesis that
GBP-1 in inflammatory tissues may regulate the termin-
ation of angiogenesis in relation to the balance of IC and
AGF at onset. Consequently, the inhibition of GBP-1
activity with transdominant-negative molecules, as
described here, may increase angiogenic activity under
inflammatory conditions, to support collateral vessel
formation in ischemia for example.

Materials and methods

Cell cultures

Primary human macrovascular umbilical vein endothelial cells
(HUVECs) were purchased from Clonetics and maintained in endothelial
cell basal medium (EBM) supplemented with 5% fetal bovine serum
(FBS) and propagated in Roux flasks (Greiner) coated with 1.5% bovine
skin gelatin type B (Sigma) in phosphate-buffered saline (PBS). Three
independent primary cultures of HUVECs were used for this study. Prior
to stimulation, cells were cultured overnight in EBM-0.5% FBS.
Recombinant human VEGF;,; was purchased from R&D Systems, and
recombinant human bFGF, IL-1, IFN-y and TNF-a were purchased from
Roche.

cDNA array hybridization
Atlas™ Human 1.2 1, IT and I cDNA expression array membranes used in
this study were purchased from Clontech. The membranes contained

1176 unique human cDNAs (listed at www.clontech.com/atlas/genelists/
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index.shtml). Primary HUVECs transduced with the amphotropic
retroviral vector pBabePuro (Morgenstern and Land, 1990), encoding
human GBP-1 in sense (S-GBP-1) or antisense (AS-GBP-1) orientation
(Guenzi et al., 2001) were grown to 80% confluency in EBM
supplemented with 5% FBS and 0.3 pg/ml puromycin (Sigma). Total
RNA was isolated with the RNeasy kit (Qiagen) and treated with DNAse I
(1 U/ug RNA; BD Clontech) for 30 min at 37°C. [*P]cDNA probe
labeling, hybridization and high-stringency washing were performed
following the instructions of the manufacturer. Briefly, S-GBP-1 and AS-
GBP-1 cDNA probes of equal activity (5 X 107 c.p.m.) were hybridized to
the Atlas™ membranes (BD Clontech) for 20 h at 68°C and subjected to
stringent washing. The intensity of hybridization signals was quantified
using a PhosphorImager™ (Amersham) and normalized against internal
controls (GAPDH and actin). Genes were considered to be up-regulated
or down-regulated when the signal intensity of S-GBP-1 and AS-GBP-1
differed by >2-fold. The hybridization was repeated with new probes
generated from the original total RNA on a second set of membranes, and
only those genes that were reproducibly up- or down-regulated were
analyzed further.

RT-PCR

RT-PCR was performed using the Titan one-tube RT-PCR system
(Roche) according to the manufacturer’s instructions. The sequences of
gene-specific primers for RT-PCR were the same as those of human 1.2 1
cDNA arrays (data not shown because of the copyright agreement by
Clontech). The cycle number was optimized to ensure amplification
stayed in the linear range. PCR products were analyzed by electrophoresis
on a 2% agarose gel stained with ethidium bromide. The corresponding
signal intensities were densitometrically determined using the
Imagequant software (Molecular Dynamics).

Transduction of HUVECs

cDNAs encoding full-length human GBP-1 (S-GBP-1), truncated forms
(hel-GBP-1, glo-GBP-1) and GTPase-deficient mutants (D184N-GBP-1)
were generated and cloned into the Moloney murine leukemia virus-
derived retroviral vector pBabePuro (Morgenstern and Land, 1990) as
described previously (Guenzi et al., 2001). PG13/J7 packaging cells
(Miller et al., 1991) were used to generate the respective viruses.
Retroviral infection of HUVECs was carried out as described previously
(Guenzi et al., 2001). Transduction efficiency was between 50 and 70%,
as determined by immunochemical detection of GBP-1 at the single-cell
level in S-GBP-1-transduced HUVECs. Transduced cells were expanded
by cultivation for an additional 10 days in the presence of 0.3 ug/ml
puromycin (Sigma) before use. All experiments were repeated with three
different cultures of HUVECs.

