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Abstract Transforming growth factor-b (TGFb1) is a proan-
giogenic factor both, in vitro and in vivo, that is mainly involved
in the later phases of angiogenesis. In an attempt to identify
genes that participate in this effect, we found that TGFb1 down-
regulates expression of adenylate cyclase VI. In addition, cAMP
analogs (8-Bromo-cAMP) and forskolin (an adenylate cyclase
activator) also reduced TGFb1-induced in vitro angiogenesis in
mouse endothelial cell lines and in primary cultures of human
umbilical vein endothelial cells on collagen gels. Induction of Ets-
1 and plasminogen activator inhibitor-1 (PAI-1) by TGFb1 was
blocked by these cAMP agonists and activators, in the absence
of effects on endothelial cell viability. Moreover, the signal
transduction pathways stimulated by TGFb1 were unaffected.
Thus, Smad2 was normally phosphorylated and translocated to
the nucleus in the presence of forskolin. In contrast, transfection
studies using the PAI-1-promoter indicated that these cAMP
analogues inhibit transcriptional stimulation by TGFb1. Elec-
trophoretic mobility shift assay showed that Smad2/3 were
bound normally to a TGFb1-response region in the presence of
the cAMP analogs. In all, these data suggest that the cAMP
pathway inhibits the transcriptional activity of Smads, that could
be responsible for the block of the TGFb1-induced in vitro
angiogenesis caused by this second messenger.
� 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Angiogenesis or the formation of new blood vessels from

pre-existing vasculature occurs in normal situations such as

embryonic development, wound healing and during the female

reproductive cycle. However, activated blood vessel growth is

also found in many diseases, such as tumor progression, dia-

betic retinopathy or arthritis [1,2]. In the last few years, several

studies have led to the discovery of inducers and inhibitors of

angiogenesis [3–5]. Among the inducers there are factors such

as vascular endothelial growth factor (VEGF), FGF-1 and 2

that induce angiogenesis in vivo and in vitro. In contrast, other

factors such as transforming growth factor-b (TGFb) induce
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angiogenesis in vivo and in vitro but inhibit endothelial cell

proliferation in vitro [3–5].

TGFb1 is a 25-kDa peptide belonging to a family of multi-

functional cytokines that control the development and ho-

meostasis of most tissues by regulating diverse cellular

functions, such as proliferation and differentiation [6–8]. The

receptors for this family are basically two transmembrane ser-

ine/threonine kinases, termed receptor type I and type II. The

binding of the ligand causes the heterodimerization of receptors

I and II followed by the activation by phosphorylation of re-

ceptor I. This receptor then phosphorylates and activates the

Smad family of proteins, which transduce the signal to the

nucleus [6,7,9,10]. The role of TGFb in angiogenesis was first

shown by new capillary formation after injection of the factor

in mice [11,12] and when applied to chicken chorioallantoic

membrane (CAM) [13]. Moreover, TGFb1 and TGFb2 are

expressed during the development of angiogenically active tis-

sues [14,15]. This proangiogenic activity of TGFb has been

confirmed by experiments using knock-out mice. The knock-

out of TGFb1, the type II receptor and the type I receptor

activin receptor-like kinase 1 (ALK1) are lethal at 10.5 days of

gestation due to defective vasculogenesis (the initial formation

of the primitive vasculature in the embryo), along with defec-

tive endothelial cell differentiation and inadequate capillary

tube formation [16]. Morevoer, Smad5 knock-out mice also die

due to defects in vasculogenesis and angiogenesis [17,18]. Fi-

nally, mutations in the human ALK1 gene and in the endoglin

gene, a TGFb1-binding protein which presents TGFb1 to the

type I and II receptors, all cause hereditary hemorrhagic tel-

angiectasia, a disease characterized by vascular malformations

[19,20]. Knock-out mice for endoglin also show a defective

angiogenesis and die at embryonic day 11.5 [21]. In vitro, TGFb
inhibits endothelial cell proliferation in two-dimensional cul-

tures [22–25], but induces tube formation when endothelial cells

are cultured inside three-dimensional collagen gels [26–28].

Finally, TGFb1 promotes the in vitro differentiation of em-

bryonic stem cells to the endothelium as well as the formation

of cord-like structures [29]. The signaling mechanisms impli-

cated in the pro-angiogenic effect of TGFb are now beginning

to be resolved. Thus, it seems clear that at the start of angio-

genesis, TGFb works through the Alk1 receptor type I and

Smad1 phosphorylation, which induces endothelial cells to

proliferate and degrade the extracellular matrix, while in the

last phase of the angiogenesis TGFb signals through the Alk5

receptor and Smad2/3, blocking proliferation and enhancing

extracellular matrix deposition [30]. It has also been shown that
blished by Elsevier B.V. All rights reserved.
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during the last phase TGFb can indirectly stimulate the PI3K/

Akt and the p42/p44 MAPK pathways, which is essential for

cell survival and formation of capillary-like structures [31].

