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Abstract
Background: We have recently shown that epigallocatechin-3-gallate (EGCG), a polyphenolic
compound from green tea, inhibits angiogenesis. However, the molecular mechanisms by which
EGCG inhibits angiogenesis have never been investigated. In this study, we examined the
interaction of PI3K/AKT and MEK/ERK pathways on the regulation of FOXO transcription factors,
which ultimately control the antiangiogenic effects of EGCG.
Results: Inhibition of PI3K/AKT and MEK/ERK pathways interact synergistically to inhibit
migration and capillary tube formation of HUVEC cells and further enhanced the antiangiogenic
effects of EGCG. Inhibition of AKT and MEK kinases synergistically induced FOXO transcriptional
activity, which was further enhanced in the presence of EGCG. Phosphorylation deficient mutants
of FOXO induced FOXO transcriptional activity, inhibited HUVEC cell migration and capillary tube
formation. Inhibition of FOXO phosphorylation also enhanced antiangiogenic effects of EGCG
through transcriptional activation of FOXO.
Conclusion: Inhibition of PI3K/AKT and MEK/ERK pathways act synergistically to regulate
antiangiogenic effects of EGCG through activation of FOXO transcription factors. The activation
of FOXO transcription factors through inhibition of these two pathways may have physiological
significance in management of diabetic retinopathy, rheumatoid arthritis, psoriasis, cardiovascular
diseases, and cancer.

Background
Angiogenesis is a complex event which requires endothelial cell sprouting, lumen formation, tubulogenesis and is
regulated by the coordinated action of different transcription factors [1,2]. Their interaction leads to endothelial
cell differentiation and acquisition of arterial, venous and
lymphatic properties. The transcription factors FOXO
plays a major role in these events [3]. It participates in

both embryonic and adult angiogenesis. The FOXO subgroup regulates the correct organization of the vascular
system, controlling excessive endothelial growth and
inducing apoptosis in both embryos and adult mice.
Many members of this family are expressed very early in
the developing vasculature. FOXO transcription factors
play a crucial role in the regulation of tissue homeostasis
in organs such as the pancreas and the ovaries and com-
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plex diseases such as diabetes and cancer [4-8]. Despite
redundant functions of FOXO proteins in vitro, their in
vivo roles in development and physiology are diverse, and
genetic loss of the distinct FOXO isoforms results in different phenotypes. For example, mice homozygous for a
FOXO1-/- allele, but not FOXO3a-/- or FOXO4-/- mice, die
during embryogenesis from defects in vascular development [9,10]. Although these studies suggest an essential
role of FOXO1 in the formation and maturation of the
nascent vasculature, relatively little is known about the
function and significance of the distinct Foxo family
members for the angiogenic activity of endothelial cells
and postnatal vessel formation. In mature endothelial
cells, inhibition of FOXO1 activity has been shown to be
an important mechanism through which angiopoietin 1
(Ang1) modulates endothelial function [3].

and the ovaries and complex diseases such as diabetes and
cancer [4-8]. FOXO transcription factors are emerging as
critical transcriptional integrators among pathways regulating differentiation, proliferation, survival, and angiogenesis [10,34-36]. Foxo transcription factors regulate
angiogenesis and postnatal neovascularization by regulation angiopoietin 2 (Ang2) and eNOS [36]. Gene expression profiling showed that FOXO1 and FOXO3a
specifically regulate a nonredundant but overlapping set
of angiogenesis- and vascular remodeling-related genes
[36]. The FOXO1-deficient mice died around embryonic
day 11 because of defects in the branchial arches and
remarkably impaired vascular development of embryos
and yolk sacs [10]. Therefore, it is possible that EGCG
inhibits angiogenesis by regulating FOXO transcription
factors.

