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Summary. Postnatal neovascularization has been known
to be involved in not only angiogenesis but also
vasculogenesis. Several lines of evidence suggest a link
between neovascularization and Akt, a family member
of serine/threonine protein kinases. Akt phosphorylates
endothelial NO synthase (eNOS) and thereby enhances
endothelial NO synthesis and influences postnatal vessel
growth. Akt signaling is activated by a variety of stimuli
in endothelial cells and endothelial progenitor cells
(EPCs). Activation of the Akt kinase orchestrates a
number of signaling pathways potentially involved in
angiogenesis. Dominant negative Akt overexpression
leads to functional blocking of EPC bioactivity. Because
neovascularization is implicated in the pathophysiology
of a number of diseases and is becoming an important
therapeutic strategy for those diseases, further dissection
of the Akt pathway and elucidation of the downstream
effector molecules will lead to a better understanding of
postnatal neovascularization and may provide avenues
for the development of novel therapeutic interventions.
In this review, molecular mechanisms of Akt signal
pathway will be discussed with special emphasis on its
role in neovascularization.
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Introduction

The Akt gene product in mice is the cellular
homolog of the v-akt oncogene transduced by AKTS, an
acute transforming retrovirus in mice that was originally
described in 1977 (Staal et al., 1977; Bellacosa et al.,
1991). It has subsequently been documented that Akt is a
protein with molecular weight of 57 kD and belongs to a
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family of serine/threonine protein kinase. Akt shares
68% and 73% homologies with protein kinase A and
protein kinase C respectively, and therefore it is also
named as protein kinase B (PKB) or RAC (related to
protein kinase A and protein kinase C) (Coffer and
Woodgett, 1991; Konishi et al., 1995).

Akt is activated by a number of growth factors and
cytokines in a phosphatidylinositol-3 kinase-dependent
manner and serves as a multifunctional regulator of cell
biology, glucose metabolism and protein synthesis
(Franke et al., 1995; Hemmings, 1997). In this review,
Akt signaling in endothelial cells and endothelial
progenitor cells and its critical roles in the regulation of
angiogenesis and vasculogenesis will be discussed.

The structure and expression of Akt

Akt has three isoforms in Mammalian: Akt1/PKBai,
Akt2/PKBB, Akt3/PKBY, which share high homology
(Datta et al., 1999) The N-terminus of PKB contains a
pleckstrin homology (PH) domain, a central kinase
domain, and a glycine-rich region. The C-terminus has
two regulatory phosphorylation sites at threonine and
serine (Haslam et al., 1993; Datta et al., 1995). (Fig. 1).

The location of the human Aktl gene was mapped to
chromosome 14q32, proximal to the immunoglobulin-
heavy-chain locus, a region frequently affected by
translocations and inversions in human T-cell leukaemia
/lymphoma and mixed-lineage childhood leukaemia.
Akt2, on the other hand, was mapped to chromosome
region 19q'3-1-q!32 (Staal, 1987).

Aktl and Akt2 are widely expressed in various
tissues. Aktl is most abundant in brain, heart, and lung,
whereas Akt2 is predominantly expressed in skeletal
muscle and embryonic brown fat. The expression of
Akt3 is relatively restricted and it is expressed highly in
brain and testes but low in heart, spleen, lung and
skeletal muscle. All tissues contain at least one form of
Akt (Altomare et al., 1998; Brodbeck et al., 1999). Their
expression, however, appears to be up-regulated as cells
become more terminally differentiated (Altomare et al.,
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1995) .
The activation of Akt

Akt kinase activity is induced by a number of
growth factors such as VEGF, angiopoietin and
cytokines such as TNF and IL-1 in a phosphatidyl-
inositol-3 kinase-dependent manner (Gerber et al., 1998;
Kim et al., 2000).

PI3K is a heterodimer of two subunits, catalytic
subunit and regulatory subunit, with molecular weights
of 110 kD (p110) and 85 kD (p85), respectively (Pons et
al., 1995; Yu et al., 1998). The p85 subunit consists of
several domains including the SH3 domain, two proline-
rich domains (PRD), and two SH2 domains separated by
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Fig. 1. Schematic structure of PKB. The N-terminus of PKB contains a
PH domain and glycine-rich region. The C-terminus has a regulatory
role and shows similarity to protein kinase C isoforms. PKBy lacks the
most C-terminal serine phosphorylation site owing to truncation.

Fig. 2. Schematic
structure of the
p85/p110-
heterodimer. The
regulatory p85
subunit consists of
an SH3-domain,
two PRDs,
separated by a
BCR-homologous
domain (breakpoint
clusterregion), and
two SH2-domains,
separated by the
RED iSH2 (inter SH2)
sequence, which is
responsible for
binding with the
p110 subunit.

the inter SH2 (iISH2) sequence. The iSH2 domain
provides the interaction between the p85 and p110
subunits, and the two SH2 domains are responsible for
the binding of the p85/p110 heterodimer with receptor
tyrosine kinases (RTK). The p110 subunit of PI3K is
homologous to protein kinases and possesses both
serine/threonine protein kinase and phosphoinositide
kinase activities (Fig.2).