However, although some of the signaling mechanisms have

been identified, the molecules that participate in the proangi-

ogenic action of TGFb are largely unknown. Using a mouse

vascular endothelial cell model (1G11 cell line), which rapidly

forms capillary-like structures in collagen and responds to

TGFb1, we examined the action of this angiogenic cytokine.

We found a negative effect of cAMP on the proangiogenic ac-

tion of TGFb1, and that one of the genes down-regulated by

TGFb1 is adenylate cyclase VI.
Fig. 2. cAMP blocks TGFb1-induced in vitro angiogenesis in 1G11 and HUV
collagen gels and TGFb1 (25 ng/ml) alone or in the presence of 1 mM 8-B
microscopy.

Fig. 1. TGFb1 blocks adenylate cyclase VI mRNA and protein.
(A) 1G11 cells immersed in collagen gels were cultured for 4 h in the
presence of DMEM alone (Basal) or 25 ng of TGFb1/ml (TGFb1).
Cells were lysed and total RNA was isolated. Gels were loaded with 25
lg of RNA and after blotting, adenylate cyclase VI (ACVI) and
GAPDH were detected by hybridization using specific probes. A rep-
resentative autoradiogram is shown. (B) 1G11 endothelial cells im-
mersed in collagen gels were cultured for 48 h in the presence of
DMEM alone (Basal) or 25 ng of TGFb1/ml. Cells were lysed and
adenylate cyclase VI was detected by immunoblotting with a specific
antibody. b-Actin is shown as a loading control. A representative
Western blot of three different experiments is shown.
2. Materials and methods

2.1. Materials
Human recombinant TGFb1 was obtained from R&D Systems, and

forskolin and 8-Bromo-cAMP were from Sigma, 5,6-dichloro-1-b-DD-
ribofuranosylbenzimidazole (DRB) was from Calbiochem. Cell culture
media, FBS, glutamine and antibiotics were obtained from Gibco-
BRL. The other reagents were of analytical or molecular biology grade
and purchased from Sigma or Roche.

2.2. Cell culture and transfections
Murine lung capillary endothelial cells (cell line 1G11) were obtained

from Alberto Mantovani and Annunciata Vecchi (Instituto Ricerche
Farmacologiche Mario Negri, Milan, Italy) [32]. They were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 20% FBS;
50 U of penicillin, 50 lg of streptomycin sulfate, 150 lg of endothelial
cell growth supplement (Becton–Dickinson) and 100 lg of heparin
(Sigma)/ml; 1% non-essential amino acids; and 2 mM sodium pyru-
vate. When indicated, 8-Br-cAMP or forskolin were added 10 min
before the addition of TGFb1.
1G11 cells were transiently transfected with a plasmid containing the

TGFb-responsive region of the plasminogen activator inhibitor-1
(PAI-1) promoter (3TP-lux) [33] and a b-galactosidase vector using
Lipofectamine 2000 (Invitrogen). Luciferase assays were carried out
using the Luciferase Assay System (Promega) 48 h after transfection
and 16 h after treatment with 5 ng of TGFb1/ml. b-Galactosidase
activity was measured using a Luminescent b-galactosidase Detection
Kit II (Clontech).
Human umbilical vein endothelial cells (HUVEC) were obtained as

previously described [34] and were cultivated in M199 (Gibco) sup-
plemented with 20% FCS, 100 lg/ml heparin and 150 lg/ml of endo-
thelial cell growth supplement (Becton–Dickinson).

2.3. Tubulogenesis assays and cell survival
To induce capillary tube formation, 1G11 cells grown to confluence

were trypsinized and resuspended in 2� DMEM. Cells were added to a
type I collagen solution (Becton–Dickinson; 4 mg/ml) to achieve a cell
concentration of 3� 106 cells/ml and a final collagen concentration of
2 mg/ml. Sixty microliters of this preparation was placed in 24-well
plates and incubated for 45 min at 37 �C in a humidified incubator to
allow polymerization and DMEM alone or DMEM containing 25 ng
of TGFb1/ml was added where indicated. When indicated, 1 mM 8-Br-
cAMP was added 10 min before TGFb1. Protein extracts were ob-
tained from the gels as described [31].
For HUVEC, 2� 105 cells were seed in triplicate into a 24-well plate

coated with 300 ll of rat tail collagen type I (1.2 mg/ml) in M199 and
10% FCS and allowed to attach for at least 2 h. Following this, cells
were overlayed with an additional 300 ll of collagen. Once the collagen
had polymerized, cells were fed with M199 medium, 10% FCS, 100 lg/
ml heparin, 150 lg/ml of endothelial cell growth supplement, 25 ng/ml
of TGFb1 in the absence or presence of 1 mM 8-Br-cAMP. Following
EC cultures in type I collagen gels. 1G11 or HUVEC were cultured on
r-cAMP were added for 24 h. Gels were examined by phase-contrast



