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VEGF and TGF-�1 are potent angiogenesis inducers with opposing
effects on endothelial cells. TGF-�1 induces apoptosis; VEGF pro-
tects endothelial cells from apoptosis. We found that TGF-�1
promotes endothelial cell expression of FGF-2, which up-regulates
VEGF synthesis. Inhibition of VEGF signaling through VEGF recep-
tor 2 (flk-1) abrogates TGF-�1-induced apoptosis and p38MAPK

activation. Inhibition of p38MAPK blocks TGF-�1-induced apoptosis,
showing that VEGF�flk-1-mediated activation of p38MAPK is re-
quired for TGF-�1 induction of apoptosis. In the absence of TGF-�1,
VEGF activates p38MAPK and promotes endothelial cell survival.
However, in context with TGF-�1, VEGF�flk-1-mediated activation
of p38MAPK results in apoptosis. Thus, cross-talk between TGF-�1
and VEGF signaling converts VEGF�flk-1-activated p38MAPK into a
proapoptotic signal. This finding illustrates an unexpected role of
VEGF and indicates that VEGF can be pharmacologically converted
into an apoptotic factor, a novel approach to antiangiogenesis
therapy.
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VEGF, FGF-2, and TGF-�1 play prominent roles in angiogen-
esis, the formation of capillaries from preexisting blood vessels

(1–3). VEGF controls a variety of endothelial cell functions in-
volved in angiogenesis and protects endothelial cells from apoptosis
(2). Multiple stimuli, including hypoxia, cytokines, and growth
factors, control VEGF expression (2). FGF-2 and TGF-�1 induce
endothelial cell expression of VEGF, which mediates the angio-
genic activity of FGF-2 in vitro and in vivo (4, 5).

Two tyrosine kinase receptors, f lt-1 [VEGF receptor 1
(VEGFR1)] and flk-1 (VEGFR2) transduce the activity of VEGF.
flk-1 has been implicated in endothelial cell proliferation and
survival; flt-1 has been implicated in chemotaxis and vascular
permeability (2). Protein kinase B (or Akt) and MAPK are
components of the signaling mechanism activated by flk-1 (6, 7).
VEGF, flk-1, and flt-1 are indispensable for angiogenesis, and their
genetic deficiency causes embryonic lethality with blood vessel
disorganization, endothelial cell overgrowth, or impaired endothe-
lial cell development (8, 9).

In tumors VEGF expression correlates with tumor vascularity
and progression. Inhibition of VEGF results in decreased tumor
vascularity and growth, implicating VEGF as the major tumor
angiogenesis factor (2). Pharmacological treatments targeting
VEGF are currently used or in clinical trials for the therapy of
malignancies and other conditions involving increased angio-
genesis (10).

FGF-2 controls a variety of endothelial cell functions through
paracrine or autocrine mechanisms (1, 11, 12) and up-regulates
endothelial cell expression of VEGF (4). Mice genetically deficient
in FGF-2 have no apparent defects related to impaired angiogenesis
(13, 14). However, their endothelial cells show impaired migration
in vitro, a defect resulting from lack of ERK1�2 activation (15).

TGF-�1 is an influential regulator of tissue morphogenesis and
a potent inhibitor of proliferation for most cell types (3). Half of
mice genetically deficient in TGF-�1 die in utero and show defective
vasculogenesis, a phenotype consistent with abundant TGF-�1
expression in endothelial precursors (16). TGF-�1 has multiple

effects on endothelial cells. In vivo TGF-�1 induces vessel forma-
tion (17–19). However, in vitro it inhibits endothelial cell pro-
liferation (20), migration and proteolytic activity, opposes the
stimulatory effect of FGF-2 on these cell functions (21), and
down-regulates VEGFR-2 expression (22). Intriguingly, TGF-�1
promotes endothelial cell apoptosis in vitro and in vivo (20, 23) but
up-regulates endothelial cell expression of VEGF (5), an apparent
discrepancy because VEGF protects endothelial cells from apo-
ptosis (2).

During angiogenesis apoptosis is required for pruning the form-
ing vascular network, and inhibition of apoptosis results in forma-
tion of abnormal vessels (23). In addition, apoptosis controls cell
functions required for angiogenesis in vitro and in vivo (24–26).
However, uncontrolled apoptosis blocks angiogenesis, and a num-
ber of antiangiogenesis treatments are aimed to induce endothelial
cell apoptosis (27).

TGF-� signaling is specifically mediated by the Smad proteins (3,
28). In addition, increasing evidence implicates the MAPKs in the
regulation of TGF-� signaling (29), indicating interactions between
the Smads and signaling pathways activated by other growth factors.