In unstimulated cells, Akt protein exists in
cytoplasm and two regulatory phosphorylation sites are
in an unphosphorylated state. Upon growth factor
stimulation, RTK undergoes self-phosphorylation.
Phosphorylated tyrosine residues interact with SH2
domains of the P85 subunit of PI3K, which leads to
activation of the P110 subunit (Fruman et al., 1998).
Activated P110 subunit phosphorylates PtdIns,
generating PtdIns (3) P, Ptdlans (3,4) P2 and PtdIns
(3,4,5) P3 (Carpenter et al., 1996). Akt is then
sequentially phosphorylated at T308 and S473 by
upstream kinases, PDK1 and PDK2, to yield a fully
activated kinase (Hemmings,1997). PDK1 has been
isolated and well characterized, but the identity of PDK2
is still controversial. PDK1 is only active in the presence
of lipid vesicles containing PI(3,4,5)P; or PI(3,4)P, and
has therefore been termed 3- phosph01nos1t1de dependent
protein kinase-1 (Downward, 1998). Fully activated Akt
becomes available to phosphorylate its downstream
target molecules such as Bad, forkhead, GSK3 and
endothelial nitric oxide synthase (eNOS). Then Akt is
dephosphorylated and inactivated by protein
phosphatases such as protein phosphatase 2A (PP2A)
(Andjelkovic et al., 1996). (Fig. 3).
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Fig. 3. Mechanism of Akt activation and partial list of down-stream
molecules. Akt is activated by growth factors or cytokines in a PI3K-
dependent manner, and phosphorylation of two residues by PDK is
required for its full activation.
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While activation of PI3K appears to induce PKB
universally, the reverse does not hold. For example,
heat-shock-mediated activation of PKB is insensitive to
inhibition by wortmannin, an inhibitor of PI3K, in some
cell types (Konishi et al., 1996). Furthermore, it has been
shown in 293 cells that pharmacological reagents that
elevate cAMP levels, such as forskolin, can activate
PKB in a PI3K-independent manner (Sable et al., 1997).
However, insulin and forskolin were observed to have
synergistic effects on PKB activation, suggesting
alternative mechanisms (Moule et al., 1997). Thus it
appears that, while activation of PI3K is the major factor
regulating activation of PKB, several alternative
mechanisms may exist that are utilized by specific
stimuli.

Regulation eNOS activity by Akt

VEGF stimulates NO release from endothelial cells,
furthermore, VEGF-induced increase of NO release is
attenuated by PI3K inhibitors, wortmannin and
LY294002 (Gerber et al., 1998). Synthesis of NO has
been shown to be tightly regulated by a family of
isoenzymes, nitric oxide synthase (NOS), which share in
common the property of converting arginine to citrulline,
yielding free NO (Knowles and Moncada, 1994). Three
distinct isoforms of NOS have been identified with
different location and regulation: neuronal NOS (nNOS),
inducible NOS (iNOS) and endothelial NOS (eNOS).
The eNOS is the membrane-bound isoform that was first
found in vascular endothelial cells and regulated by the
level of intracellular calcium. Calcium binds to
calmodulin, and this complex associates with eNOS to
cause the enzyme activation (Ostermann et al., 1994).
Subsequently, it is demonstrated that VEGF-induced NO
increase is mediated by Akt. Akt phosphorylates eNOS
at Ser1177, leading to a persistent activation of calcium-
independent eNOS (Papapetropoulos et al., 1997; Fulton
et al., 1999). It is also reported that production of NO in
response to fluid shear stress in cultured endothelial cells
is controlled by Akt-dependent phosphorylation of
eNOS (Dimmeler et al., 1999). Studies in intact animals
have shown that overexpression of constitutively active
Akt in the vascular endothelium increases resting
diameter and blood flow, whereas transduction of
dominant-negative Akt attenuates endothelium-
dependent vasodilation induced by acetylcholine,
demonstrating that Akt acts as a regulator of vasomotor
tone in vivo (Luo et al.,2000).

The oxidized low-density lipoprotein (ox-LDL)
inhibits endothelial cell migration toward VEGF by
dephosphorylation of Akt and inactivation of eNOS
(Chavakis et al., 2001). And hyperglycemia has been
shown to lead to the glycosylation of the Akt
phosphorylation site in eNOS, resulting in an inhibition
of eNOS activity (Du et al., 2001).

It has also been shown that eNOS interacts with heat
shock protein 90 (Hsp90) on stimulation with VEGF or
shear stress, and this interaction enhances eNOS

activity( Garcia-Cardena et al., 1998). Interestingly, Akt
also interacts with Hsp90 on stimulation and this
interaction enhances Akt enzymatic activity, suggesting
that Hsp90 may serve as a scaffold protein for the
efficient phosphorylation of eNOS by Akt (Sato et
al.,2000) (Fig 4).