Fig. 3. cAMP prevents TGFb1 induction of Ets-1 and PAI-1. (A) 1G11
endothelial cells immersed in collagen gels were cultured for 48 h in the
presence of DMEM alone (Basal) or 25 ng of TGFb1/ml either alone
or with 1 mM 8-Br-cAMP. Cells were lysed and Ets-1 was detected by
immunoblotting with a specific antibody. ERK2 is shown as a loading
control. Lines 1 and 2, 3 and 4, and 5 and 6 correspond to duplicates.
A representative Western blot of three different experiments is shown.
(B) Depleted 1G11 endothelial cells cultured on plastic plates were
stimulated with 25 ng of TGFb1/ml alone or in the presence of 25 lM
forskolin (F) or 1 mM 8-Br-cAMP (8Br) for 2 or 6 h or not stimulated
(B). Cells were lysed and total RNA was isolated and analyzed by
Northern blot. After blotting, PAI-1 or GAPDH (as a loading control)
were detected by hybridization using a specific probe. A representative
autoradiography is shown. (C) Depleted 1G11 endothelial cells cul-
tured on plastic plates were incubated with different treatments. 1,
DMEM alone for 6 h; 2, 25 ng of TGFb1/ml for 6 h; 3, 25 ng of
TGFb1/ml for 6 h in the presence of 5 lg/ml of actinomycin D; 4, 25 ng
of TGFb1/ml for 6 h in the presence of 5 lg/ml of actinomycin D and 1
mM 8-Br-cAMP; 5, 25 ng of TGFb1/ml for 3 h, and addition of 5 lg/
ml of actinomycin D for additional 3 h; 6, 25 ng of TGFb1/ml for 3 h,
and addition of 5 lg/ml of actinomycin D and 1 mM 8-Br-cAMP for
additional 3 h; 7, 25 ng of TGFb1/ml for 6 h in the presence of 100 lM
DRB; 8, 25 ng of TGFb1/ml for 6 h in the presence of 100 lM DRB
and 1 mM 8-Br-cAMP; 9, 25 ng of TGFb1/ml for 3 h, and addition of
100 lM DRB for additional 3 h and 10, 25 ng of TGFb1/ml for 3 h,
and addition of 100 lM DRB and 1 mM 8-Br-cAMP for additional 3
h. After these treatments, RNA was obtained, and PAI-1 or GAPDH
were detected by hybridization using a specific probe. A representative
autoradiography of two independent experiments is shown.
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completion of the network-formation (24 h) three images per well were
captured on a Leica inverted phase-contrast microscope DMIRBE
equipped with digital capture software.
To measure the viability of 1G11 cells after 24 h in collagen gels,

propidium iodide (1 lg/ml; Sigma) was added and incubated for 10
min at 37 �C. Phase-contrast or immunofluorescence images were
obtained using an immunofluorescence microscope.

2.4. Suppression substractive hybridization PCR-based technique
To identify genes expressed differentially by the presence of TGFb1,

1G11 cells immersed in type I collagen gels were incubated for 4 h in
the absence or presence of 25 ng of TGFb1/ml. Cells were lysed and
poly(A)þ was isolated. The subtracted library was obtained using a kit
of Clontech based on the suppression subtractive hybridization PCR-
based technique [35]. The cDNAs obtained were subcloned in a TOPO
cloning vector (Invitrogen) and sequenced.

2.5. Western blot analysis
Cells were washed twice in cold phosphate-buffered saline (PBS) and

lysed in Triton X-100 lysis buffer (50 mM Tris–HCl, pH 7.5, 100 mM
NaCl, 50 mM NaF, 5 mM EDTA, 40 mM b-glycerophosphate, 200
lM sodium orthovanadate, 100 lM phenylmethylsulfonyl fluoride, 1
lM pepstatin A, 1 lg/ml of leupeptin, 4 lg/ml of aprotinin and 1%
Triton X-100) for 15 min at 4 �C. Western blots were performed as
described [36]. The blots were incubated with polyclonal anti-adenylate
cyclase V/VI antibody (Santa Cruz), polyclonal anti-Ets-1 antibody
(Santa Cruz), polyclonal anti-PARP antibody (Cell Signaling), poly-
clonal anti-phospho-Smad2 antibody (Upstate Biotechnology), poly-
clonal anti-phospho-CREB (Cell Signaling), monoclonal anti-b-actin
antibody (Sigma) or polyclonal anti-ERK2 [37] in blocking solution
overnight at 4 �C.

2.6. Northern blot
Total RNA from cells was extracted using the phenol/chloroform

method [38], and Northern blot with 20 lg of RNA was performed as
described [36]. Blots were hybridized to the mouse PAI-1 cDNA (a
generous gift from Dr. Pura Mu~noz-Canoves) or rat GAPDH cDNA
labelled with [a-32P]dCTP (Amersham Pharmacia).

