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The transcription factor E2F1 is known to regulate cell proliferation
and has been thought to modulate tumorigenesis via this mech-
anism alone. Here we show that mice deficient in E2F1 exhibit
enhanced angiogenesis. The proangiogenic phenotype in E2F1
deficiency is the result of overproduction of vascular endothelial
growth factor (VEGF) and is prevented by VEGF blockade. Under
hypoxic conditions, E2F1 down-regulates the expression of VEGF
promoter activity by associating with p53 and specifically down-
regulating expression of VEGF but not other hypoxia-inducible
genes, suggesting a promoter structure context-dependent regu-
lation mechanism. We found that the minimum VEGF promoter
mediating transcriptional repression by E2F1 features an E2F1-
binding site with four Sp-1 sites in close proximity. These data
disclose an unexpected function of endogenous E2F1: regulation of
angiogenic activity via p53-dependent transcriptional control of
VEGF expression.

E2F � endothelial cell

The coordinated regulation of cell cycle progression and
apoptosis is critical for the maintenance of homeostasis in

living organisms. In mammals, the intimate relationship between
cell cycle and programmed cell death is well illustrated by the
evolution of our understanding of the role of the transcription
factor E2F1. Initially described as an inducer of cell cycle
progression (1–4), the generation of an E2F1 deficient mouse
was anticipated to result in a hypoplastic, potentially lethal
phenotype. In contrast, these mice exhibit a striking combination
of tumors and tissue atrophy (5–7).

Vascular homeostasis is also dependent on appropriate reg-
ulation of vascular cell cycle and apoptosis. Vascular injury,
induced by tissue ischemia or vascular trauma, for example after
balloon angioplasty, induces the local proliferation and migra-
tion of endothelial cells required to restore micro- and macro-
vascular integrity. Dysregulation of these processes can have
severe consequences. For example, excessive proliferation of
endothelial cells is associated with tumor growth and metastasis
(8), whereas a deficient endothelial proliferative response to
ischemia can result in tissue necrosis. The role of E2F1 in
regulating vascular proliferation remains controversial (9–13).

We have previously shown that tumor necrosis factor �
(TNF-�), expressed at sites of vascular injury, suppresses endo-
thelial cell (EC) proliferation by repressing E2F1 activity (11).
More recently, we demonstrated that ectopic E2F1 overexpres-
sion at sites of angioplasty-induced injury promotes EC growth
and suppresses apoptosis, thereby promoting functional endo-
thelial recovery (12). In contrast, others (9) have shown that
inhibition of E2F signaling in venous bypass grafts prevents the
development of occlusive thickening of the vessel wall highlight-
ing the complex role of E2F signaling in vascular biology.

To further define the role of E2F1 in EC proliferation and
differentiation, we initiated a series of experiments in mice
deficient in E2F1 (E2F1�/�) to evaluate angiogenesis, a process
critically dependent on endothelial cell cycle control and apo-

ptosis. Based on our prior data, we hypothesized that the absence
of E2F1 would impair EC proliferation and result in an impaired
angiogenic response to injury.

Results and Discussion
We induced hind limb ischemia (HLI) in E2F1 deficient
(E2F1�/�) and control wild-type (WT) mice. The E2F1�/� mice
exhibited significantly faster recovery of blood perfusion after
surgery than WT mice (P � 0.05 at day 14 and day 21; Fig. 1A).
Using CD31 and BrdU double labeling, we confirmed a signif-
icantly higher density of newly formed capillaries in the ischemic
limbs of E2F1�/� mice than in control mice (P � 0.01 at day 14,
n � 5; Fig. 1B). After HLI in older (20 month old) animals, in
which the challenge of ischemic recovery is greater, the ischemic
limbs of E2F1�/� mice exhibited more rapid blood flow recovery
and were markedly less likely to experience autoamputation than
age-matched WT controls (Fig. 1C), providing further evidence
for a significant role for E2F1 in ischemia-induced angiogenesis.

Because these findings were unexpected, we evaluated neo-
vascularization in a second model to determine whether in-
creased angiogenesis in the absence of E2F1 was a generalized
finding or specific to ischemic injury.