Postnatal neovascularization by angiogenesis and
vasculogenesis

The vasculature is established by two successive
steps: angiogenesis and vasculogenesis (Han and Liu,
1999). Vasculogenesis is the process of in situ
differentiation of endothelial cells from a mesodermally-
derived multipotent precursor, the hemangioblast (Risau
and Flamme, 1995). In contrast, angiogenesis is involved
in proliferation, migration and remodeling of preexisting
endothelial cells and recruitment of periendothelial
supporting cells, such as smooth muscle cells and
pericytes to provide maintenance and modulation of the
vessel (Risau, 1997).

It was initially thought that vasculogenesis was
restricted to embryonic development, whereas
angiogenesis was the only process involved in
neovascularization in adults. However, mature ECs are
terminally differentiated cells with a low proliferative
potential, and their capacity to substitute damaged
endothelium is limited. Therefore, endothelial repair
may need the support of other cell types. Recent studies
provide increasing evidence that postnatal
neovascularization does not rely exclusively on
angiogenesis, but also involves bone marrow -derived
circulating endothelial progenitor cells (Asahara et al.,
1999; Kalka et al., 2000). Accumulating evidence
indicates that peripheral blood of adults contains a
unique subtype of circulating, bone marrow-derived
cells with properties similar to those of embryonic
angioblasts (Hatzopoulos et al., 1998). These cells have
the potential to proliferate and differentiate into mature
ECs. Therefore, they were termed endothelial progenitor
cells (EPCs). Recently, two types of EPCs in a source of
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Fig. 4. Schematic illustration of the Akt-eNOS interaction. Activated Akt
and eNOS also associate with Hsp90. Hsp90 is believed to function as a
scaffold protein for activation of eNOS by Akt-mediated phosphorylation.
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human peripheral blood have been reported (Hur et al.,
2004), with different morphology, proliferation rates,
survival behaviors and different gene expression
profiles, leading to different roles in vasculogenesis. The
early EPCs contribute to vasculogenesis mainly by
secreting the angiogenic cytokines that help recruit
resident mature endothelial cells and induce their
proliferation and survival, whereas late EPCs enhance
vasculogenesis by providing a sufficient number of
endothelial cells based on their high proliferation
potency. These findings suggest that vasculogenesis may
also be a key component in postnatal neovascularization.

EPC and its role in postnatal neovascularization

EPCs were first isolated and described by Asahara
(Peichev et al., 2000). Recently it was discovered that 3
markers characterize the functional early EPCs, CD133,
CD34, and the vascular endothelial growth factor
receptor-2 (VEGFR-2), termed also kinase insert domain
receptor (KDR) or fetal liver kinase (Flk-1), all of which
are shared by hematopoietic stem cells (HSCs) (Gehling
et al.,2000; Quirici et al., 2001). Furthermore, EPCs
express a variety of markers typical for the endothelial
lineage, including platelet endothelial cell adhesion
molecule-1(CD31), VE-cadherin (CD144), von
Willebrand factor (vVWF) and eNOS (Kaushal et al.,
2001; Reyes et al., 2002). EPCs are mobilized from bone
marrow into the circulation in response to tissue
ischemia and cytokine stimulation (Takahashi et al.,
1999). On the other hand, administration of vascular
endothelial growth factor (VEGF) has been shown to
increase the number of differentiated EPCs in vitro and
to augment their incorporation into foci of
neovascularization in vivo (Asahara et al., 1999). A pilot
clinical study provided evidence that the number of
circulating EPCs increased following VEGF gene
transfer in patients with severe peripheral vascular
disease( Waguro et al., 2002).

Recent studies in animals and patients suggest the
transplantation of EPCs ameliorates the function of
ischemic organs possibly by both induction and
modulation of vasculogenesis and angiogenesis in areas
with reduced oxygen supply or by stimulating the
reendothelialization of injured blood vessels (Murohara,
2001; Zhang et al., 2002). Therapeutic application of
EPCs was attempted in a murine model of hindlimb
ischemia in our and other labs (Kalka et al., 2000; Yang
et al., 2004). One day following operative excision of
one femoral artery, athymic nude mice received an
injection of culture-expanded human EPCs. The ratio of
ischemic /normal blood flow at Day 28 in EPC-
transplanted mice had been significantly improved in
comparison with control mice. Histological evaluation of
skeletal muscle sections retrieved from the ischemic
hindlimbs showed that capillary density was markedly
increased in EPC-transplanted mice.