FOXO subfamily of forkhead transcription factors include
FOXO1a/FKHR, FOXO3a/FKHRL1, and FOXO4/AFX [1114]. The PI3 kinase (PI3K) pathway, via activation of its
downstream kinase AKT, phosphorylates each of the
FOXO proteins [15-17]. These phosphorylations result in
impairment of DNA binding ability and increased binding affinity for the 14-3-3 protein [16,17]. Newly formed
14-3-3-FOXO complexes are then exported from the
nucleus [18], thereby inhibiting FOXO-dependent transcription. Inhibition of the PI3K pathway leads to dephosphorylation and nuclear translocation of active FKHRL1,
FKHR, and AFX; which induce cells cycle arrest and apoptosis [19]. Conversely, loss of PTEN activity results in
increased AKT activity leading to inhibition of FOXO protein activity through phosphorylation and cytoplasmic
sequestration. In addition, the data demonstrate that
FOXO transcriptional activity controls cellular proliferation and apoptosis downstream of PTEN [20,21]. FOXO
regulates cell cycle and apoptotic genes such as cyclindependent kinase inhibitor (CKI) p27/KIP1 [18,20,22,23],
Bim [24,25], Fas ligand [16], and Bcl-6 [26]. Consequently, activation of the PI3K pathway serves to repress
FOXO-mediated growth arrest and apoptosis. However,
regulation of FOXO target genes is multifactorial, and
therefore other transcription factors and post-translation
regulatory events will influence the final level of protein
expression. Interestingly, overexpression of AKT, and inactivation and loss of PTEN are frequently observed in pancreatic cancer [27-33], indicating a potential role for
FOXOs in modulating both cell cycle and apoptosis during tumorigenesis and treatment. Together, these results
indicate that FOXO proteins are important downstream
effectors of PTEN tumor suppressive activity; however,
their molecular targets and mechanisms of action in regulating angiogenesis are not well understood.