2.7. Immunofluorescence studies
Cells were cultured on glass coverslips for 24 h, depleted of growth

factors and treated with the different factors. Cells were rinsed three
times with PBS and fixed in 3% paraformaldehyde for 30 min. After
four washes with PBS, they were permeabilized with PBS–0.2% Triton
X-100 for 5 min, rinsed four times with PBS and blocked for 30 min at
room temperature in PBS containing 2% bovine serum albumin.
Coverslips were incubated with mouse monoclonal anti-Smad2/3 an-
tibody (BD Transduction Laboratories) in blocking solution for 1 h at
room temperature, followed by Texas red anti-mouse (Molecular
Probes) for 1 h at room temperature. Coverslips were mounted using
Mowiol (Calbiochem) and immunofluorescence was visualized with a
Nikon Eclipse E800 microscope.

2.8. Electrophoretic mobility shift assay
Preparation of the nuclear extract was performed as described by

Ausubel et al. [39]. The DNA probe that responded to TGFb1 was
that described by Dennler et al. [40], with the following sequence:
50-TCGAGAGCCAGACAAG GAGCCAGACAAGGAGCCAGA-
CAC-30. The oligonucleotides were 32P-end-labeled using T4-polynu-
cleotide kinase (MBI-Fermentas). The gel mobility shift assays were
performed in a 15-ll reaction volume, containing 1 lg of double-
stranded poly(dI–dC), 25 000 cmp of labeled DNA probe, 5 lg of
protein nuclear extract, 10 mM HEPES, pH 7.9, 10% glycerol, 50 mM
KCl, 0.1 mM EDTA and 0.25 mM dithiothreitol. The mixture (with-
out the labeled DNA) was incubated for 15 min at room temperature.
After the addition of the labeled DNA, the reaction mixture was in-
cubated for another 15 min at room temperature, immediately loaded
on a 5% polyacrylamide gel and run in 0:5� TBE buffer (45 mM Tris,
45 mM boric acid and 1 mM EDTA, pH 8) for 3–4 h. The gels were
dried and autoradiographed.
Supershifts experiments were performed by incubating nuclear ex-

tracts, poly(dI–dC) and end-labeled probe as detailed above followed
by incubation for 15 min at 37 �C in the presence of 0.25 lg of Smad2/3
antibody (BD Transduction Laboratories) or Smad4 (a generous gift
from Dr. Joan Massagu�e). The samples were loaded on a 5% poly-
acrylamide gel, dried and autoradiographed.
3. Results

To identify genes involved in the pro-angiogenic effect of

TGFb1, we generated a subtracted cDNA library from 1G11

cells, immersed on collagen type I gels and treated for 4 h with

TGFb1, using the suppression subtractive hybridization PCR-

based technique [35]. Among the genes repressed by TGFb1,
we have found the adenylate cyclase VI cDNA [41,42].
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Northern and Western blot experiments confirmed that

adenylate cyclase VI mRNA and protein were repressed by

TGFb1 (Fig. 1). Adenylate cyclases are responsible for the

production of cAMP in response to extracellular signals. Gi-

ven the observed negative effect of TGFb1 on adenylate cy-

clase VI, we evaluated the effect of cAMP on an in vitro model

of angiogenesis stimulated by TGFb1. 1G11 cells cultured on

collagen type I gels formed tubular structures after 24 h in-

cubation with TGFb1 (Fig. 2). In contrast, pre-incubation in

the presence of 8-Bromo-cAMP, a cell permeable analog of

cAMP more resistant to phosphodiesterases, blocked the pro-

angiogenic effect. We obtained the same results using primary

cultures of HUVEC (Fig. 2): TGFb1 caused the reorganization

of the cells on collagen type I gels. In contrast, incubation in

the presence of 8-Br-cAMP blocked the reorganization.

To confirm this inhibitory effect of cAMP on TGFb1-in-
duced in vitro angiogenesis, we studied the induction of a

typical angiogenic marker, transcription factor Ets-1

[28,31,43]. TGFb1 stimulated Ets-1 expression, but this in-

duction was completely abolished by 8-Br-cAMP (Fig. 3A). A

known TGFb immediate responsive gene at the transcriptional

level is PAI-1 [44]. To evaluate whether the blocking effect of 8-

Br-cAMP on TGFb1 actions was exerted at the transcriptional

level, we performed Northern blot experiments using the

cDNA for PAI-1 as a probe. Increasing cAMP levels by in-
Fig. 4. cAMP does not affect 1G11 cells viability. (A) 1G11 were cultured on
presence of 1 mM 8-Br-cAMP were added for 24 h. After propidium iodide
nofluorescence microscopy. (B) Proliferative 1G11 endothelial cells (2D) or
presence of DMEM alone (Basal) or 25 ng of TGFb1/ml either alone or w
immunoblotting with a specific antibody. b-Actin is shown as a loading con
1G11 cells, three of Basal, three of TGFb1 and two of TGFb1+ 8-Br-cAMP
cubating cells either with forskolin or with 8-Br-cAMP in-

hibited the stimulation of PAI-1 mRNA by TGFb1 in 1G11

cells (Fig. 3B). In order to discart an effect of cAMP on mRNA

stability, we incubated 1G11 cells in the presence of TGFb1 for
6 h. At the same time or 3 h later, 5 lg/ml of actinomycin D or