We performed a tumor challenge by inoculating the LLC-1
cells into WT and E2F1�/� mice. One strength of this model for
our purposes is that it allowed us to study the contribution of
angiogenesis by the host ECs to tumor growth (14, 15). We
injected Lewis lung carcinoma cells (2 � 106) s.c. in E2F1�/� and
WT mice (n � 5 mice per group) and found that tumors grown
in E2F1�/� mice were more highly vascularized (P � 0.001 at day
14; Fig. 1D), had higher permeability, and were more likely to
demonstrate intratumor hemorrhage (Fig. 1E). These findings
provided evidence that increased angiogenesis in the absence of
E2F1 is a phenomenon that occurs during both recovery from
ischemic injury and during tumor growth, and that E2F1 activity
in the vasculature was responsible for at least a portion of the
angiogenic potential of tumors.

Given the role of E2F1 as a cell cycle regulator, we considered
the possibility that the increased angiogenesis we observed in
E2F1�/� mice could be caused by enhanced proliferative activity
of endothelial cells. We therefore assessed the activity of primary
mouse aortic endothelial cells (MAECs) from E2F1�/� and WT
controls and found no difference in proliferation, apoptosis,
migration, and tube formation under normoxic conditions (Fig.
5 A–D, which is published as supporting information on the
PNAS web site).
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To investigate the in vivo response of ECs to an angiogenic
stimulus, a cornea micropocket neovascularization assay was
performed by using implanted vascular endothelial growth fac-
tor (VEGF) pellets. Again, we found no significant difference
between E2F1�/� and WT mice in the number or length of newly
formed vessels in the cornea (Fig. 5E). Taken together, these
data provided evidence that the in vitro phenotype and in vivo
response of E2F1 null mice to angiogenic stimuli were similar to
those of WT mice and that there were no E2F1-mediated
changes in EC phenotype to explain the difference in angiogen-
esis seen in ischemia and tumor models.

We then considered the possibility that the E2F1 transcription
factor might be regulating angiogenesis by modulating the
expression of genes that direct new vessel formation. Accord-
ingly, we used a ribonuclease protection assay to screen mRNA
expression of various angiogenic factors in cultured primary
fibroblasts from E2F1�/� and WT mice. When exposed to
hypoxic conditions for 24 h, cells from the WT mice showed a
significant increase in VEGF and angiopoietin-1 (Ang-1) but not
in basic fibroblast growth factor (bFGF) (or �-actin as a control)
(Fig. 2A). E2F1�/� cells have a higher basal level of VEGF
transcripts than cells from WT mice and, when exposed to
hypoxic conditions for 24 h, demonstrated a higher hypoxic
induction of VEGF. The expression of Ang-1, bFGF, and �-actin
in E2F1�/� cells was similar to WT cells (Fig. 2 A). We confirmed
elevated VEGF mRNA expression in E2F1�/� cells with quan-
titative real-time RT-PCR (Fig. 2B). mRNA expression of
phosphoglyceratekinase (PGK) and glucose transporter 1
(GLUT-1), two other hypoxia-inducible genes, was similar in
E2F1�/� and WT cells (Fig. 2B).

Postnatal angiogenesis comprises an integrated orchestration
of physiological processes, including dilation of existing vessels,
increased vascular permeability, extracellular matrix degrada-
tion, EC proliferation, migration, differentiation and assembly,
cord and lumen formation, recruitment of periendothelial cells,
and remodeling of the preliminary vessels (16, 17). Such pro-
cesses require the coordination of a cohort of angiogenic factors
(16, 18), among which angiopoietins play a critical role. In this
regard, it is interesting to note that, although VEGF stimulates
EC proliferation and by itself may be capable of forming fragile
and permeable capillaries, Ang-1 stabilizes the vessel walls (19),
resulting in long-lasting functional blood vessels (17, 18). Our
data indicate that E2F1 specifically inhibits the expression of
VEGF but not Ang-1 or bFGF. These data may explain our
observation that cells from E2F1-deficient mice showed a rapid
increase in highly permeable vessels that ultimately resulted in
hemorrhage, possibly because of a relative deficiency of Ang-1.