The Ras proteins are small (21 kDa) GTP-binding, membrane-associated proteins [37]. They are in their activated
state when bound to GTP, and are inactivated by GTP
hydrolysis. This intrinsic GTPase activity is enhanced by
association with GTPase-activating protein [37]. The Ras
proteins transduce signals from ligand-activated tyrosine
kinase receptors to downstream effectors [38]. Activating
mutations can impair GTP hydrolysis and lead to constitutively activated Ras that impacts the cellular phenotype
[39]. Oncogenic Ras can lead to cellular transformation
[40], presumably by perturbing its signal transduction
pathways. Ras regulates multiple signaling pathways [41].
Three major groups of MAP kinases are found in mammalian cells: extracellular signal-regulated protein kinase
(ERK) [42], p38 MAP kinase [43], and c-Jun N-terminal
kinase (JNK) [44-46]. MAP kinases regulate many cellular
activities, which range from gene expression to mitosis,
movement, metabolism, angiogenesis and apoptosis.
These MAP kinases are activated by the dual phosphorylations of neighboring threonine and tyrosine residues in
response to various extracellular stimuli [47,48]. Specifically, p38 and JNK have been implicated in stress-responsive signaling leading to the initiation of adaptive events
such as gene expression, differentiation, metabolism, and
apoptosis [44,45,49]. ERKs are often activated by growth
signals, such as epidermal growth factor (EGF) or plateletderived growth factor [50]. FOXO1 (FKHR) contains 15
consensus phosphorylation sites for the MAPK family.
Therefore, MAPKs could directly regulate the transcriptional activity of FOXO1 via phosphorylation. In vitro
kinase assay showed that FOXO1 was phosphorylated by
ERK and p38 but not by JNK [51]. In NIH3T3 cells, epidermal growth factor or anisomycin increased phosphorylation of exogenous FOXO1, which was significantly
inhibited by pretreatment with an MEK 1 inhibitor,
PD98059, or a p38 inhibitor, SB203580. Two-dimensional phosphopeptide mapping using mutation of phosphorylation sites for MAPK revealed that the nine serine
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residues in FOXO1 are specifically phosphorylated by
ERK and that five of the nine residues are phosphorylated
by p38 in vivo.
Green tea is a popular beverage consumed in some parts
of the world and is a rich source of polyphenols [52,53].
Green tea, which is widely consumed in China, Japan and
India, contains polyphenolic compounds, which account
for 30% of the dry weight of the leaves. A polyphenolic
constituent, (-)-epigallocatechin-3-gallate (EGCG), is the
major and most effective chemopreventive agent in green
tea. Epidemiological studies revealed that the incidences
of stomach and prostate cancers are the lowest in the
world among a population that consumes green tea on a
regular basis [52,54-56]. It acts as an antioxidant, antiproliferative, antitumor, and anti-angiogenic, and thus a
novel candidate for chemoprevention [52,55,56]. We
showed that EGCG inhibited angiogenesis through Ras/
MEK/ERK pathway. However, there are no studies to demonstrate how the inhibition of PI3K/AKT and MEK/ERK
pathways interact together to regulate FOXO-dependent
angiogenesis.
The purpose of this study was to examine whether the
inhibition of PI3K/AKT and MEK/ERK pathways enhance
the antiangiogenic effects of EGCG through activation of
FOXO transcription factors. The data demonstrate that
inhibition of PI3K/AKT and MEK/ERK pathways act syner-
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Results
Involvement of PI3K/AKT and MEK/ERK pathways on
EGCG-induced apoptosis
We first measured the involvement of PI3K/AKT and
MEK/ERK pathways on EGCG-induced apoptosis in
HUVEC cells. Treatment of HUVEC cells with AKT inhibitor and MEK1/2 inhibitor (PD98059) alone induced
apoptosis (Fig. 1). EGCG had slight but significant effects
on apoptosis. The treatment of HUVES cells with the combination of AKT inhibitor and MEK inhibitor induced
apoptosis in a synergistic manner. AKT inhibitor and MEK
inhibitor, alone or in combination, enhanced the proapoptotic effects of EGCG in HUVEC cells. These data suggest that inhibition of PI3K/AKT and MEK/ERK pathways
act synergistically to enhance the antiapoptotic effects of
EGCG.
AKT inhibitor and MEK1/2 inhibitor cooperate to inhibit
migration and capillary tube formation of HUVEC cells,
and further enhance the inhibitory effects of EGCG on
migration and capillary tube formation
A critical event in tumor growth and progression is the
upregulation of angiogenesis. Thus, targeting angiogen-
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Figure
Interactive
1 effects of AKT inhibitor and MEK1/2 inhibitor on EGCG-induced apoptosis
Interactive effects of AKT inhibitor and MEK1/2 inhibitor on EGCG-induced apoptosis. Human umbilical vein
endothelial cells (HUVECs) were pretreated with AKT inhibitor-IV (1 µM) or MEK1/2 inhibitor PD98059 (10 µM) for 4 h, followed by treatment with EGCG (40 µM) for 2 h. Cells were harvested and TUNEL assay was performed as per manufacturer's
instructions (Promega). Data represent mean ± SD. * = significantly different from control, P < 0.05.
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brane. Treatment of chambers with AKT inhibitor, MEK1/
2 inhibitor (PD98059) or EGCG resulted in inhibition of
migration of HUVECs. The combination of AKT inhibitor
and PD98059 synergistically inhibited cell migration.
Interestingly, the inhibitory effects of EGCG on cell migration were further enhanced in the presence of AKT inhibitor and/or MEK1/2 inhibitor (PD98059).
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esis has become an attractive treatment modality in cancer
medicine. Endothelial cell migration and capillary tube
formation are important events for angiogenesis. We first
measured the effect of EGCG treatment on migration of
HUVEC cells using a modified Boyden Chamber assay
(Fig. 2A and 2B). In DMSO-treated controls, a large fraction of HUVEC migrated to the bottom face of the mem-
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2
migration and capillary tube formation by HUVEC cells
EGCG inhibits migration and capillary tube formation by HUVEC cells. (A) Migration of HUVEC cells was assessed
using Transwell Boyden chamber containing a polycarbonated filter. HUVECs (4 × 104 cells) were pretreated with AKT inhibitor IV (1 µM) and/or MEK1/2 inhibitor PD98059 (10 µM) for 2 h, followed by treatment with EGCG (40 µM) or DMSO (control). Migration through the membrane was determined after 24 h of incubation at 37°C. Cells that had migrated to the lower
chamber were fixed with 90% methanol, stained with giemsa, quantified by counting the number of cells under a microscope.
Data represent mean ± SD. * = significantly different from control, P < 0.05. (B), HUVEC cells were treated as described in A.
Cells that had migrated to the lower chamber were fixed with 90% methanol, and photographed with a digital camera attached
to a microscope. (C), HUVECs (10 × 104) were seeded in 24-well plates containing matrigel, and pretreated with AKT inhibitor IV (1 µM) and/or MEK1/2 inhibitor PD98059 (10 µM) for 2 h, followed by treatment with EGCG (40 µM) or DMSO (control) for 24 h. Capillary tube structures were photographed with a digital camera attached to a microscope. (D), HUVECs cells
were seeded and treated as described in C. Capillary tubes were counted under a microscope. Data represent mean ± SD. * =
significantly different from control, P < 0.05.
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Figure 3
Phosphorylation
deficient mutants of FOXO enhance the inhibitory effects of EGCG on migration and capillary tube formation
Phosphorylation deficient mutants of FOXO enhance the inhibitory effects of EGCG on migration and capillary
tube formation. (A) HUVEC (4 × 104) cells were transiently transfected with empty vector, FOXO1-TM or FOXO3A-TM
along with pCMV-LacZ vector (as transfection control) and treated with or without EGCG (40 µM). Migration through the
membrane was determined after 24 h of incubation at 37°C. Cells that had migrated to the lower chamber were fixed with 90%
ethanol, stained with Geimsa, quantified by counting the number of cells under a microscope. Data represent mean ± SD. *, **
= significantly different from control, P < 0.05. (B), HUVEC (4 × 104) cells were transiently transfected with empty vector,
FOXO1-TM or FOXO3A-TM along with pCMV-LacZ vector (as transfection control) and treated with or without EGCG (40
µM) for 24 h. Capillary tubes were counted under a microscope. Data represent mean ± SD. *, ** = significantly different from
control, P < 0.05.