In patients with limb ischemia, the significant
improvement of the function of the ischemic limbs

observed after autologous transplantation of bone
marrow cells has been suggested to be the result of both
CD34 positive EPCs and growth factors, released from
the CD34 negative bone marrow fraction(Tateishi-
Yuyama et al., 2002; Huang et al., 2004). Other clinical
studies described the capacity of autologous bone
marrow—derived cells or ex vivo expanded autologous
EPCs for the repair of human myocardium after
infarction (Kawamato et al., 2001; Strauer et al.,2002).
Of particular importance might be the local application
of progenitor cell by intra-coronary infusion after
myocardial infarction. This specific treatment may
facilitate the homing of the progenitor cells to the
ischemic tissue and may help to avoid the potential risk
for enhanced but unwanted vasculogenesis
systematically or in tumor tissue.

Akt and Postnatal neovascularization

Akt plays a central role in promoting the survival of
a wide range of cell types (Zhan and Han, 2004).
Furthermore, several lines of evidence suggest a link
between Akt and neovascularization. Akt has recently
been shown to phosphorylate eNOS, leading to a
persistent activation (Luo et al., 2000). A large body of
literature indicates an essential role of endothelial NO
for postnatal neovascularization (Papapetropoulos et al.,
1997; Murohara et al., 1998). Most convincingly, eNOS
knockout animals are characterized by an impaired
angiogenesis in response to ischemia or VEGF
administration (Waguro et al., 2002). Mechanistically,
Akt stimulation may enhance endothelial NO synthesis
and thereby influence the long-term regulation of vessel
growth. Furthermore, additional downstream substrates
of Akt may be involved as well. The inhibition of the
proapoptotic proteins Bad or caspase-9 in addition to the
enhanced endothelial NO synthesis, which also inhibits
endothelial cell apoptosis, may block apoptosis at
several stages in the apoptosis-signaling cascade. The
question remains as to what the importance of the Akt
pathway is for endothelial cell migration and
proliferation, which are prerequisites for angiogenesis.
Several in vitro studies indicate that endothelial cell
migration also depends on NO (Niori et al., 1998;
Murohara et al., 1999). Moreover, recent experiments
suggest that at least the VEGF-induced endothelial cell
migration requires the activation of Akt (Asahara et al.,
1999). Therefore, these studies indeed provide evidence
that Akt-dependent NO synthesis contributes to
endothelial cell migration. The downstream effector
pathways, by which NO mediates its effects, are less
clear but may involve cGMP and integrin-linked signal
transduction processes (Giancotti and Rouslahti, 1999).
Very recently, Akt was shown to inhibit the Raf-MEK-
ERK kinase cascade by Akt-dependent phosphorylation
of Raf, which regulated cell proliferation (Rommel et al.,
1999; Zimmermann and Moelling, 1999). Taken
together, activation of the Akt kinase orchestrates a
number of signaling pathways potentially involved in
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angiogenesis. The multiple downstream substrates of
Akt not only converge to prevent the induction of
apoptosis but may also interfere with numerous
biological functions of the endothelial monolayer, which
contribute to vascular remodeling and vessel integrity
during the angiogenic process.

In contrast to mature ECs, little is known about the
regulation of the EPC biology by Akt. The role of Akt
signaling on EPCs is first suggested by the observation
that simvastatin rapidly activates Akt in EPCs,
enhancing proliferative and migratory activities and cell
survival. Furthermore, dominant negative Akt
overexpression leads to functional blocking of EPC
bioactivity (Levadot et al., 2001). This finding
establishes that HMG-CoA reductase inhibitors augment
mobilization of bone marrow-derived EPCs through
stimulation of the Akt signaling pathway. Subsequently,
it is not only demonstrated that Akt regulates
differentiation of EPCs, but also identified Akt as a
target to modify EPCs kinetics (Dimmeler et al., 2001).
Besides statins, erythropoietin (EPO) increased viability
of EPCs in the tube formation assay. Furthermore, EPO
activates the intracellular Akt pathway in EPCs,
permitting the conclusion that EPO is a potent regulator
of EPC proliferation and differentiation via the Akt
signaling pathway (Bahlmann et al., 2003). Interleukin-
18 binding protein (IL-18BP), a major anti-inflammatory
protein, stimulates ischemia-induced neovascularization
in association with an activation of VEGF/Akt signaling
and an increase in EPC mobilization and differentiation
(Mallat et al., 2002). Another study shows that estrogen
can augment EPC mobilization into sites of
neovascularization in adult organs under pathological
conditions. And this process appears to require eNOS
(Iwakura et al., 2003). However, Imanishi et al have
shown that ox-LDL inhibits VEGF -induced EPC
differentiation through an effect on the Akt pathway,
inducing Akt dephosphorylation (Imanishi et al., 2003).

Concluding remarks

In summary, Akt signaling is activated by a variety
of stimuli in ECs and EPCs, and then regulates multiple
critical steps in angiogenesis and vasculogenesis. This
signaling pathway also regulates cardiovascular
homeostasis and vessel integrity at least in part by
controlling NO synthesis. Neovascularization is
implicated in the pathophysiology of a number of
diseases and is an important therapeutic strategy for
those diseases. Therefore, further dissection of the Akt
pathway and elucidation of the downstream effector
molecules will lead to a better understanding of blood
vessel growth and may provide avenues for the
development of novel therapeutic interventions.