Next, we assessed in vivo VEGF expression in E2F1�/� vs. WT
mice after HLI. At 14 days after surgery, we found significantly
higher VEGF protein levels in the ischemic hind limbs of
E2F1�/� mice compared with WT mice (P � 0.05, n � 6 per
group; Fig. 2C). VEGF levels in the nonischemic limb of
E2F1�/� mice were slightly higher but not significantly different
from controls (Fig. 2C). The fold induction of VEGF protein in
the ischemic limb of E2F1�/� mice was significantly greater than
in the ischemic limb of WT mice (5.18 � 1.52 vs. 2.41 � 0.33, P
� 0.05). In addition, ELISA analysis revealed that E2F1�/� mice
had significantly higher plasma VEGF levels than WT mice 14
days after tumor challenge (P � 0.05; Fig. 2D). These data
suggested that increased VEGF expression is responsible, at

Fig. 1. E2F1�/� mice exhibit enhanced angiogenic activity. (A) Serial measurement of blood flow recovery after the induction of surgical HLI in WT (�) and
E2F1�/� (Œ) mice, using laser Doppler perfusion imaging (LDPI) (n � 35 per group; *, P � 0.05). (B) (Left and Center) Representative histology of newly formed
capillaries in ischemic hind limbs [identified by CD31 (red), BrdU (brown), and hematoxylin�eosin triple staining]. (Magnification: �400.) (Right) Quantification
of CD31� BrdU� double-positive capillary density (six randomly chosen fields per ischemic limb were averaged; n � 5 ischemic limbs per group) 14 days after
HLI. (C) HLI in old (20 month) mice. (Upper) Autoamputation rate at day 42 after HLI. (Lower) Laser Doppler blood flow recovery (data at day 42 were collected
from the nonautoamputated mice) (Open bar, WT; gray bar, E2F1�/�; **, P � 0.01). (D) (Left) Representative histology of vasculature at day 14 of LLC-1 tumor
challenge in WT and E2F1��� mice (CD31, brown and hematoxylin�eosin staining). (Original magnification: �200.) (Right) Quantification of CD31� capillary
density of tumor tissue at day 14 of tumor challenge in WT or E2F1��� mice. (Six randomly chosen fields per tumor were averaged; n � 5 tumors per group; ***,
P � 0.001.) (E) Photograph showing hemorrhagic tumors in E2F1�/� mice.
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least in part, for the increased angiogenesis seen in E2F1�/�

mice.
We also found that cultured cells from E2F1�/� mice pro-

duced and secreted more functional VEGF in vitro after expo-
sure to hypoxia than cells from WT controls (P�0.05, n � 3 per
group; Fig. 2E). Conditioned medium from the hypoxic E2F1�/�

fibroblasts stimulated a higher rate of human umbilical vein
endothelial cell (HUVEC) proliferation than medium from
hypoxic WT cells (Fig. 2F), whereas pretreatment with VEGF
neutralizing antibody completely blocked the increase in
HUVEC proliferation induced by conditioned medium from
E2F1�/� cells (Fig. 2F). Finally, when we injected small inter-
fering RNA (siRNA) against VEGF locally in the ischemic limbs
of E2F1 null and WT mice, there was no significant difference
between E2F1�/� and WT mice in the rate of blood perfusion
recovery (Fig. 2 G and H). These experiments confirmed that
increased VEGF production was responsible for the enhanced
angiogenesis observed in E2F1�/� mice.

VEGF promoter-luciferase reporter assays confirmed exag-
gerated hypoxic induction of VEGF promoter activity in
E2F1�/� cells, which was normalized when the expression of
E2F1 was restored (Fig. 3A), indicating that loss of E2F1 was
responsible for the increase in VEGF mRNA expression and
suggesting that E2F1 may serve to keep hypoxia-induced VEGF
transcription in check.