100 lM DRB were added to the samples to stop RNA syn-

thesis (without change of the culture medium) for additional 3

h in the absence or presence of 1 mM 8-Br-cAMP. RNA was

obtained and PAI-1 or GAPDH were detected by Northern

blot. As is observed in Fig. 3C, presence of 8-Br-cAMP did not

modify mRNA PAI-1 decay rate. Thus, cAMP not only af-

fected the morphological reorganization of endothelial cells to

form tubular structures, but TGFb1 early induced genes were

also blocked.

To identify the mechanisms involved in the effect of cAMP

on TGFb1-stimulated in vitro angiogenesis and gene expres-

sion, we first evaluated a possible effect of cAMP on endo-

thelial cell viability. 1G11 cells cultured on collagen gels were

incubated in the presence of 1 mM 8-Br-cAMP and 25 ng of

TGFb1/ml for 24 h. Cell viability was evaluated by propidium

iodide staining (labeling the nuclei of dead cells with con-

densed chromatin). As shown in Fig. 4A, no differences were

observed between cultures in the absence or presence of 8-Br-

cAMP. We also analyzed PARP cleavage as a measure of

apoptosis. No significant differences were observed between
collagen gels and DMEM (Basal), TGFb1 (25 ng/ml) alone or in the
addition for 10 min, gels were examined by phase-contrast or immu-
immersed in collagen gels (24 h in 3D) were cultured for 24 h in the
ith 1 mM 8-Br-cAMP. Cells were lysed, and PARP was detected by
trol. Results obtained from two independent samples of proliferative
are shown.
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cells incubated for 24 h with TGFb1 in the absence or presence

of 1 mM 8-Br-cAMP (Fig. 4B). When cells were maintained

for 4 days with the same factors, 8-Br-cAMP increased ap-

optosis (data not shown).

Next, we analyzed the effect of cAMP on the TGFb1 sig-

nalling pathways. 1G11 cells were pre-incubated in the pres-

ence of forskolin followed by TGFb1 addition for 1, 2, 4 or

8 h. We did not detect any difference in Smad2 phosphoryla-

tion by TGFb1 in the absence or presence of forskolin, in

conditions where CREB was phosphorylated by high levels of

cAMP (Fig. 5A). Smad2/3 are translocated to the nucleus after

their phosphorylation by the TGFb receptor type I. Thus, one

possibility was that cAMP modified the translocation of

Smad2/3 in response to TGFb. To test this hypothesis we

performed immunofluorescence studies using antibodies

against total Smad2/3 (Fig. 5B). In the basal state, Smad2/3

was mainly located in the cytoplasm. In contrast, incubation

with TGFb1 for 1 h caused the translocation of Smad2/3 to the

nucleus, which was not affected by incubation with either

forskolin or 8-Br-cAMP.

We also evaluated a possible effect of cAMP on the tran-

scriptional activity of Smads. We transfected 1G11 cells with
Fig. 5. cAMP does not affect TGFb1 signaling. (A) Depleted 1G11
cells were pre-incubated in the absence ()F) or presence (+F) of 25 lM
forskolin for 10 min. After that, 25 ng of TGFb1/ml was added for the
indicated periods of time. Cells were lysed and phosphoSmad2,
phosphoCREB or b-actin were immunodetected by Western blot. A
representative autoradiogram of three independent experiments is
shown. (B) Depleted 1G11 cells were pre-incubated in the absence or
presence of 1 mM 8-Br-cAMP or 25 lM forskolin for 10 min. After
this time, cells were incubated for 1 h in the absence (Basal) or
the presence of 25 ng of TGFb1/ml. Cells were fixed and Smad2/3
immunolocalized.
a plasmid containing the TGFb-responsive region of the PAI-

1 promoter [33]. TGFb1 caused a threefold increase in the

activity of the promoter in these cells, whereas incubation in

the presence of 8-Br-cAMP abolished this induction (Fig.