We next examined the effects of PI3K/AKT and MEK/ERK
pathways on capillary tube formation by HUVEC on
growth factor-reduced matrigel, which is well-accepted
technique to measure in vitro angiogenesis [57]. The data
revealed that AKT inhibitor, MEK1/2 inhibitor
(PD98059) and EGCG alone inhibited capillary tube formation by HUVEC cells (Fig. 2C and 2D). The combination of AKT inhibitor and MEK1/2 inhibitor (PD98059)
synergistically inhibited capillary tube formation. Interestingly, the inhibitory effects of EGCG on capillary tube
formation were further enhanced in the presence of AKT
inhibitor and/or MEK1/2 inhibitor (PD98059). These
results indicate that the inhibition of PI3K/AKT and MEK/
ERK pathways acts synergistically to inhibit migration and
capillary tube formation by HUVEC cells.

FOXO1-TM and FOXO3A-TM (phosphorylation deficient
mutants of FOXO) enhance the inhibitory effects of EGCG
on migration and capillary tube formation by HUVEC cells
Recent studies have demonstrated the involvement of
FOXO transcription factor in angiogenesis [10,35,36]. We
therefore examined the involvement of FOXO transcription factors in EGCG-induced migration and capillary
tube formation by HUVEC cells (Fig. 3). Since dephosphorylated FOXO transcription factors translocate to
nucleus and induce gene transcription, we use phosphorylation deficient mutants of FOXO (consitutively active)
to activate its transcriptional activity. Overexpression of
phosphorylation deficient mutants of FOXO (FOXO1-TM
and FOXO3a-TM) inhibited migration and capillary tube
formation by HUVEC cells. Overexpression of FOXO1-TM
and FOXO3a-TM further enhanced the inhibitory effects
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Figure
Inhibition
4 of PI3K/AKT and MEK/ERK pathways synergistically enhanced EGCG-induced FOXO activity in HUVEC cells
Inhibition of PI3K/AKT and MEK/ERK pathways synergistically enhanced EGCG-induced FOXO activity in
HUVEC cells. HUVEC cells were transiently transfected with 6X DBE-luciferase and pRL-TK plasmids for 24 h [69]. After
transfection, HUVEC cells were pretreated with AKT inhibitor IV (1 µM) and/or MEK1/2 inhibitor PD98059 (10 µM) for 2 h,
followed by treatment with or without EGCG (40 µM) for 24 h. Cells were harvested for firefly/Renilla luciferase assays using
the Dual-Luciferase Reporter Assay System (Promega). Luciferase counts were normalized using Renilla luciferase transfection
control. Data represent the mean ± S.D. *, #, ** = significantly different from respective controls, P < 0.05.