The p53 tumor suppressor is a transcription factor that
regulates the downstream effects of E2F1 for a variety of
biological activities (3, 20, 21). p53 activation has also been
shown to suppress tumor angiogenesis and VEGF transcription
(22). Prior reports have shown that hypoxia induces both E2F1
and p53 with similar kinetics (23). Based on these observations,
we wondered whether p53 could be involved in the E2F1-
mediated suppression of VEGF. We performed a series of
transfections with either a WT p53 plasmid, pCMV-p53
(p53WT), or a dominant-negative mutant p53 plasmid, pCMV-
p53mt135 (p53DN) (24). As shown in Fig. 3B (i and ii, right),
transfection with p53WT in E2F1�/� cells restored the repres-
sion of VEGF mRNA expression under hypoxic conditions. In
contrast, transfection of p53DN in WT cells de-repressed VEGF
expression (Fig. 3B i and ii), whereas expression of Ang-1 and
bFGF were not altered (Fig. 3B i and iii and data not shown).
Most notably, hypoxia-induced VEGF promoter activity was
significantly repressed by over-expression of E2F1 in E2F1�/�

and WT but not p53-deficient (p53�/�) cells (Fig. 3A). These
results are consistent with findings reported from other labora-
tories (25) regarding VEGF expression in p53�/� cells, suggest-
ing that the suppression of VEGF mRNA expression by E2F1
requires intact p53 function.

p53 has been shown to down-regulate VEGF directly through
modulating VEGF promoter activity (22, 26) and indirectly

Fig. 2. Loss of E2F1 increases VEGF production and VEGF-dependent EC proliferation and angiogenesis. (A) Representative ribonuclease protection assay
photograph (Upper) or quantification (Lower). (B) Quantitative real-time RT-PCR (n � 3 per group; **, P � 0.01) for mRNA expression of hypoxia-inducible genes
in primary lung fibroblasts (WT or E2F1�/�) under conditions of normoxia (‘‘N’’) or hypoxia (‘‘H’’) for 24 h. (C) Representative immunoblotting for VEGF (Upper)
and densitometric quantification of relative VEGF levels (Lower) in the ischemic limbs of mice 14 days after HLI (n � 5 per group; *, P � 0.05). (D) ELISA for plasma
VEGF levels of mice 14 days after tumor challenge (open bar, vehicle; gray bar, LLC-1 tumor; n � 6 per group; *, P � 0.05). (E) ELISA for hypoxia-induced VEGF
secretion in E2F1�/� and WT primary fibroblasts (open bar, normoxia; gray bar, hypoxia; n � 4 per group; *, P � 0.05). (F) 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay for proliferation of human umbilical vein endothelial cells exposed to 10% FBS�M199 medium supplemented with 20%
conditioned medium collected from WT fibroblasts or from E2F1�/� fibroblasts that were cultured under either normoxic or hypoxic conditions for 24 h (open
bar, no antibody; gray bar, anti-VEGF antibody at 10 �g�ml; striped bar, control IgG at 10 �g�ml; the two bars indicated by the two ends of each bracket are
compared; **, P � 0.01; ***, P � 0.001). This figure is representative of three MTT assays. The contribution of VEGF overexpression to enhanced blood flow
recovery in HLI E2F1�/� mice was evaluated by siRNA-mediated VEGF gene knockdown in the ischemic limb. (G) Representative example (Upper) and
quantification (Lower) of tissue VEGF levels (Western blotting) at day 7 after HLI surgery and repeated (days 1 and 3) multisite siRNA i.m. injection. (H) Serial laser
Doppler perfusion imaging measurement of blood flow recovery after HLI surgery plus in vivo VEGF knockdown with siRNA (open bar, WT with control GFP siRNA;
gray bar, E2F1�/� with control GFP siRNA; striped bar, WT with VEGF siRNA; filled bar, E2F1�/� with VEGF siRNA; n � 12 per group; *, P � 0.05).
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through inducing hypoxia-inducible factor (HIF)-1� proteoso-
mal degradation (25, 27, 28). In addition, investigators have
mapped a minimal VEGF promoter with Sp1 sites that appear
to be essential for p53-mediated repression (22). Our mRNA
analysis demonstrated that expression of other classic hypoxia-
inducible genes, including Ang-1, PGK, and GLUT-1, was
unaltered in E2F1�/� vs. WT cells (Fig. 2 A and B and data not
shown), providing evidence that p53-mediated HIF-1� degra-
dation was not responsible for altered VEGF expression.

To further confirm these observations, we performed cotrans-
fection experiments by using plasmids expressing E2F1 and
HIF1� and reporter constructs for the VEGF and erythropoietin
promoters, both of which are known targets of HIF1�. Under
hypoxic conditions, the activity of both promoters was signifi-
cantly increased by over-expression of HIF1�.