VEGF, TGF-�1 and FGF-2 are often co-expressed in tissues in
which angiogenesis occurs. However, their interactions are poorly
understood. We have previously shown that FGF-2 up-regulates
endothelial cell expression of VEGF, which mediates the angio-
genic activity of FGF-2 in vitro and in vivo (4). Because TGF-�1
opposes the effects of FGF-2 and VEGF on angiogenesis (21) we
investigated the potential role of FGF-2 and VEGF in the control
of TGF-�1 activity on endothelial cells. Unexpectedly, we found
that VEGF, a survival factor, acts in concert with TGF-�1 to induce
endothelial cell apoptosis.

Results
TGF-�1 Induces Endothelial Cell Expression of FGF-2 and VEGF. We
have previously shown that FGF-2 induces endothelial cell expres-
sion of VEGF (4). Because the effects of FGF-2 and VEGF on
endothelial cells are opposed by TGF-�1 (21), we hypothesized that
TGF-�1 controls FGF-2 and�or VEGF activity. Therefore, we
characterized FGF-2 and VEGF levels in endothelial cells treated
with TGF-�1. The results showed that TGF-�1 induced dose-
dependent up-regulation of both FGF-2 and VEGF expression
(Fig. 1A).

TGF-�1 induction of VEGF expression was rapid (3 h),
persisted for at least 24 h (Fig. 7, which is published as supporting
information on the PNAS web site), and involved up-regulation
of the VEGF mRNA level (Fig. 1B). Anti-FGF-2 antibody
abolished this effect (Fig. 1B), indicating that endogenous
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FGF-2 mediates TGF-�1 up-regulation of VEGF expression (4).
Consistent with this finding, TGF-�1 induced VEGF expression
in endothelial cells from WT but not from FGF-2 knockout
(FGF-2�/�) mice (Fig. 1C), showing that TGF-�1 induces en-
dothelial cell expression of FGF-2, which in turn up-regulates
VEGF synthesis through an autocrine mechanism.

Inhibition of VEGF Blocks TGF�-1 Induction of Endothelial Cell Apo-
ptosis. Because TGF-�1 inhibits endothelial cell functions con-
trolled by FGF-2 and VEGF, we hypothesized that the up-
regulation of FGF-2 and VEGF expression by TGF-�1 represents
a feedback mechanism to control TGF-�1 activity. Therefore, we
tested the effect of anti-FGF-2 and anti-VEGF antibodies on cell
proliferation, migration, type 1 plasminogen activator inhibitor, and
urokinase plasminogen activator expression in endothelial cells
treated with TGF-�1. In all experiments the antibodies neither
inhibited nor increased the effect of TGF-�1 (data not shown).
However, VEGF antibody strongly reduced the number of floating
cells in TGF-�1-treated cultures, suggesting that inhibition of
endogenous VEGF blocked TGF-�1-induced apoptosis. There-
fore, we used the annexin V binding assay to characterize apoptosis
in endothelial cells treated with TGF-�1 in the presence or absence
of anti-FGF-2 or anti-VEGF antibodies (Fig. 2A). TGF-�1 in-
creased the number of apoptotic cells from 2% in control cultures
to 12–15%. In cells treated with TGF-�1 and anti-FGF-2 antibody
apoptosis was reduced nonsignificantly. Conversely, cells treated
with TGF-�1 in the presence of anti-VEGF antibody had an
apoptotic index comparable to that of untreated controls, indicating
that inhibition of VEGF completely abolished the apoptotic effect
of TGF-�1. In the absence of TGF-�1, anti-VEGF antibody had no
effect on apoptosis. In contrast, anti-FGF-2 antibody strongly
increased the number of apoptotic cells (Fig. 2A). Thus, anti-FGF-2
antibody did not block TGF-�1 up-regulation of apoptosis because
it induces programmed cell death even in the absence of TGF-�1.
This conclusion is in agreement with previous findings that anti-
bodies to FGF-2 deprive endothelial cells of endogenous antiapo-
ptotic signaling (30, 31).