of EGCG on migration and capillary tube formation by
HUVEC cells. These data suggest that FOXO transcription
factors may play major role in angiogenesis, and EGCG
may inhibit angiogenesis through activation of FOXO.
AKT inhibitor and MEK1/2 inhibitor synergistically induce
FOXO transcriptional activity, and further enhance
EGCG-induced FOXO activity in HUVEC cells
We next examined whether inhibition of PI3K/AKT and
MEK/ERK pathways act synergistically to induce FOXO
transcriptional activity, and inhibition of these two pathways further enhances EGCG-induced FOXO activity (Fig.
4). AKT inhibitor, MEK1/2 inhibitor (PD98059) and
EGCG alone induced FOXO transcriptional activity. The
combination of AKT inhibitor and PD98059 synergistically induced FOXO activity. Furthermore, the combination of AKT inhibitor and/or PD98059 with EGCG further
enhanced FOXO transcriptional activity. These data suggest that inhibition of PI3K/AKT and MEK/ERK pathways
act synergistically to induce FOXO transcriptional activity,

and inhibition of these two pathways further enhance
EGCG-induced FOXO activity.
Phosphorylation deficient mutants of FOXO induce FOXO
transcriptional activity, and further enhance EGCGinduced FOXO activity in HUVEC cells
We next examined whether EGCG induces transcriptional
activation of FOXO in the presence or absence FOXO1TM, FOXO3a-TM, or FOXO4-TM (phosphorylation deficient triple mutant) (Fig. 5). HUVEC cells were transfected
with wild type FOXO promoter linked to a luciferase
reporter gene in the presence or absence of plasmids
expressing FOXO1-TM, FOXO3a-TM, or FOXO4-TM.
After transfection, cells were treated with EGCG for 24 h,
and luciferase activity was measured. Transfection of cells
with plasmids expressing FOXO1-TM, FOXO3a-TM, or
FOXO4-TM induced FOXO transcriptional activity compared with the empty vector (control). EGCG-induced
FOXO transcriptional activity was further enhanced in the
presence of phosphorylation deficient mutants of
FOXO1, FOXO3a, and FOXO4. These data indicate that
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Figure 5
deficient mutants of FOXO enhance EGCG-induced FOXO transcriptional activity in HUVEC cells
Phosphorylation deficient mutants of FOXO enhance EGCG-induced FOXO transcriptional activity in
HUVEC cells. HUVEC cells were transiently transfected with empty vector or constructs encoding FOXO1-TM, FOXO3aTM, or FOXO4-TM together with 6X DBE-luciferase and pRL-TK plasmids for 24 h [69]. Luciferase counts were normalized
using Renilla luciferase transfection control. After transfection, cells were washed, treated with EGCG (20 µM) for 24 h, and
harvested for firefly/Renilla luciferase assays using the Dual-Luciferase Reporter Assay System (Promega). Data represent the
mean ± S.D. *, #, ** = significantly different from respective controls, P < 0.05.

FOXO transcription factors can mediate the antiangiogenic effects of EGCG.

Discussion
To the best of our knowledge, this is the first study to demonstrate that inhibition of PI3K/AKT and MEK/ERK pathways acted synergistically to induce activation of FOXO
transcription factors and enhanced the antiangiogenic
effects of EGCG in HUVEC cells. Specifically, cell migration and capillary tube formation was inhibited by AKT
inhibitor and MEK inhibitor. We have recently demonstrated that EGCG can inhibit pancreatic cancer development and angiogenesis in nude mice [57]. EGCG
inhibited the expression of genes associated with metastasis and angiogenesis [57]. Our data clearly demonstrate
that PI3K/AKT and MEK/ERK pathways converge to regulate angiogenesis through FOXO transcription factor.
Angiogenesis, the sprouting of new capillaries from the
preexistent blood vessels, is of central importance in
many biological processes, including embryonic vascular
development and differentiation, wound healing, and
organ regeneration [58,59]. In addition, angiogenesis
plays a major role in pathological conditions such as dia-