Acknowledgements. This work is supported by grants 863
(2001AA215311, 2002AA223354) and 973 (001CB5101) projects from
the Ministry of Science & Technology of China to ZCH.

References

Altomare D.A., Guo K., Cheng J.Q., Sonoda G., Walsh K. and Testa
J.R. (1995). Cloning, chromosomal localization and expression
analysis of the mouse Akt2 oncogene. Oncogene 11, 1055-1560.

Altomare D.A., Lyons G.E., Mitsuuchi Y., Cheng J.Q.and Testa J.R.
(1998). Akt2 mRNA is highly expressed in embryonic brown fat and
the AKT2 kinase is activated by insulin. Oncogene 16, 2407-2411.

Andjelkovic M., Jakubowicz T., Cron P., Ming X.F., Han J.W. and
Hemmings B.A. (1996).Activation and phosphorylation of a
pleckstrin homology domain containing protein kinase (RAC-
PK/PKB) promoted by serum and protein phosphatase inhibitors.
Proc. Natl. Acad. Sci. USA 93, 5699-5704.

Asahara T., Masuda H., Takahashi T., Kalka C., Pastore C., Silver M.,
Kearne M., Magner M. and Isner J.M. (1999). Bone marrow origin of
endothelial progenitor cells responsible for postnatal vasculogenesis
in physiological and pathological neovascularization. Circ. Res. 85,
221-228.

Asahara T., Murohara T., Sullivan A., Silver M., van der Zee R., Li T.,
Witzenbichler B., Schatteman G. and Isner J.M. (1997). Isolation of
putative progenitor endothelial cells for angiogenesis. Science 275,
964-967.

Asahara T., Takahashi T., Masuda H., Kalka C., Chen D., lwaguro H.,
Inai Y., Silver M. and Isner J.M. (1999).VEGF contributes to
postnatal neovascularization by mobilizing bone marrow-derived
endothelial progenitor cells. EMBO J. 18, 3964-3972.

Bahlmann F.H., DeGroot K., Duckert T., Niemczyk E., Bahlmann E.,
Boehm S.M., Haller H. and Fliser D. (2003) Endothelial progenitor
cell proliferation and differentiation is regulated by erythropoietin.
Kidney Int. 64, 1648-1652.

Bellacosa A., Testa J.R., Staal S.P. and Tsichlis P.N. (1991) A retroviral
oncogene, akt, encoding a serine-threonine kinase containing an
SH2-like region. Science 254, 274-277.

Brodbeck D., Cron P. and Hemmings B.A. (1999). A human protein
kinase Bgamma with regulatory phosphorylation sites in the
activation loop and in the C-terminal hydrophobic domain. J. Biol.
Chem. 274, 9133-9166.

Carpenter C.L. and Cantley L.C. (1996) Phosphoinositide kinases. Curr.
Opin. Cell Biol. 8, 153-158.

Chavakis E., Dernbach E., Hermann C., Mondorf U.F., Zeiher A.M. and
Dimmeler S. (2001). Oxidized LDL inhibits vascular endothelial
growth factor-induced endothelial cell migration by an inhibitory
effect on the Akt/endothelial nitric oxide synthase pathway.
Circulation 103, 2102-2107.

Coffer P.J. and Woodgett J.R. (1991). Molecular cloning and
characterization of a novel putative protein-serine kinase related to
the cAMP-dependent and protein kinase C families. Eur. J.
Biochem. 201, 475-481.

Datta K., Franke T.F., Chan T.O., Makris A., Yang S.I., Kaplan D.R.,
Morrison D.K., Golemis E.A. and Tsichlis P.N. (1995). AH/PH
domain -mediated interaction between Akt molecules and its
potential role in Akt regulation. Mol. Cell. Biol. 15, 2304-2310.

Datta S.R., Brunet A. and Greenberg M.E. (1999). Cellular survival: a
play in three Akts. Genes Dev. 13, 2905-2927.

Dimmeler S., Aicher A., Vasa M., Mildner-Rihm C., Adler K., Tiemann
M., Rutten H., Fichtlscherer S., Martin H. and Zeiher A.M. (2001)
HMG-CoA reductase inhibitors (statins) increase endothelial
progenitor cells via the PI3-kinase/Akt pathway. J. Clin. Invest. 108,



280

Akt and neovascularization

391-397.

Dimmeler S., Fleming |., Fisslthaler B., Hermann C., Busse R. and
Zeiher A.M. (1999) Activation of nitric oxide synthase in endothelial
cells by Akt-dependent phosphorylation. Nature 399, 601-605.

Downward J. (1998). Mechanisms and consequences of activation of
protein kinase B/Akt. Curr. Opin. Cell Biol. 10, 262-267.

Du X.L., Edelstein D., Dimmeler S., Ju Q., Sui C.and Brownlee M.
(2001). Hyperglycemia inhibits endothelial nitric oxide synthase
activity by posttranslational modification at the Akt site. J. Clin.
Invest. 108, 1341-1348.