Consistent with the annexin V binding results, analysis of nuclear
chromatin condensation by Hoechst staining (Fig. 8, which is
published as supporting information on the PNAS web site) or poly
(ADP-ribose) polymerase (PARP) degradation (Fig. 2B) also

showed that anti-VEGF antibody abolished the apoptotic effect of
TGF-�1. As a positive control for apoptosis we serum-starved the
cells for 30 h, a treatment known to induce endothelial cell
apoptosis (32). As expected, addition of VEGF to the culture
medium abolished apoptosis induced by serum starvation (Fig. 2C)
(32), showing that VEGF can have either proapoptotic or antiapo-
ptotic activity depending on the apoptotic stimulus and�or the
presence of other growth factors. To gain insight into the mecha-
nism of TGF-�1 induction of endothelial cell apoptosis, we char-
acterized the effect of TGF-�1 on activation of caspase 3, an
effector of programmed cell death. As shown in Fig. 2D, TGF-�1
induced caspase 3 activation with a dose-dependent effect that
paralleled the up-regulation of FGF-2 and VEGF expression (Fig.
1A). Thus, these data indicated that endogenous VEGF is neces-
sary for the apoptotic effect of TGF-�1 on endothelial cells.

To validate this hypothesis we tested the effect of TGF-�1 on
apoptosis of FGF-2�/� endothelial cells, which do not express
VEGF in response to TGF-�1 (Fig. 1C). FGF-2�/� and WT
endothelial cells have comparable growth rates, and exogenous
FGF-2 has a similar proliferative effect on the two cell types (data
not shown). In absence of TGF-�1, the level of apoptosis was
considerably higher in FGF-2�/� than in WT cells, and was strongly
down-regulated by exogenous FGF-2, consistent with our obser-
vation that FGF-2 antibody up-regulates endothelial cell apoptosis
(Fig. 2B). TGF-�1 induced apoptosis in WT but not in FGF-2�/�

cells. However, treatment of FGF-2�/� cells with both TGF-�1 and
VEGF resulted in increased apoptosis, showing that TGF-�1 and
VEGF have a synergistic effect on apoptosis in these cells (Fig. 2E).
Thus, these results showed that VEGF signaling is required for
TGF-�1 induction of endothelial cell apoptosis.

Fig. 1. TGF-�1 induces endothelial cell expression of FGF-2 and VEGF. (A)
Western blotting analysis of FGF-2 in extracts (Top) and VEGF in conditioned
medium (Middle) of BCE cells treated with the indicated concentrations of
TGF-�1 for 6 h. (Bottom) ERK2 as loading control. The bands shown in Top
represent 23-kDa, 21-kDa, and 18-kDa FGF-2. Similar results were obtained
with different clones of BCE cells, bovine aortic endothelial cells, HUVEC, and
human microvascular endothelial cells. (B) Northern blotting analysis of VEGF
mRNA in BCE cells incubated with control medium (Control), 10 ng�ml FGF-2,
or 1 ng�ml TGF-�1 in the presence of FGF-2 mAb or n.i. IgG (10 �g�ml). G3PDH:
loading control. (C) Western blotting analysis of VEGF in medium conditioned
by FGF-2�/� or FGF-2�/� endothelial cells incubated with control medium (C),
FGF-2 (10 ng�ml), or TGF-�1 (1 ng�ml). Forty microliters of concentrated
conditioned medium from confluent cultures was loaded for all of the sam-
ples. These experiments were repeated three times with comparable results.

Fig. 2. VEGF mediates the apoptotic activity of TGF-�1. (A) Annexin V
binding assay. BCE cells were serum-starved (0.5% CS) overnight and incu-
bated for 6 h with control medium (Control) or TGF-�1 (1 ng�ml) with or
without n.i. IgG, VEGF mAb, or FGF-2 mAb (10 �g�ml). Control cells were
incubated with FGF-2 (10 ng�ml) or VEGF (30 ng�ml) or with the respective
antibodies in the absence of TGF-�1. Histograms show mean � SD of percent-
age of apoptotic cells in three separate experiments. *, P � 0.05 (sample vs.
Control). (B and C) Western blotting analysis of PARP degradation. (B) HUVEC
incubated with either control medium (Control) or 1 ng�ml TGF-�1 with or
without n.i. IgG or VEGF mAb (10 �g�ml) for 6 h. (C) HUVEC incubated for 30 h
in medium containing 0.5% FCS in the absence (Control) or presence of VEGF
(30 ng�ml). ERK2: loading control. (D) Western blotting analysis of caspase 3
cleavage in HUVEC incubated in the absence (C) or presence of the indicated
concentrations of TGF-�1. ERK2: loading control. (E) Western blotting analysis
of cleaved caspase 3 in FGF-2�/� or FGF-2�/� endothelial cells treated for 6 h
with control medium (Control) or the indicated reagents: FGF-2 (10 ng�ml),
TGF-�1 (1 ng�ml), or VEGF (30 ng�ml).
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Inhibition of VEGF Specifically Blocks TGF-�1 Induction of Apoptosis
with a Mechanism Independent of Cell Proliferation. Induction of
endothelial cell apoptosis by TGF-�1 may be cell cycle-dependent,
and endothelial cells may require endogenous VEGF to progress in
the cell cycle. Therefore, the inhibitory effect of VEGF antibody on
TGF-�1-induced apoptosis might result indirectly from the poten-
tial antiproliferative action of the antibody. To test this hypothesis
we characterized the effect of TGF-�1 and VEGF antibody on
BrdU uptake, a measurement of the percentage of cells in S phase.
Under our experimental conditions (confluent cells in 0.5% serum)
�5% of the endothelial cells were in S phase (vs. 15% in 10%
serum). Neither TGF-�1 nor VEGF antibody, nor a combination
of these reagents altered the percentage of proliferating cells
relative to untreated cells. In contrast, TGF-�1 increased the
apoptotic rate to 15–20%, and VEGF antibody abolished this effect
(Fig. 3 A and B). Therefore, these results showed that VEGF
antibody blocks TGF-�1 induction of apoptosis by a mechanism
independent of the effects of these cytokines on cell proliferation.