betic retinopathy, rheumatoid arthritis, psoriasis, cardiovascular diseases, tumor growth, and metastasis [60,61].
During angiogenesis, endothelial cells migrate, proliferate, organize into tube-like structures, and play an active
role in tissue remodeling. This cascade of events is under
the control of angiogenic factors which include basic
fibroblast growth factor (bFGF) and vascular endothelial
growth factor (VEGF) or vascular permeability factor
(VPF), an endothelial-cell specific mitogen [58,59]. Both
factors have been shown to stimulate the proliferation of
vascular endothelial cells and the formation of new capillary beds. In addition to positively acting angiogenic factors, there appears to be several negative regulator of
angiogenesis including angiostatin, endostatin, thrombospondin, platelet factor 4, and 16K hPRL [60,62].
Antiangiogenic factors have been shown to antagonize
both the proliferation of endothelial cells in vitro and neovascularization in vivo [60,63]. We have recently shown a
positive correlation between inhibition of tumor growth
and angiogenesis in mice treated with EGCG. Specifically,
EGCG inhibited angiogenesis (vWF, VEGF and CD31)
and metastasis (MMP-2, -7, -9 and -12) in nude mice [57].
EGCG also inhibited number of VEGF-R2 positive circulating endothelial cells derived from xenografted nude
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mice. EGCG inhibited cell migration and capillary tube
formation, and these beneficial effects of EGCG were further enhanced in the presence of ERK MAP kinase inhibitor, pointing a positive role of ERK in angiogenesis and
metastasis. In the present study, the inhibition of MEK/
ERK pathway resulted in inhibition of cell migration and
capillary tube formation through activation of FOXO
transcription factor.
The Ras signal transduction pathway is complex with multiple intersections and bifurcations [41]. We have recently
demonstrated that EGCG can inhibit the expression of Ras
and Raf expression in pancreatic cancer cells. Similarly,
GTP and EGCG have been shown to inhibit the expression of the K-ras gene, and growth of pancreatic cancer
cells [56]. Ras activates three mitogen-activated protein
kinases (MAPKs) including ERK, JNK, and p38 [41]. Cells
utilize the various Ras-mediated signal transduction pathways to regulate a plethora of phenotypes. Raf-1 contributes directly to ERK activation but not to JNK activation
[64]. Since Ras is an upstream target of ERK, the inhibition
of Ras/Raf/MEK/ERK pathway by EGCG may be significant to inhibit angiogenesis.
FOXO1 (FKHR) contains 15 consensus phosphorylation
sites for the mitogen-activated protein kinase (MAPK)
family. The phosphorylation of FOXO1 was demonstrated by ERK and p38 MAPK but not by JNK [51]. Epidermal growth factor or anisomycin increased
phosphorylation of exogenous FOXO1, which was significantly inhibited by pretreatment with an MEK 1 inhibitor, PD98059, or a p38 inhibitor, SB203580 [51]. Twodimensional phosphopeptide mapping using mutation of
phosphorylation sites for MAPK revealed that the nine serine residues in FOXO1 are specifically phosphorylated by
ERK and that five of the nine residues are phosphorylated
by p38 in vivo [51]. These data suggest that FOXO1 is specifically phosphorylated by ERK and p38, and that this
phosphorylation regulates the function of FOXO1. In the
present study, inhibition of Ras/MEK/ERK pathway inhibits capillary tube formation and HUVEC cell migration
through activation of FOXO transcription factor.
Activation of AKT through PI3K leads to phosphorylation
and nuclear exclusion of the transcription factor FOXO.
Accordingly, FOXO1 dephosphorylation leads to translocation to the nucleus and induces the transcription of target genes such as Fas, BIM, p27/Kip1 that trigger apoptosis
[16]. With respect to angiogenesis-related molecules,
FOXO1 induces the expression of angiopoietin-2 (Ang-2)
[3], a competitive antagonist of angiopoietin-1 (Ang-1).
Ang-1 and its endothelial receptor tyrosine-protein kinase
receptor (Tie2) are required for vascular development,
maturation, and stability [65]. Albeit Ang-2 also binds to
Tie2, it does not activate this receptor under physiological

http://www.jmolecularsignaling.com/content/3/1/7

conditions and is consequently associated with blood vessel destabilization and remodelling [65]. Ang-1 inhibits
FOXO1 and thereby the expression of its antagonist Ang2 [35]. On the opposite, this regulation implies a positive
feedback loop in which an increase in Ang-2 expression,
blocking Ang-1 effects, leads indirectly to activation of
FOXO1 resulting in a further increase in the expression of
Ang-2 and other FOXO1 target genes. In the present study,
AKT inhibitor blocks capillary tube formation and
HUVEC cell migration through transcription activation of
FOXO, which may regulate the expression of angiogenesis-related genes. Furthermore, our data demonstrate
that inhibition of PI3K/AKT and MEK/ERK pathways converge to inhibit angiogenesis through activation of FOXO
transcription factors. Inhibition of these two pathways
further enhances the antiangiogenic effects of EGCG.