Franke T.F., Yang S.I., Chan T.O., Datta K., Kazlauskas A., Morrison
D.K., Kaplan D.R. and Tsichlis P.N. (1995). The protein kinase
encoded by the Akt proto-oncogene is a target of the PDGF-
activated phosphatidylinositol 3-kinase. Cell 81,727-736.

Fruman D.A., Meyers R.E. and Cantley L.C. (1998). Phosphoinositide
kinases. Annu Rev Biochem. 67, 481-507.

Fulton D., Gratton J.P., McCabe T.J., Fontana J., Fujio Y., Walsh K.,
Franke T.F., Papapetropoulos A. and Sessa W.C. (1999).
Regulation of endothelium-derived nitric oxide production by the
protein kinase Akt. Nature 399, 597-601.

Garcia-Cardena G., Fan R., Shah V., Sorrentino R., Cirino G.,
Papapetropoulos A. and Sessa W.C. (1998). Dynamic activation of
endothelial nitric oxide synthase by Hsp90. Nature 392, 821-824.

Gehling U.M., Ergun S., Schumacher U., Wagener C., Pantel K., Otte
M., Schuch G., Schafhausen P., Mende T., Kilic N., Kluge K.,
Schafer B., Hossfeld D.K. and Fiedler W. (2000). In vitro
differentiation of endothelial cells from AC133-positive progenitor
cells. Blood 95, 3106-3112.

Gerber H.P., McMurtrey A., Kowalski J., Yan M., Keyt B.A., Dixit V. and
Ferrara N. (1998).Vascular endothelial growth factor regulates
endothelial cell survival through the phosphatidylinositol 3'-
kinase/Akt signal transduction pathway.Requirement for Flk-1/KDR
activation. J. Biol. Chem. 273, 30336-30343.

Giancotti F.G. and Rouslahti E. (1999). Integrin signaling. Science 285,
1028-1032.

Han Z.C. and Liu Y. (1999). Angiogenesis: state of the art. Int. J.
Hematol. 70, 68-82.

Haslam R.J., Koide H.B.and Hemmings B.A. (1993). Pleckstrin domain
homology. Nature 363, 309-310.

Hatzopoulos A.K., Folkman J., Vasile E., Eiselen G.K. and Rosenberg
R.D. (1998). Isolation and characterization of endothelial progenitor
cells from mouse embryos. Development 125,1457-1468.

Hemmings B.A. (1997). PtdIns(3,4,5)P3 gets its message across.
Science 277, 534.

Hemmings B.A. (1997). PH domains—a universal membrane adapter.
Science 275, 1899.

Huang P.P., Li S.Z., Han M.Z., Xiao Z.J., Yang R.C. and Han Z.C.
(2004). Autologous transplantation of peripheral blood stem cells as
treatment for arteriosclerosis obliterans of lower extremities.
Thromb. Haemost. 91, 606-609.

Hur J., Yoon C.H., Kim H.S., Choi J.H., Kang H.J., Hwang K.K., Oh
B.H., Lee M.M. and Park Y.B. (2004). Characterization of two types
of endothelial progenitor cells and their different contributions to
neovasculogenesis. Arterioscler. Thromb. Vasc. Biol. 24, 288-293.

Imanishi T., Hano T., Matsuo Y. and Nishio I. (2003). Oxidized low -
density lipoprotein inhibits vascular endothelial growth factor -
induced endothelial progenitor cell differentiation. Clin. Exp.
Pharmacol. Physiol. 30, 665-670.

lwakura A., Luedemann C., Shastry S., Hanley A., Kearney M., Aikawa

R., Isner J.M., Asahara T. and Losordo D.W. (2003). Estrogen
—mediated, endothelial nitric oxide synthase-dependent mobilization
of bone marrow-derived endothelial progenitor cells contributes to
reendothelialization after arterial injury. Circulation 108, 3115-3121.

Kalka C., Masuda H., Takahashi T., Kalka-Moll W.M., Silver M.,
Kearney M., Li T., Isner J.M.and Asahara T. (2000). Transplantation
of ex vivo expanded endothelial progenitor cells for therapeutic
neovascularization. Proc. Natl. Acad. Sci. USA 97, 3422-3427.

Kaushal S., Amiel G.E., Guleserian K.J., Shapira O.M., Perry T.,
Sutherland F.W., Rabkin E., Moran A.M., Schoen F.J., Atala A.,
Soker S., Bischoff J. and Mayer J.E. (2001). Functional small -
diameter neovessels created using endothelial progenitor cells
expanded ex vivo. Nat. Med. 7, 1035-1040.

Kawamoto A., Gwon H.C., Iwaguro H., Yamaguchi J.I., Uchida S.,
Masuda H., Silver M., Ma H., Kearney M., Isner J.M. and Asahara T.
(2001). Therapeutic potential of ex vivo expanded endothelial
progenitor cells for myocardial ischemia. Circulation 103, 634-637.