To rule out other nonspecific effects of VEGF inhibition we
tested whether VEGF antibody blocks endothelial cell apoptosis
induced by treatments other than TGF-�1. TNF-�, oxidative stress
and UV light (UVB), known inducers of programmed cell death,
up-regulated endothelial cell apoptosis with an effect comparable
to that of TGF-�1. However, VEGF antibody did not reduce
apoptosis induced by these treatments (Fig. 3 C and D). Thus,
VEGF antibody blocks TGF-�1 induction of apoptosis but has no
effect on other inducers of endothelial cell apoptosis.

Down-Regulation of VEGFR-2 (flk-1) Abrogates the Apoptotic Activity
of TGF-�1 on Endothelial Cells. To investigate which VEGFR me-
diates the apoptotic activity of TGF-�1 we first characterized the
effect of TGF-�1 on flk-1 and flt-1 expression. Treatment of
endothelial cells with TGF-�1 for 6 h did not alter the levels of

either VEGFR (Fig. 4 A and B). However, consistent with previous
reports, TGF-�1 down-regulated flk-1 expression in cells treated
for 24–30 h (data not shown). Because apoptosis induction by
TGF-�1 occurs within 6 h of incubation (Fig. 1), these results
showed that TGF-�1 induces apoptosis in endothelial cells that
express both VEGFRs.

To identify which VEGFR mediates the apoptotic effect of
TGF-�1 we used siRNAs to inhibit either flt-1 or flk-1 expression.

Fig. 3. VEGF specifically mediates TGF-�1 induction of apoptosis with a mechanism independent of its proliferative activity. (A) BrdU uptake (% positive cells)
by BCE cells in medium containing 10% FCS (Control 10% serum) or grown overnight in 0.5% FCS and incubated for 6 h without (Control) or with TGF-�1 (1 ng�ml)
with or without VEGF antibody (VEGF mAb) or n.i. IgG (10 �g�ml) or with anti-VEGF antibody alone. Means � SE of a representative experiment are shown. (B)
Apoptotic index (%). The same cells were immunostained with antibody to cleaved caspase 3 and counterstained with DAPI. The bars show the percentage of
cleaved caspase 3-positive cells per total number of nuclei counted (1,000). Means � SE of a representative experiment are shown. (C) Western blotting analysis
of cleaved caspase 3 in BCE cells incubated without (Control) or with TGF-�1 (1 ng�ml) or TNF-� (10 ng�ml plus 1 �g�ml cycloheximide) with or without anti-VEGF
antibody (VEGF mAb) or n.i. IgG (10 �g�ml). (Lower) BCE cells irradiated with UVB (20 mJ�cm2) or treated with H2O2 (400 �M) and incubated for 6 h with the indicated
reagents. In B and C, ERK2 was used as a loading control. (D) Immunocytochemical analysis of caspase 3 activation in cells treated as described above with TGF-�1 or
TNF-� and the indicated reagents. The apoptotic index was measured as described in B. These experiments were repeated twice with comparable results.