6A). This effect on the promoter activity could be due to a

lack of binding of the transcriptional activators Smad2/3–

Smad4 to the specific zones of the promoter. To test this

possibility, we performed electrophoretic mobility shift assays

(EMSA) using nuclear extracts from 1G11 cells non-treated

or treated for 1 h with TGFb1 or with this factor in the

presence of forskolin, using the TGFb-responsive region of

the PAI-1 promoter as a probe [40]. Incubation with TGFb1
caused a shift in the mobility of the probe due to the presence

of Smad2/3 present in the nuclear extracts, as confirmed by

super-shift assays (Fig. 6B). However, the presence of for-

skolin in the incubation medium did not alter the pattern of
Fig. 6. cAMP blocks TGFb1-induced promoter transcription but does
not affect Smad2/3 binding to DNA. (A) 1G11 cells were transiently
transfected with 3TP-lux reporter and b-galactosidase transfection
control, incubated for 24 h in complete medium, rinsed with PBS and
incubated for additional 16 h in the presence of 1 mM 8-Br-cAMP in
the absence of growth factors (Basal) or the presence of 5 ng of
TGFb1/ml. Cells were harvested, and luciferase and b-galactosidase
activities were measured. The results are means� S.E.M. of three
different experiments. (B) A TGFb-responsive region of the PAI-1
promoter was incubated with 5 lg of nuclear extracts from 1G11 cells
treated for 1 h in the absence (Basal) or the presence of 25 ng of
TGFb1/ml alone or in the presence of 25 lM forskolin (TGFb1+F).
An antibody against Smad4 or Smad2/3 was added or not and samples
were analyzed on a 5% polyacrylamide gel. Arrows indicating the
complexes Smad4, Smad2/3–Smad4 and the supershift caused by the
antibodies are included.
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bands in the EMSA or the bound levels of Smad2/3-con-

taining complexes.
4. Discussion

Agents that increase cAMP levels, such as prostaglandins,

b-adrenergic agonists or phosphodiesterase inhibitors, all

decrease endothelial cell barrier permeability by promoting

attachment to the basal membrane [45,46]. Moreover, in-

creased cAMP levels block the pro-angiogenic effects of sev-

eral factors, such as migration, proliferation and in vitro

angiogenesis of HUVEC induced by VEGF and bFGF

[47,48], in vitro angiogenesis stimulated by collagen I of

dermal microvascular endothelial cells [49], and in vivo an-

giogenesis stimulated by bFGF in the CAM assay [50,51].

Here, we show that this inhibitory effect of cAMP is also

observed for a distinct angiogenic factor, TGFb1. In contrast

to VEGF or bFGF, which stimulate the first phases of an-

giogenesis and induce matrix degradation, proliferation and

migration of endothelial cells, TGFb1 participates in the later

phases of angiogenesis, when endothelial cells become more

quiescent [3,30,52]. Thus, TGFb1 blocks endothelial cell

proliferation, increases basement membrane deposition and

causes morphological organization to form the capillaries.

The capacity of cAMP to block angiogenesis stimulated by

both types of factors implies that this second messenger af-

fects a common mechanism for angiogenesis, such as the re-

organization and migration of the endothelial cells.

Alternatively cAMP may induce apoptosis [51]. However in

our model, apoptosis only occurs after much longer incuba-

tion times, implicating other mechanisms involved in the anti-

angiogenic response.

Our results also show that cAMP affects the ability of

TGFb1 to stimulate gene transcription. Thus, PAI-1 mRNA

and promoter activity are decreased in conditions where

TGFb-induced Smad2/3 phosphorylation, translocation to the

nucleus and binding to DNA were not altered by cAMP ac-

tivation. cAMP also blocks TGFb1-induced transcription for

other genes in endothelial cells, such as c-sis [53], but the

mechanisms that cause this block of TGFb1-dependent tran-
scription remain unknown. Recently it has been described that

the inhibitory effect of cAMP on TGFb-induced transcription

in HaCaT keratinocytes is mediated by diminishing the asso-

ciation of Smad3 with transcriptional coactivators CBP and

p300 [54]. cAMP may also induce the recruitment of a re-

pressor of the Smads complex that blocks transcription, sim-

ilarly to the recruitment of ATF3 for Id1 repression by TGFb
in epithelial cells [55]. Finally, a third possibility is the induc-

tion of the phosphorylation of Smads by cAMP, which would

reduce its transcriptional activity. This negative regulation of

the transcriptional activity of Smads by phosphorylation has

already been described for Ca2þ/calmodulin-dependent protein

kinase II and for PKC [8].

Our results also indicate that one of the effects of TGFb1 on

endothelial cells is to decrease the levels of adenylate cyclase

VI. This enzyme is highly expressed in endothelial cells [56] and

its negative regulation is responsible for the down-regulation

of the levels of cAMP by Ca2þ [46]. Other pro-angiogenic

stimuli decrease cAMP levels in a similar way. Thus, activation

of integrins a1b1 and a2b1 by collagen I decreases cAMP
levels and PKA activity in human dermal microvascular en-

dothelial cells [49], and activation of a5b1 by vitronectin

suppresses PKA activity in HUVEC [50]. The mechanisms

responsible for these effects are unknown, but the TGFb-in-
duced decrease in the levels of adenylate cyclase VI may con-

tribute to the suppression of cAMP during angiogenesis.