Khwaja A. (1999). Akt is more than just a Bad kinase. Nature 401, 33-
34.

Kim I., Kim H.G., So J.N., Kim J.H., Kwak H.J. and Koh G.Y. (2000).
Angiopoietin-1 regulates endothelial cell survival through the
phosphatidylinositol 3'-Kinase/Akt signal transduction pathway. Circ.
Res. 86, 24-29.

Knowles R.G. and Moncada S. (1994). Nitric oxide synthases in
mammals. Biochem. J. 298 :249-58.

Konishi H., Kuroda S., Tanaka M., Matsuzaki H., Ono Y., Meyama K.,
Haga T. and Kikkawa U. (1995). Molecular cloning and characteriza
-tion of a new member of the RAC protein kinase family: association
of the pleckstrin homology domain of three types of RAC protein
kinase with protein kinase C subspecies and beta gamma subunits
of G proteins. Biochem. Biophys. Res. Commun. 216, 526-534.

Konishi H., Matsuzaki H., Tanaka M., Ono Y., Tokunaga C., Kuroda S.
and Kikkawa U. (1996). Activation of RAC-protein kinase by heat
shock and hyperosmolarity stress through a pathway independ -ent
of phosphatidylinositol 3-kinase. Proc. Natl. Acad. Sci. USA 93,
7639-7643.

Levadot J., Murasawa S., Kureishi Y., Uchida S., Masuda H., Kawamoto
A., Walsh K., Isner J.M. and Asahara T. (2001). HMG-CoA
reductase inhibitor mobilizes bone marrow--derived endothelial
progenitor cells. J. Clin. Invest. 108, 399-405.

Luo Z., Fujio Y., Kureishi Y., Rudic R.D., Daumerie G., Fulton D., Sessa
W.C. and Walsh K. (2000). Acute modulation of endothelial Akt/PKB
activity alters nitric oxide-dependent vasomotor activity in vivo. J.
Clin. Invest. 106, 493-499.

Mallat Z., Silvestre J.S., Le Ricousse-Roussanne S., Lecomte-Raclet L.,
Corbaz A., Clergue M., Duriez M., Barateau V., Akira S., Tedgui A.,
Tobelem G., Chvatchko Y. and Levy B.l. (2002). Interleukin-18/
interleukin-18 binding protein signaling modulates ischemia-induced
neovascularization in mice hindlimb. Circ. Res. 2002, 91, 441-448.

Moule S.K., Welsh G.l., Edgell N.J., Foulstone E.J., Proud C.G.and
Denton R.M. (1997). Regulation of protein kinase B and glycogen
synthase kinase-3 by insulin and beta-adrenergic agonists in rat
epididymal fat cells. Activation of protein kinase B by wortmannin-
sensitive and -insensitive mechanisms. J. Biol. Chem. 272, 7713-
7719.

Murohara T. (2001).Therapeutic vasculogenesis using human cord
blood-derived endothelial progenitors.Trends Cardiovasc. Med. 11,
303-307.

Murohara T., Asahara T., Silver M., Bauters C., Masuda H., Kalka C.,



281

Akt and neovascularization

Kearney M., Chen D., Symes J.F., Fishman M.C., Huang P.L.and
Isner J.M. (1998). Nitric oxide synthase modulates angiogenesis in
response to tissue ischemia. J. Clin. Invest. 101, 2567-2578.

Murohara T., Witzenbichler B., Spyridopoulos I., Asahara T., Ding B.,
Sullivan A., Losordo D.W. and Isner J.M. (1999). Role of endothelial
nitric oxide synthase in endothelial cell migration. Arterioscler.
Thromb. Vasc. Biol. 19, 1156-61.

Noiri E., Lee E., Testa J., Quigley J., Colflesh D., Keese C.R., Giaever I.
and Goligorsky M.S. (1998). Podokinesis in endothelial cell
migration: role of nitric oxide. Am. J. Physiol. 274, C236-C244.

Ostermann U., Closs E.l., Pollock J.S., Nakane M., Schwarz P., Gath I.
and Kleinert H. (1994). Nitric oxide synthase isozymes.
Characterization, purification, molecular cloning, and functions.
Hypertension 23, 1121-1131.

Papapetropoulos A., Garcia-Cardena G., Madri J.A. and Sessa W.C.
(1997). Nitric oxide production contributes to the angiogenic
properties of vascular endothelial growth factor in human endothelial
cells. J. Clin. Invest. 100, 3131-3139.

Papapetropoulos A., Garcia-Cardena G., Madri J.A. and Sessa W.C.
(1997). Nitric oxide production contributes to the angiogenic
properties of vascular endothelial growth factor in human endothelial
cells. J. Clin. Invest. 100, 3131-3139.