Fig. 4. flk-1 mediates the apoptotic activity of TGF-�1. (A and B) Western
blotting analysis of flt-1 and flk-1 expression in HUVEC incubated without (�)
or with (�) TGF-�1 (1 ng�ml) for 6 h. ERK2: loading control. (C and D) Western
blotting. (E) RT-PCR. Shown is flt-1 or flk-1 expression in HUVEC transfected
with flt-1 or flk-1 siRNAs (�) or mock-transfected (�). ERK2 and �-actin:
loading controls. Control, nontransfected cells; siRNA �, mock-transfected
cells. (F) Western blotting analysis of PARP degradation in HUVEC transfected
with flt-1 or flk-1 siRNAs or mock-transfected (Control). These experiments
were repeated three times with similar results.
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Transfection of endothelial cells with flt-1 siRNAs blocked flt-1
expression without affecting flk-1 expression. Conversely, flk-1
siRNAs abolished flk-1 expression without affecting flt-1 levels
(Fig. 4 C–E), indicating that the inhibitory action of the flk-1 and
flt-1 siRNAs did not reflect nonspecific effects of the siRNAs
transfection. Inhibition of flk-1 or flt-1 expression did not alter the
basal level of apoptosis in the absence of TGF-�1 (Fig. 4F).
However, flk-1 siRNAs completely blocked TGF-�1 induction of
apoptosis, whereas inhibition of flt-1 expression was ineffective
(Fig. 4F). Consistent with these results, TGF-�1 did not induce
apoptosis in human smooth muscle cells nor in porcine aortic
endothelial cells devoid of flk-1 (Fig. 9, which is published as
supporting information on the PNAS web site). These results
showed that TGF-�1 induction of endothelial cell apoptosis re-
quires signaling through VEGFR-2 (flk-1).

TGF-�1 Induction of Endothelial Cell Apoptosis Requires VEGF�flk-1-
Mediated Activation of p38MAPK. Induction of endothelial cell apo-
ptosis by TGF-�1 involves p38MAPK activation (33), and in a variety
of cell types TGF-�1 activates p38MAPK through a Smad-
independent mechanism (34, 35). Therefore, we hypothesized that
TGF-�1 activates MAPKs in endothelial cells through the action of
endogenous VEGF. Because p38MAPK and ERK1�2 are activated
by VEGF, we characterized the activation of these MAPKs in
endothelial cells treated with TGF-�1 for 6 h, a time at which
apoptosis occurs. TGF-�1 induced strong activation of ERK1�2
and p38MAPK, which was blocked by neutralizing anti-VEGF anti-
body (Fig. 5A). In both TGF-�1- and VEGF-treated cells down-
regulation of flt-1 did not affect ERK1�2 activation but slightly
up-regulated p38MAPK activation. In contrast, inhibition of flk-1
expression abolished both ERK1�2 and p38MAPK activation (Fig.
5B), showing that TGF-�1 activates these signaling pathways
through the action of VEGF.

VEGF protects endothelial cells from p38MAPK-mediated apo-
ptosis by up-regulating activation of the PI3K-Akt-Bcl-2 pathway

(36). Therefore, we tested the hypothesis that TGF-�1 induces
endothelial cell apoptosis by down-regulating activation of the Akt
survival pathway. The results (Fig. 10, which is published as
supporting information on the PNAS web site) showed that
whereas VEGF rapidly up-regulated Akt activation and Bcl-2
levels, TGF-�1 did not alter the levels of Bcl-2 or active Akt relative
to control, untreated cells.

p38MAPK transduces the apoptotic signal of TGF-�1, whereas
ERK1�2 relays prosurvival signaling in a variety of cells including
endothelial cells (37–39). In TGF-�1-treated endothelial cells
p38MAPK activation occurred only in cells that showed the nuclear
chromatin condensation typical of apoptosis, whereas cells devoid
of apoptotic nuclei showed no active p38MAPK (Fig. 5C). Inhibition
of flk-1 expression down-regulated the number of active p38MAPK-
positive�apoptotic cells, whereas down-regulation of flt-1 expres-
sion had no such effect (Fig. 5D). Pharmacological inhibition of
p38MAPK blocked TGF-�1 induction of endothelial cell apoptosis,
whereas inhibition of ERK1�2 activation increased TGF-�1-
induced apoptosis (Fig. 5E), indicating that p38MAPK mediates the
apoptotic signaling of TGF-�1 in endothelial cells. To test this
hypothesis we down-regulated p38MAPK expression by specific
siRNAs. In control siRNA-transfected cells TGF-�1 induced both
apoptosis and p38MAPK activation. In contrast, transfection with
p38MAPK siRNA abrogated both TGF-�1 activation of p38MAPK

and induction of apoptosis (Fig. 5F). Thus, TGF-�1 induction of
endothelial cell apoptosis requires VEGF�flk-1-mediated activa-
tion of p38MAPK.