These cotransfection studies revealed that VEGF, but not Epo
promoter activity, was significantly down-regulated by cotrans-
fection of pE2F1 (Fig. 3C), providing confirmatory evidence that
E2F1 specifically modulates VEGF transcription, but not
HIF-1� transactivity in general.

To define the minimum VEGF promoter that mediates tran-
scriptional repression by E2F1, we performed serial cotransfec-
tion experiments by using various VEGF promoter truncation
mutant-Luc reporter constructs with pE2F1 in E2F1�/� cells
under hypoxic conditions. We were able to map the minimal
promoter to �194 from the transcriptional start site (Fig. 4A).
This minimum VEGF promoter features an E2F1-binding site
with four Sp-1 sites in close proximity (Fig. 4B). This finding was
of interest because the same Sp-1 sites within the VEGF
promoter are targets of p53-mediated VEGF transcriptional
repression (22, 26). Therefore, it is likely that the E2F1-induced,
p53-dependent, VEGF-specific transcriptional repression re-
sponsible for enhanced angiogenesis in the absence of functional
E2F1 involves an interaction between E2F1 and p53 on the
VEGF promoter, probably in a promoter structure context-
dependent manner (29). Indeed, hypoxia induced not only an
increase in E2F1 and p53 protein levels (Fig. 4C and data not
shown), but also a significant increase in E2F1:p53 physical
association, as demonstrated by in vivo coimmunoprecipitation
(Fig. 4D). These findings corroborate our hypothesis that re-
pression of VEGF transcription is mediated by a E2F1 and p53
protein:protein interaction.

Our data demonstrate that a significant portion of p53 activity
is associated with E2F1. This p53 activity appears to be distinct
from the role of p53 in HIF-1� inhibition that was previously
documented (25, 27, 28) and was also reflected in our study (Fig.
3B). A physical interaction between E2F1 and p53 has been
reported and was linked to regulation of cell cycle and apoptosis

Fig. 3. E2F1 represses p53-dependent VEGF mRNA expression. (A) Cotrans-
fection of VEGF promoter (2.6 kb)-luciferase plasmid and E2F1 expression
plasmid vs. control plasmid into WT, E2F1�/�, or p53�/� lung fibroblasts, which
were subsequently exposed to normoxia (open bar) or hypoxia (gray bar) for
24 h and assayed for luciferase activity (n � 3 per group; **, P � 0.01). As
shown, E2F1 overexpression repressed VEGF promoter activity in E2F1-null
cells and WT cells but not in p53-null cells. (B) Ribonuclease protection assay
was performed on primary fibroblasts (WT or E2F1�/�) under conditions of
normoxia (‘‘N’’) or hypoxia (‘‘H’’) for 24 h after transfection with a control
empty plasmid, p53WT, or p53DN plasmid. The �-actin-normalized value of
VEGF or Ang-1 mRNA in WT cells under normoxia conditions was arbitrarily
designated as 100, based on which the relative values of other treatment
groups were then extrapolated. Representative examples (i) and quantitative
analyses for VEGF (ii) and Ang-1 (iii) from three independent experiments are
shown. As shown in ii, the increased expression of VEGF in E2F-deficient
fibroblasts was nullified by overexpression of WT p53. In contrast, expression
of Ang-1 (iii) was not p53-dependent. (C) Differential effects of E2F1 and
HIF-1� on VEGF and erythropoietin promoter activity. WT fibroblasts were
cotransfected with indicated plasmids and exposed to hypoxia for 24 h before
the luciferase and �-galactosidase assays (n � 3 per group; ***, P � 0.001).