Peichev M., Naiyer A.J., Pereira D., Zhu Z., Lane W.J., Williams M., Oz
M.C., Hicklin D.J., Witte L., Moore M.A. and Rafii S. (2000).
Expression of VEGFR-2 and AC133 by circulating human CD34(+)
cells identifies a population of functional endothelial precursors.
Blood 95, 952-958.

Pons S., Asano T., Glasheen E., Miralpeix M., Zhang Y., Fisher T.L.,
Myers M.G. Jr., Sun X.J. and White M.F. (1995). The structure and
function of p55PIK reveal a new regulatory subunit for
phosphatidylinositol 3-kinase. Mol. Cell Biol. 15, 4453-4465.

Quirici N., Soligo D., Caneva L., Servida F., Bossolasco P. and Deliliers
G.L. (2001). Differentiation and expansion of endothelial cells from
human bone marrow CD133(+) cells. Br. J. Haematol. 115, 186-194.

Reyes M., Dudek A., Jahagirdar B., Koodie L., Marker P.H. and
Verfaillie C.M. (2002).0rigin of endothelial progenitors in human
postnatal bone marrow. J. Clin. Invest. 109, 337-346.

Risau W. (1997). Mechanisms of angiogenesis. Nature 386, 671-674.

Risau W. and Flamme |. (1995). Vasculogenesis. Annu. Rev. Cell Dev.
Biol. 11, 73-91.

Rommel C., Clarke B.A., Zimmermann S., Nunez L., Rossman R., Reid
K., Moelling K., Yancopoulos G.D. and Glass D.J. (1999).
Differentiation stage-specific inhibition of the Raf-MEK-ERK pathway
by Akt. Science 286, 1738-1741.

Sable C.L., Filippa N., Hemmings B. and Van Obberghen E. (1997).
cAMP stimulates protein kinase B in a Wortmannin-insensitive

manner. FEBS Lett. 409, 253-257.

Sato S., Fujita N., Tsuruo T. (2000). Modulation of Akt kinase activity by
binding to Hsp90. Proc. Natl. Acad. Sci. USA 97,10832-10837.

Staal S.P. (1997). Molecular cloning of the akt oncogene and its human
homologues AKT1 and AKT2: amplification of AKT1 in a primary
human gastric adenocarcinoma. Proc. Natl. Acad. Sci. USA 84,
5034-5037.

Staal S.P., Hartley J.W.and Rowe W.P. (1997). Isolation of transforming
murine leukemia viruses from mice with a high incidence of
spontaneous lymphoma. Proc. Natl. Acad. Sci. USA. 84, 3065-3067.

Strauer B.E., Brehm M., Zeus T., Kostering M., Hernandez A., Sorg
R.V., Kogler G. and Wernet P. (2002). Repair of infarcted
myocardium by autologous intracoronary mononuclear bone marrow
cell transplantation in humans. Circulation 106, 1913-1918.

Takahashi T., Kalka C., Masuda H., Chen D., Silver M., Kearney M.,
Magner M., Isner J.M. and Asahara T. (1999). Ischemia- and
cytokine-induced mobilization of bone marrow-derived endothelial
progenitor cells for neovascularization. Nat. Med. 5, 434-448.

Tateishi-Yuyama E., Matsubara H., Murohara T., Ikeda U., Shintani S.,
Masaki H., Amano K., Kishimoto Y., Yoshimoto K., Akashi H.,
Shimada K., lwasaka T. and Imaizumi T. (2002).Therapeutic
angiogenesis for patients with limb ischaemia by autologous
transplantation of bone-marrow cells: a pilot study and a randomised
controlled trial. Lancet 360, 427-435.

Waguro H., Yamaguchi J., Kalka C., Murasawa S., Masuda H., Hayashi
S., Silver M., Li T., Isner J.M. and Asahara T. (2002). Endothelial
progenitor cell vascular endothelial growth factor gene transfer for
vascular regeneration. Circulation 105, 732-738.

Yang C., Zhang Z.H., Li Z.J., Lu S.H., Yang R.C., Qian G.Q. and Han
Z.C. (2004). Enhancement of neovascularization with cord blood
CD133+ cells-derived endothelial progenitor cell transplantation.
Thromb. Haemost, 91, 1202-1212.

Yu J., Wjasow C. and Backer J.M. (1998). Regulation of the
p85/p110alpha phosphatidylinositol 3'-kinase. Distinct roles for the
n-terminal and c-terminal SH2 domains. J. Biol. Chem. 273, 30199-
30203.

Zhan M. and Han Z.C. (2004). Phosphatidylinositide 3-Kinase/AKT in
radiation responses. Histol. Histopathol. 19, 915-923.

Zhang Z.G., Zhang L., Jiang Q. and Chopp M. (2002).Bone marrow-
derived endothelial progenitor cells participate in cerebral
neovascularization after focal cerebral ischemia in the adult mouse.
Circ. Res. 90, 284-8.

Zimmermann S. and Moelling K. (1999). Phosphorylation and regulation
of Raf by Akt (protein kinase B). Science 286, 1741-1744.

Accepted September 10, 2004