Discussion
The ability to promote endothelial cell apoptosis and expression of
FGF-2 and VEGF at the same time is an intriguing feature of
TGF-�1, a potent angiogenesis inducer. Both FGF-2 and VEGF
are endothelial cell survival factors. How can TGF-�1 induce
endothelial cell apoptosis while up-regulating expression of survival
factors? How can TGF-�1 induce angiogenesis while promoting

Fig. 5. VEGFR-2 mediates MAPK activation by TGF-�1. (A and B) Western blotting analysis of p38MAPK [(p)p38] and ERK1�2 [(p)ERK1�2] activation. (A) HUVEC
incubated with either TGF-�1 (1 ng�ml) or control medium (Control) with or without n.i. IgG or VEGF mAb (10 �g�ml). (B) HUVEC transfected with flt-1 or flk-1
siRNAs or with transfection reagent alone (Control) and incubated without (�) or with TGF-�1 (1 ng�ml) for 6 h, or with VEGF (30 ng�ml) for 15 min. ERK2: loading
control. (C and D) Immunocytochemical analysis of p38MAPK activation. (C) HUVEC incubated with control medium (Upper) or TGF-�1 (1 ng�ml; Lower). (D) HUVEC
transfected with flt-1 or flk-1 siRNAs (Lower) or mock-transfected (Upper) and treated with TGF-�1 or control medium (Control). The cells were double-stained
with phospho-p38MAPK antibody [(p)p38] and with DAPI to detect apoptotic nuclei. FITC-labeled anti-rabbit IgG antibodies show active p38MAPK. (Magnification:
�200.) (E) Western blotting analysis of PARP degradation in HUVEC treated with TGF-�1 (1 ng�ml) in the presence or absence of the p38MAPK inhibitor SB202190
(10 �M) or the MEK1�2 inhibitor UO126 (10 �M). UO126 abolished ERK1�2 activation and SB202190 blocked p38MAPK activity as assessed by Western blotting
with antibodies to active ERK1�2 and in vitro kinase assay with ATF-2, a p38MAPK substrate (data not shown). ERK2: loading control. (F) Western blotting analysis
of p38MAPK expression (p38) and activation [(p)p38] and caspase 3 activation in HUVEC transfected with siRNA to p38MAPK or control siRNA to lamin A�C, and
incubated for 6 h in the presence or absence of TGF-�1 (1 ng�ml). ERK2: loading control. These experiments were repeated three times with comparable results.
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endothelial cell apoptosis? The prosurvival or proapoptotic activity
of growth factors can be modified depending on the context of other
signaling molecules (40). The data reported here show several
features of the interactions among TGF-�1, FGF-2, and VEGF,
growth factors often coexpressed in tissues in which angiogenesis
occurs. TGF-�1, FGF-2, and VEGF act in series on endothelial
cells through a cascade of autocrine or paracrine reactions (Fig. 6).
An important consequence of these growth factor interactions is
TGF-�1-induced conversion of endothelial cell VEGF signaling.
VEGF protects endothelial cells from apoptosis. However, in
context with TGF-�1, VEGF provides endothelial cells with per-
missive signaling for apoptosis induction by TGF-�1.

Our data show that the apoptotic activity of TGF-�1 on endo-
thelial cells is controlled by the opposing effects of FGF-2 and
VEGF. Abrogation of FGF-2 signaling up-regulates endothelial cell
apoptosis (Fig. 2 A and E). In contrast, inhibition of VEGF
signaling abolishes the apoptotic activity of TGF-�1 (Figs. 2 A and
B, 3 B–D, and 4F). Although FGF-2 mediates the expression of
VEGF required for TGF-�1 induction of apoptosis, neutralizing
antibody to FGF-2 does not inhibit the apoptotic effect of TGF-�1.
This seeming discrepancy is explained by our findings that antibody-
mediated inhibition or genetic deficiency of FGF-2 increases en-
dothelial cell apoptosis in the absence of TGF-�1. Thus, FGF-2 has
a dual role in the control of endothelial cell apoptosis. On one hand,
FGF-2 up-regulates VEGF expression, which is required for
TGF-�1 induction of apoptosis; on the other hand, it protects
endothelial cells from apoptosis through a VEGF-independent
mechanism. TGF-�1 down-regulation of flk-1 expression may
represent an additional mechanism for the control of endothelial
cell apoptosis. In our experiments 6-h treatment of endothelial cells
with TGF-�1 did not alter endothelial cell levels of VEGFRs.
However, consistent with previous reports (22), TGF-�1 treatment
for 15–24 h induced a 40–50% decrease in flk-1 expression. Thus,
TGF-�1 rapidly induces apoptosis in endothelial cells in which flk-1
is expressed. Subsequently, down-regulation of flk-1 levels can
down-regulate apoptosis.