Fig. 4. E2F1:P53 interaction down-regulates VEGF promoter activity. (A)
Schema of cotransfection of VEGF promoter truncation mutant-Luc reporter
constructs with pE2F1 in E2F1�/� fibroblasts to determine the minimal VEGF
promoter that mediates VEGF suppression by E2F1. (B) Schematic represen-
tation of cis-elements in the minimal VEGF promoter. The E2F1-binding
element at approximately �134 to �127 is labeled. Other known elements in
this region include an NF-�B site and four Sp1 sites. (C) Western blotting of
E2F1 protein in the WT fibroblasts exposed to normoxia (‘‘N’’) or hypoxia
(‘‘H’’). (D) Representative (Upper) and quantification of (Lower) coimmuno-
precipitation. Anti-murine E2F1 antibody immunoprecipitates were immuno-
blotted with an anti-murine p53 antibody.
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of transformed cells in the setting of normoxia (30, 31). We were
surprised to find that under hypoxic conditions the E2F1:p53
interaction appeared to affect angiogenesis predominantly
through direct regulation of VEGF transcription. Further study
is needed to confirm the in vivo E2F1:p53 complex assembly on
the VEGF promoter. It is possible that this interaction may also
influence other downstream effectors of angiogenesis. p53 has
also been previously reported to inhibit tumor angiogenesis
through other mechanisms, such as inhibition of human FGF-2
activity by suppressing translation and modification of its con-
formation (32), down-regulating bFGF-binding protein (33), and
up-regulating thrombospondin-1 (34). Our data do not exclude
the possibility that these mechanisms may contribute to the
enhanced angiogenic phenotype of E2F1�/� mice.

The up-regulation of p53 expression and induction of apo-
ptosis in response to hypoxia represents a major selective
advantage for those tumor cells that have diminished apoptotic
potential because of a defect of the p53 pathway (35). Also, such
defects confer a second advantage, because p53 also inhibits
tumor angiogenesis by regulating the production and activity of
angiogenic and anti-angiogenic factors (22, 26, 32, 36, 37).

Hypoxia may be one of the most important physiological
inducers of p53, but the upstream mechanisms of p53 induction,
activity modification, and accumulation are not well understood.
Unlike DNA damage or oncogenic activation, G1 phase arrest by
hypoxia is not strictly dependent on p53 function, although it is
associated with an increase in nuclear p53 protein (38). This
action suggests that hypoxia induces p53 activity by a mechanism
other than DNA damage and activates a different spectrum of
downstream genes (39).

Several mechanisms have been proposed for the induction of
p53 by hypoxia. Although p53 has been shown to promote
HIF-1� degradation by the ubiquitination pathway, HIF-1� can
stabilize p53 (27, 40). In addition, hypoxia-induced nuclear
accumulation of p53 is consistently associated with down-
regulation of Mdm2 or Hdm2 in human cells (40–42). The
E2F1�ARF�Mdm2�p53 pathway is a well accepted mechanism
for E2F1-induced p53 activation in which transcription of ARF
is up-regulated by E2F1, counteracting Mdm2 neutralization of
p53 through ubiquitination-mediated proteasomal degradation.
In an independent experiment, we found that under hypoxic
conditions E2F1 down-regulates ARF promoter activity (G.Q.
and D.W.L., unpublished work). It is therefore less likely that the
E2F1�ARF�Mdm2 axis is playing a role in p53 activation (43).
Rather, we observed a direct physical association of E2F1 and
p53, showing that E2F1 induces p53 accumulation through a
protein:protein interaction (30, 44). Interestingly, Rb protein is
reversibly de-phosphorylated and bound in the nucleus during
hypoxia (45). Dephosphorylated Rb has been shown to stabilize
and protect E2F1 from degradation, and the protein:protein
interaction in the Rb�E2F1�p53 axis thereby provides a poten-
tial mechanism for hypoxia-induced p53 accumulation. Further
study is warranted to characterize the functional domains that
mediate the E2F1:p53 interaction and identify other down-
stream effectors of angiogenesis.

Conclusions
The tissue and cell type-specific effects of the E2F family of
transcription factors have been documented in E2F1-deficient
mice in a variety of biological processes, such as embryonic
development, cell differentiation, proliferation, and apoptosis
(5, 46–49). Our data add an additional layer of complexity to the
role of E2F1 in cell cycle control and apoptosis and raise
important questions about the specific effects of different E2Fs
in the cardiovascular system. E2F1-deficient mice have impaired
apoptotic function, which was previously presumed to explain
the increased incidence of cancer in these mice (5, 7, 48).
However, our studies suggest that the increase in tumor growth

in E2F1-deficient mice might also result from an increase in the
vascular supply of tumors secondary to dysregulated VEGF
expression.