Conclusion
We have demonstrated that inhibition of PI3K/AKT and
Ras/MEK/ERK pathways interact synergistically to activate
FOXO transcription factors which, in turn, inhibit angiogenesis. Inhibition of both of these pathways further
enhances the antiangiogenic effects of EGCG. In a recent
study, we have demonstrated that EGCG can modulate
the expression of genes known to play a role in the cancer
progression, invasion, metastasis and angiogenesis [57].
We have also demonstrated that EGCG can induce apoptosis through multiple mechanisms i.e. activation of caspases, regulation of Bcl-2 family members, generation of
ROS, inhibition of Raf-1, ERK and upregulation of JNK
and p38 MAP kinase pathways [66]. The activation of
FOXO transcription factors through inhibition of Ras/
MEK/ERK and PI3K/AKT pathways may have physiological significance in management of diabetic retinopathy,
rheumatoid arthritis, psoriasis, cardiovascular diseases,
and cancer.

Methods
Reagents
EGCG was purchased from LKT Laboratories, Inc. (St.
Paul, MN). MEK inhibitor (PD98059), AKT inhibitor-IV
and Terminal Deoxynucleotidyl Transferase Biotin-dUTP
Nick End Labeling (TUNEL) assay kit were purchased
from EMD Biosciences (San Diego, CA). AKT inhibitor-IV
is a cell-permeable benzimidazole compound that inhibits AKT phosphorylation/activation by targeting the ATP
binding site of a kinase upstream of AKT, but downstream
of PI3K [67]. It has been shown to block AKT-mediated
FOXO1a nuclear export and cell proliferation [67]. Unlike
phosphatidylinositol analog-based AKT inhibitors, this
inhibitor does not affect PI3K [67]. Dual Luciferase
Reporter Assay kit was purchased from Promega Corporation (Madison, WI).
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Cell Culture and cell survival assay
Human umbilical vein endothelial cells (HUVECs) were
purchased from Clonetics (Walkersville, MD) and maintained in endothelial cell growth factor medium-2 (EGM2
MV SingleQuots, Clonetics) supplemented with 5% FBS.
Stock solutions of the EGCG were prepared in DMSO and
diluted with complete medium, and an equal volume of
DMSO (final concentration, 0.05%) was added to the
controls.

http://www.jmolecularsignaling.com/content/3/1/7

and FOXO-luciferase constructs have been described elsewhere [10,69]. After 24 h, transfection medium was
replaced with culture medium and cells were treated with
EGCG (40 µM). After incubation of 24 h, the relative luciferase activity, i.e. firefly enzyme activity divided by that of
the Renilla enzyme, was determined using Dual Luciferase
Reporter Assay System (Promega) according to the manufacturer's protocol.

Statistical analysis
Capillary tube formation assay
Cell migration assay was performed as we described earlier [68]. In brief, matrigel (100 µl) was added to wells of
a 96-well culture plate and allowed to polymerize for 1 h
at 37°C. To examine the effects of EGCG on in vitro angiogenesis, subconfluent HUVECs were resuspended in
complete medium and added to Matrigel containing wells
(1 × 104 cells/well), and exposed to EGCG or DMSO (control). The plates were incubated at 37°C in a humidified
atmosphere of 95% air and 5% CO2. Capillary tube formation was assessed after 24 h by counting the total
number of capillary like tubular structures from three randomly chosen fields using an inverted microscope.
In vitro cell migration assay
Cell migration assay was performed as we described earlier [68]. In brief, migration of HUVEC cells was assessed
using Transwell Boyden chamber (Corning, Acton, MA)
containing a polycarbonated filter with a pore size of 8µM. HUVECs (4 × 104 cells in 0.2 ml) cells in complete
medium was mixed with desired concentration of EGCG
or DMSO (control), and the cell suspension was added to
the upper chamber. The lower chamber contained 0.6 ml
of complete medium with the same concentration of
EGCG or DMSO. Migration through the membrane was
determined after 24 h of incubation at 37°C. Cells
remaining on the topside of the transwell membrane were
removed using a cotton swab. The membrane was washed
with ice-cold PBS. Cells that had migrated to the underside were fixed with 90% methanol and stained with
giemsa. Cell migration was quantified by counting the
number of cells per field in five random fields.

The mean and SD were calculated for each experimental
group. Differences between groups were analyzed by one
or two way ANOVA using PRISM statistical analysis software (GrafPad Software, Inc., San Diego, CA). Significant
differences among groups were calculated at P < 0.05.
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