TGF-�1 exerts its activity on a variety of cells through activation
of the Smad proteins and other signaling pathways including the
MAPKs. Our results show that in endothelial cells TGF-�1 acti-
vates p38MAPK through VEGF-mediated activation of flk-1 (Fig. 6).
Inhibition of p38MAPK signaling blocks TGF-�1 induction of apo-
ptosis. Therefore, TGF-�1 induction of endothelial cell apoptosis
requires VEGF�flk-1-mediated activation of p38MAPK. In the ab-

sence of TGF-�1, VEGF also induces endothelial cell activation of
p38MAPK but VEGF signaling results in cell survival and prolifer-
ation; in contrast, in the context of TGF-�1 signaling VEGF-
induced activation of p38MAPK results in apoptosis. Thus, TGF-�1
renders VEGF signaling permissive for TGF-�1 induction of
apoptosis. This effect likely involves cross-talk between TGF-�1-
and VEGF-specific signaling pathways that can occur at multiple
levels upstream of p38MAPK. Alternatively, parallel but independent
signals from VEGF and from TGF-�1 may both be required for
induction of endothelial cell apoptosis (Fig. 6).

Although TGF-�1 induces endothelial cells apoptosis, it pro-
motes angiogenesis in vitro and in vivo (17–19, 26). Several mech-
anisms can explain this seeming contradiction. We found that the
apoptotic effect of TGF-�1 on endothelial cells in vitro is transient
(3–9 h) (33) and followed by refractoriness of the cells to TGF-�1
induction of apoptosis (data not shown). Previous reports have
shown that the apoptotic activity of TGF-�1 is followed by endo-
thelial cell proliferation and migration, with formation of capillary
structures in vitro and in vivo (26). These effects can be controlled
by multiple mechanisms. Our data show that TGF-�1 induction of
apoptosis involves up-regulation of endothelial cell expression
of FGF-2 and VEGF, which promote endothelial cell survival,
proliferation and migration, functions required for angiogenesis.
Whereas apoptosis prunes excess endothelial cells from the forming
vascular network, adjacent cells proliferate and migrate (20, 23, 26).
The up-regulation of FGF-2 and VEGF expression by TGF-�1 can
thus provide endothelial cells with proliferative, migratory and
survival signaling that can be relayed from apoptotic cells to
adjacent endothelial cells. This conclusion is consistent with the
hypothesis that apoptosis not only represents a mechanism for
pruning the forming vascular network but is necessary to control
endothelial cell functions required for angiogenesis (26).

Under normal conditions, vascular endothelium in vivo, with the
exception of some tumor endothelial cells and aortic endothelial
cells, does not produce VEGF (41). However, endothelial cells of
forming capillaries express VEGF (4), and TGF-�1 induces endo-
thelial cell apoptosis in vivo (24). Thus, it is possible that VEGF is
also produced by vascular endothelium in tissues in which active
TGF-�1 is present. In addition, in vivo VEGF derived from other
cells types can activate signaling in endothelial cells. Whatever the
source of VEGF in vivo, its prosurvival signaling can be converted
by TGF-�1 into permissive signaling for TGF-�1 induction of
endothelial cell apoptosis.

In conclusion, the cross-talk between TGF-�1, FGF-2 and
VEGF has two important consequences. The coordination of both
proapoptotic and prosurvival, proproliferative, and promigratory
signals affords a fine modulation of opposing cell functions required
for angiogenesis. More important, TGF-�1 converts VEGF activity
from antiapoptotic to proapoptotic. This finding has a pharmaco-
logically relevant implication. Uncontrolled endothelial cell apo-
ptosis inhibits angiogenesis, and a number of antiangiogenesis
treatments are aimed to induce endothelial cell apoptosis (27). Our
finding that VEGF, the major tumor angiogenesis inducer, can be
converted into a factor required for TGF-�1 induction of endo-
thelial cell apoptosis indicates a novel approach to block tumor
angiogenesis. Pharmacological treatments that mimic the effect of
TGF-�1 on VEGF signaling could take advantage of high local
levels of tumor-derived VEGF to induce uncontrolled endothelial
cell apoptosis and efficiently block angiogenesis.