Western blot analysis

Western blot analysis was performed as described previously (Guenzi
et al., 2001). Primary antibodies were diluted in 0.5X Western Blocking
Reagent Solution (Roche) containing 0.1% Tween 20 (Sigma) in PBS, as
follows: polyclonal rabbit anti-GBP1 (1:5000), polyclonal rabbit anti-
actin (1:2000; Sigma), monoclonal rat anti-GBP1 [1:500; mAb 1B1
(Lubeseder-Martellato et al., 2002, p. 187)], monoclonal mouse anti-
MMP-1 (1:500; MAB901; R&D Systems), polyclonal rabbit anti-
phospho-p38, SAPK/INK and anti-ATF-2 (1:1000; New England
Biolabs).

Peroxidase-conjugated goat anti-mouse, anti-rat or anti-rabbit second-
ary antibodies (Amersham-Pharmacia Biotech) were diluted 1:5000 in
0.5X Western Blocking Reagent Solution containing 0.1% Tween 20 in
PBS. Peroxidase activity was visualized using the enhanced chemilumi-
nescence ECL Kit (Amersham-Pharmacia Biotech) and signals were
quantified densitometrically using the Imagequant software.

Zymography

MMP activity in cell culture supernatants of S-GBP-1- and CR-
transduced HUVECs was analyzed by substrate-gel electrophoresis
(zymography), on a 10% SDS polyacrylamide gel containing either
1 mg/ml gelatin (Sigma) or 1 mg/ml rat tail collagen I (BD Biosciences).
Cells were seeded onto 6-well plates in EBM—5% FBS at 2 X 10* cells/
cm?, and grown to 80% confluency. Cells were then rinsed twice with
serum-free medium (sfm) and incubated for 16 or 24 h in the absence or
presence of AGF (bFGF and VEGF, 10 ng/ml). Culture supernatants were
collected and centrifuged at 5200 g for 10 min, and Tris—HCI pH 8.0 was
added to a final concentration of 50 mM. Equal volumes of the samples
were subjected to zymographic analysis as described previously (Lafleur
et al., 2001). After electrophoresis the gels were stained with Coomassie
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Brillant Blue and proteolytic activity was indicated by clear, non-stained
bands.

Chemotaxis and chemoinvasion
Chemoinvasion of HUVECs was performed in Boyden chambers (Costar)
as described previously (Johansson et al., 2000). Briefly, serum-free NIH
3T3-conditioned medium was used in the lower chamber as chemoat-
tractant. Polycarbonate porous filters (12 um pore size; Millipore) were
pre-coated with 50 pl of 1% acetic acid containing 15 or 20 ug of collagen
type I or IV (BD Biosciences), air-dried and re-hydrated in sfm before
use. HUVECs were harvested by trypsinization, washed and resuspended
in SFM, and 200 pl of cell suspension (5 X 10* cells) were added on the
top of the filters. After 6 h of incubation, filters were harvested, cells on
the upper surface were removed, and the cells that migrated to the lower
surface were immediately fixed with ethanol at 4°C for 20 min and
stained with toluidine blue. The number of migrated cells was assessed by
counting of five to eight unit fields per filter at a magnification of 160X
under a Zeiss microscope. Each test was performed in triplicate. Mean
values and standard deviations were calculated.

Chemotaxis was assessed identically, except that filters were pre-
coated with 5 ug of collagen I or collagen IV, which do not establish a
physical barrier for migrating cells.

Adhesion assay

Adhesion assay of CR- or S-GBP-1-transduced HUVECs to collagen
matrices was performed in 96-well plates (Nunc), pre-coated with or
without collagen type I or type IV solution (50 pg/ml in 1% acetic acid;
Sigma). The matrix solution was removed after 1 h incubation at 37°C,
and 100 pl of HUVEC suspension (5 X 103 cells in sfm) were added to
each well. Cells were allowed to adhere at 37°C in 5% CO, for 2 h,
supernatants were removed, and cells were fixed and stained in a solution
containing formalin 4%, ethanol 32% and crystal violet 0.75%. Adherent
cells were quantified spectrophotometrically at 595 nm. Mean values and
standard deviations of six independent experiments were calculated and
are shown.