Acknowledgements: We thank Dr. Jacques Pouyss�egur (Institute of
Cellular Signaling, Developmental Biology and Cancer Research,
CNRS, Nice, France) for reagents and technical support, Dr. Pura
Mu~noz-C�anoves (CRG-Barcelona) for PAI-1 cDNA, Dr. Joan
Massagu�e (Memorial Sloan-Kettering Cancer Center, New York,
USA) for Smad4 antibody, Dr. Esther Casta~no, Dr. Benjam�ın Tor-
rej�on, Dr. Maria Molas, Ester Adanero and Dr. Aurea Navarro for
technical support. This study was supported by research grants from
the Ministerio de Ciencia y Tecnolog�ıa (Programa Ram�on y Cajal and
BFI2001-2987 to F. Vi~nals and BMC-2002-00737 to F. Ventura) and
Generalitat de Catalunya (Distinci�o de la Generalitat a Joves Inves-
tigadors to F. Ventura).
References

[1] Folkman, J. and Shing, Y. (1992) J. Biol. Chem. 267, 10931–
10934.

[2] Hanahan, D. and Folkman, J. (1996) Cell 86, 353–364.
[3] Battegay, E.J. (1995) J. Mol. Med. 73, 333–346.
[4] Beck Jr., L. and D’Amore, P.A. (1997) FASEB J. 11, 365–373.
[5] Bussolino, F., Mantovani, A. and Persico, G. (1997) Trends

Biochem. Sci. 22, 251–256.
[6] Massague, J. (1998) Annu. Rev. Biochem. 67, 753–791.
[7] ten Dijke, P., Miyazono, K. and Heldin, C.H. (2000) Trends

Biochem. Sci. 25, 64–70.
[8] Derynck, R. and Zhang, Y.E. (2003) Nature 425, 577–584.
[9] Heldin, C.H., Miyazono, K. and ten Dijke, P. (1997) Nature 390,

465–471.
[10] Derynck, R., Zhang, Y. and Feng, X.H. (1998) Cell 95,

737–740.
[11] Roberts, A.B. et al. (1986) Proc. Natl. Acad. Sci. USA 83, 4167–

4171.
[12] Folkman, J. and Klagsburn, M. (1987) Science 235, 442–447.
[13] Yang, E.Y. and Moses, H.L. (1990) J. Cell Biol. 111, 731–741.
[14] Heine, U., Munoz, E.F., Flanders, K.C., Ellingsworth, L.R., Lam,

H.Y., Thompson, N.L., Roberts, A.B. and Sporn, M.B. (1987) J.
Cell Biol. 105, 2861–2876.

[15] Pelton, R.W., Nomura, S., Moses, H.L. and Hogan, B.L. (1989)
Development 106, 759–767.

[16] Goumans, M.J. and Mummery, C. (2000) Int. J. Dev. Biol. 44,
253–265.

[17] Yang, X., Castilla, L.H., Xu, X., Li, C., Gotay, J., Weinstein,
M., Liu, P.P. and Deng, C.X. (1999) Development 126, 1571–
1580.

[18] Chang, H., Huylebroeck, D., Verschueren, K., Guo, Q., Matzuk,
M.M. and Zwijsen, A. (1999) Development 126, 1631–1642.

[19] McAllister, K.A. et al. (1994) Nat. Genet. 8, 345–351.
[20] Johnson, D.W. et al. (1996) Nat. Genet. 13, 189–195.
[21] Li, D.Y., Sorensen, L.K., Brooke, B.S., Urness, L.D., Davis, E.C.,

Taylor, D.G., Boak, B.B. and Wendel, D.P. (1999) Science 284,
1534–1537.

[22] Baird, A. and Durkin, T. (1986) Biochem. Biophys. Res. Com-
mun. 138, 476–482.

[23] Frater-Schroder, M., Muller, G., Birchmeier, W. and Bohlen, P.
(1986) Biochem. Biophys. Res. Commun. 137, 295–302.

[24] Heimark, R.L., Twardzik, D.R. and Schwartz, S.M. (1986)
Science 233, 1078–1080.

[25] Muller, G., Behrens, J., Nussbaumer, U., Bohlen, P. and
Birchmeier, W. (1987) Proc. Natl. Acad. Sci. USA 84, 5600–5604.

[26] Madri, J.A., Pratt, B.M. and Tucker, A.M. (1988) J. Cell Biol.
106, 1375–1384.

[27] Merwin, J.R., Anderson, J.M., Kocher, O., Van Itallie, C.M. and
Madri, J.A. (1990) J. Cell Physiol. 142, 117–128.

[28] Tsujii, M., Kawano, S., Tsuji, S., Sawaoka, H., Hori, M. and
DuBois, R.N. (1998) Cell 93, 705–716.