Materials and Methods
Materials. Human purified or recombinant TGF-�1, human and
mouse recombinant VEGF165, human recombinant TNF-�, neu-
tralizing polyclonal antibody to human VEGF, goat anti-human
flk-1 and flt-1 antibodies, and anti-human and anti-mouse VEGF
antibodies were purchased from R & D Systems (Minneapolis,
MN); human recombinant FGF-2 was from Gibco�BRL, Life
Technologies (Rockville, MD); BrdU and anti-BrdU monoclonal

Fig. 6. Control of endothelial cell apoptosis by TGF-�1–VEGF interaction. In
the absence of TGF-�1, VEGF induces endothelial cell activation of p38MAPK

through flk-1 and promotes endothelial cell survival (Left). TGF-�1 induces
endothelial cell production of FGF-2, which up-regulates VEGF expression
(Right). Cross-talk between VEGF- and TGF-�1-specific signaling pathways
converts VEGF�flk-1-activated p38MAPK into a proapoptotic signal.
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antibody were from Roche Molecular Biochemicals (Indianapolis,
IN); polyclonal antibodies to phosphorylated ERK1�2, PARP p85,
and cleaved human caspase 3 were from Cell Signaling Technology
(Beverly, MA); polyclonal antibodies to total ERK-2 and p38MAPK

were from Santa Cruz Biotechnology (Santa Cruz, CA); polyclonal
antibody to phosphorylated p38MAPK and the MEK1�2 inhibitor
UO126 were from Promega (Madison, WI); mouse and rabbit
nonimmune (n.i.) IgG was from Sigma (St. Louis, MO); the p38
inhibitor SB202190 was from Calbiochem (La Jolla, CA); flt1, flk1,
and p38 siRNAs were from Dharmacon RNA Technologies
(Lafayette, CO); and lamin A�C siRNA was from TriLink Bio-
technologies (San Diego, CA). Neutralizing monoclonal antibody
to human FGF-2 (mAb 354F1) was a generous gift from Texas
Biotechnology (Houston, TX).

Cells and Media. Bovine aortic endothelial cells, bovine capillary
endothelial cells (BCE cells), and FGF-2�/� endothelial cells were
grown as described (4, 15). Human umbilical vein endothelial cells
(HUVEC) (Cascade Biologics, Portland, OR) were grown in media
recommended by the manufacturers and used between passages 3
and 5.

Induction of Apoptosis. Subconfluent endothelial cells starved over-
night in medium containing 0.5% serum were incubated for 6 h in
starvation medium supplemented with the indicated concentra-
tions of TGF-�1, TNF-� (10 ng�ml plus 1 �g�ml cycloheximide)
(42), or H2O2 (400 �M) in the absence or presence of the indicated
reagents.

Western and Northern Blotting. Western blotting was performed as
described in ref. 15, and Northern blotting was performed as
described in ref. 4.

siRNA Transfection. Subconfluent HUVEC were incubated with 200
pmol of human flk-1, flt-1, p38MAPK, or lamin A�C siRNA and 4
�l of Oligofectamine (Invitrogen, Carlsbad, CA) in serum-free
medium for 4 h at 37°C, after which medium supplemented with
10% serum was added. The cells were used 48 h after transfection.

RT-PCR. The following primers for human flk-1 and flt-1 were
synthesized by IDT DNA Technologies (Coralville, IA) based on
the published sequences (43): flt-1 (s, 5�-CGACCTTGGTTGTG-
GCTGACT; a, 5�-CGGTTCTGGTTGGTGGCTTTG); flk-1 (s,
5�-AACAAAGTCGGGAGAGGA; a, 5�-TGACAAGAAG-
TAGCCAGAAGA); and �-actin (s, 5�-ATCTGGGACCAACCT-
TCTAGAATGAG; a, 5�-CGTCATACTCCTGCTTGCTGATC-
CAC). cDNA was synthesized from 1 �g of total RNA by using
SuperScript II RT (Invitrogen) and oligo(dT) 3� primer. Two
microliters of cDNA was amplified by PCR as described (43).

Annexin V Binding Assay. Cells were detached with 2.2 mM EDTA
in PBS, mixed with cells present in the supernatant, and stained with
FITC-labeled annexin V and propidium iodide (PI; Roche Molec-
ular Biochemicals) according to the manufacturer’s instructions.
Samples (104 events) were analyzed with a flow cytometer (Becton
Dickinson, San Jose, CA), and cell distributions were determined
with eCellQuest Software (Becton Dickinson). Annexin V��PI�

cells were considered apoptotic; annexin V��PI� cells were con-
sidered necrotic.

BrdU Uptake. Cells grown on coverslips were incubated with BrdU
(10 �M) for 1 h at 37°C. The cells were stained with BrdU antibody
following the manufacturer’s instructions, and with Hoechst 33342
(Sigma; 10 mg�ml) to evidence the nuclei. One thousand nuclei per
coverslip were examined with a Axioskop 2 photomicroscope
(Zeiss, Thornwood, NY) at �400. The results are expressed as
number of BrdU-positive nuclei�total number of nuclei � 100.

Statistical Analysis. t tests on the equality of means were per-
formed by using Stata 8.
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