Tube formation assay

Tube formation was analyzed in Matrigel (BD Biosciences) and 3D
collagen-I substrates. For the Matrigel assay, cells were grown in EBM—
0.5% FBS to 80% confluency, trypsinized, and resuspended into EBM—
0.5% containing AGF (bFGF and VEGF, 10 ng/ml each). Cells were
seeded at a density of 6 X 10* cells/well in 6-well plates, which were pre-
coated with 250 ul of Matrigel at 37°C for 1 h. After 24 h of incubation,
developing capillaries were photographed under an inverted phase
contrast photomicroscope (Zeiss). All assays were performed in triplicate.

For the 3D collagen I assay, highly purified human collagen I (BD
Biosciences) was dissolved in serum-free EBM at a concentration of
120 pg/ml, and 200 pl of the solution were added to 12-well dishes
(~0.6 pg/cm?) and incubated overnight at 37°C. Cells grown in low
medium supplemented with AGF (bFGF and VEGF, 10 ng/ml each) or
with IL-1f (200 U/ml) for 24 h were harvested by trypsinization, washed
twice with serum-free EBM and resuspended in 200 ul of EBM-0.5%
FBS containing 100 pg/ml collagen-I, and seeded onto the first collagen
layer at a density of 3 X 10 cells/cm?. After 30 min, 100 ul of EBM—
0.5% FBS with PMA (0.1 uM) and AGF (bFGF and VEGF, 10 ng/ml
each) or IL-1B (200 U/ml), respectively, were added (except control).
Developing capillaries were photographed after 6, 24 and 48 h under an
inverted phase contrast photomicroscope (Zeiss). All assays were
performed in triplicate.

Conditioned medium (CM) used for the 3D collagen I assay was
prepared as follows: HUVECs were maintained in EBM supplemented
with 5% FBS and propagated in Roux flasks (Greiner) coated with 1.5%
gelatin. Cells were grown to 80% confluency, rinsed twice with SFM and
incubated for 16 h in the absence or presence of AGF (bFGF and VEGF,
10 ng/ml). Culture supernatants were collected, centrifuged at 5200 g for
10 min and used immediately in the assay.

In situ detection of apoptosis

Apoptotic cells in 3D collagen-I substrates were detected using the
mitochondrial membrane potential detection kit (Biocarta) as described
by the manufacturer. This assay kit uses a unique cationic dye: green
fluorescence indicates an increase in the mitochondrial membrane
permeability in apoptotic cells, while non-apoptotic cells are stained
red. Cells were grown in 3D collagen-I substrates for 24 h, and incubated
for 40 min with the dye. Both apoptotic and healthy cells were visualized
simultaneously using a fluorescence microscope (Zeiss).



Fluorescence staining of paraffin sections

Stainings of KS tissue sections were performed as described previously
(Guenzi et al., 2001; Lubeseder-Martellato et al., 2002). Briefly, eight
skin biopsies of acquired immune deficiency syndrome (AIDS)-associ-
ated KS were routinely processed, formalin-fixed and paraffin-embedded
as described in Stiirzl ef al. (1999). For staining of CD31, GBP-1 and the
MMP-1 antigen, consecutive sections of paraffin-embedded KS lesions
were microwave-treated (3X, 10 min, 580 W) in Target Retrieval
Solution pH 9.0 (Dako). Slides were then incubated with either mouse
anti-CD31 (1:20), rat anti-GBP-1 (1:20) or mouse anti-MMP-1 (1:200;
IM352; Oncogene) monoclonal antibodies. Bound primary antibodies
were detected with a mixture of highly cross-absorbed goat anti-rat and
goat anti-mouse antibodies (1:500) coupled to the fluorochromes
AlexaFluor488 and AlexaFluor546 (Molecular Probes Europe),
respectively.
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