We therefore propose a model of promoter structure context-
dependent transcriptional regulation of VEGF based on over-
expression of E2F1, p53 protein:protein interaction, p53-
dependent regulation, and minimal VEGF promoter structure.
One of the best illustrated examples of such regulation is the
E2F1:Sp1 interaction and synergy on the murine tk gene pro-
moter (29). In our current investigation, we used site-directed
mutagenesis and chromatin immunoprecipitation (ChIP) tech-
niques to determine the precise cis-elements mediating tran-
scriptional regulation.

Our findings suggest that, in addition to its seemingly contra-
dictory roles as oncogene and tumor suppressor in tumorigen-
esis, E2F1 may suppress tumor growth by inhibiting tumor
angiogenesis. A physiological role for this pathway could be the
regulation of angiogenesis, including that observed after isch-
emia. As such, E2F1 provides a potential therapeutic target for
angiogenesis-dependent disease processes.

Methods
Cells. Primary human umbilical vein endothelial cells (50), mouse
aortic endothelial cells (51), and lung fibroblasts (52) were
harvested, cultured, characterized as previously described, and
used at passage 4–8.

Cells were incubated at 37°C in a chamber containing 5% CO2
and 1% O2 to induce hypoxic conditions. Gases were balanced
in N2, unless otherwise specified.

Plasmid Transient Transfection and Reporter Assays. Please refer to
Supporting Methods, which is published as supporting informa-
tion on the PNAS web site, for detailed methods.

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyl Tetrazolium Bromide (MTT)
Proliferation Assay. Please refer to Supporting Methods for de-
tailed methods.

ELISA. VEGF in mouse plasma or cell culture media was quan-
tified with a mouse VEGF ELISA kit (Quantikine; R & D
Systems).

Immunoprecipitation and Immunoblotting. Protein extraction from
mouse limb tissue or from cultured cells was performed follow-
ing standard techniques (53). The lysate of cultured cells was
immunoprecipitated with rabbit anti-murine E2F1 polyclonal
antibody (Santa Cruz Biotechnology). After electrophoresis and
membrane transfer, the lysate was probed with a goat anti-
murine p53 polyclonal antibody (Santa Cruz Biotechnology) by
using Western blot techniques (54). Densitometry was per-
formed by using National Institutes of Health IMAGE software.

Ribonuclease Protection Assay (RPA). Please refer to Supporting
Methods for detailed methods.

Real-Time RT-PCR. Please refer to Supporting Methods for detailed
methods.

In Vivo Studies. Age- and sex-matched E2F1-deficient (E2F1�/�)
and littermate WT control mice were bred from E2F1�/� mice
that had been generated by crossing E2F1�/� with WT (both on
the background of F2 of the C57BL�6 � 129; The Jackson
Laboratory). Mice were bred, maintained, and operated follow-
ing protocols approved by St. Elizabeth’s Medical Center of
Boston Institutional Animal Care and Use Committee.

HLI Model. Please refer to Supporting Methods for detailed
methods.

Qin et al. PNAS � July 18, 2006 � vol. 103 � no. 29 � 11019

M
ED

IC
A

L
SC

IE
N

CE
S



In Vivo siRNA Transfection. Murine VEGF siRNA and control GFP
siRNA were designed, synthesized, and purified by Dharmacon
Research (Lafayette, CO). The VEGF siRNA has been shown
to specifically suppress VEGF expression both in vitro and in vivo
(55). To block the effect of VEGF on angiogenesis in vivo, a 500
pM concentration of VEGF siRNA conjugated with TransIT
reagent (Mirus; Madison, WI) was injected intramuscularly in
the ischemic hind limb at 1, 4, 7, and 10 days after HLI. The blood
flow recoveries were monitored by using laser Doppler perfusing
imaging, and VEGF levels in ischemic limbs were quantified
using Western blot analysis.

LLC-1 Tumor Models. Please refer to Supporting Methods for
detailed methods.

Immunohistochemistry. Please refer to Supporting Methods for
detailed methods.

Statistics. Data were presented as average � SEM. Comparison
between two means was performed with an unpaired Student’s
t test, whereas ANOVA with Fisher’s protected least significant
differences and Bonferroni–Dunn post hoc analysis were used
for comparisons of more than two means. Statistical significance
was assigned if P � 0.05.
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