B. del Valle-P�erez et al. / FEBS Letters 569 (2004) 105–111 111
[29] Gualandris, A., Annes, J.P., Arese, M., Noguera, I., Jurukovski,
V. and Rifkin, D.B. (2000) Mol. Biol. Cell 11, 4295–4308.

[30] Goumans, M.J., Lebrin, F. and Valdimarsdottir, G. (2003) Trends
Cardiovasc. Med. 13, 301–307.

[31] Vi~nals, F. and Pouyssegur, J. (2001) Mol. Cell. Biol. 21, 7218–
7230.

[32] Dong, Q.G. et al. (1997) Arterioscler. Thromb. Vasc. Biol. 17,
1599–1604.

[33] Wrana, J.L., Attisano, L., Carcamo, J., Zentella, A., Doody, J.,
Laiho, M., Wang, X.F. and Massague, J. (1992) Cell 71, 1003–
1014.

[34] Barbieri, B., Balconi, G., Dejana, E. and Donati, M.B. (1981)
Proc. Soc. Exp. Biol. Med. 168, 204–207.

[35] Diatchenko, L. et al. (1996) Proc. Natl. Acad. Sci. USA 93, 6025–
6030.

[36] Vi~nals, F., Lopez-Rovira, T., Rosa, J.L. and Ventura, F. (2002)
FEBS Lett. 510, 99–104.

[37] McKenzie, F.R. and Pouyssegur, J. (1996) J. Biol. Chem. 271,
13476–13483.

[38] Chomczynski, P. and Sacchi, N. (1987) Anal. Biochem. 162, 156–
159.

[39] Ausubel, F.M., Brent, R., Kingston, R.E., Moore, D.D., Smith,
J.A., Seidman, J.G. and Struhl, K. (1987) Greene Publishing
Associates & Wiley-Interscience, New York.

[40] Dennler, S., Itoh, S., Vivien, D., ten Dijke, P., Huet, S. and
Gauthier, J.M. (1998) EMBO J. 17, 3091–3100.

[41] Katsushika, S., Chen, L., Kawabe, J., Nilakantan, R., Halnon,
N.J., Homcy, C.J. and Ishikawa, Y. (1992) Proc. Natl. Acad. Sci.
USA 89, 8774–8778.
[42] Premont, R.T., Chen, J., Ma, H.W., Ponnapalli, M. and Iyengar,
R. (1992) Proc. Natl. Acad. Sci. USA 89, 9809–9813.

[43] Vandenbunder, B., Pardanaud, L., Jaffredo, T., Mirabel, M.A.
and Stehelin, D. (1989) Development 107, 265–274.

[44] Lund, L.R. et al. (1987) EMBO J. 6, 1281–1286.
[45] Stelzner, T.J., Weil, J.V. and O’Brien, R.F. (1989) J. Cell Physiol.

139, 157–166.
[46] Stevens, T., Nakahashi, Y., Cornfield, D.N., McMurtry, I.F.,

Cooper, D.M. and Rodman, D.M. (1995) Proc. Natl. Acad. Sci.
USA 92, 2696–2700.

[47] Favot, L., Keravis, T., Holl, V., Le Bec, A. and Lugnier, C. (2003)
Thromb. Haemost. 90, 334–343.

[48] Cattaneo, M.G., Pola, S., Deho, V., Sanguini, A.M. and Vicentini,
L.M. (2003) Br. J. Pharmacol. 138, 377–385.

[49] Whelan, M.C. and Senger, D.R. (2003) J. Biol. Chem. 278, 327–
334.

[50] Kim, S., Harris, M. and Varner, J.A. (2000) J. Biol. Chem. 275,
33920–33928.

[51] Kim, S., Bakre, M., Yin, H. and Varner, J.A. (2002) J. Clin.
Invest. 110, 933–941.

[52] Risau, W. (1995) FASEB J. 9, 926–933.
[53] Daniel, T.O., Gibbs, V.C., Milfay, D.F. and Williams, L.T. (1987)

J. Biol. Chem. 262, 11893–11896.
[54] Schiller, M., Verrecchia, F. and Mauviel, A. (2003) Oncogene 22,

8881–8890.
[55] Kang, Y., Chen, C.R. and Massague, J. (2003) Mol. Cell 11, 915–

926.
[56] Manolopoulos, V.G., Liu, J., Unsworth, B.R. and Lelkes, P.I.

(1995) Biochem. Biophys. Res. Commun. 208, 323–331.


	cAMP inhibits TGFbeta1-induced in vitro angiogenesis
	Introduction
	Materials and methods
	Materials
	Cell culture and transfections
	Tubulogenesis assays and cell survival
	Suppression substractive hybridization PCR-based technique
	Western blot analysis
	Northern blot
	Immunofluorescence studies
	Electrophoretic mobility shift assay

	Results
	Discussion
	Acknowledgements
	References


