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Abstract

The phosphatidyl inositol 3-kinase (PI3K) can be activated by a variety of extracellular signals and involved in a number of cellular
processes including cell proliferation, survival, protein synthesis, and tumor growth. Phosphatase and tensin homologue deleted on
chromosome 10 (PTEN) is an antagonist of PI3K. The alterations of PI3K pathway such as activation of oncogenes, gene amplification, and
inactivation of tumor suppressors, commonly occur in many human cancers. Angiogenesis is required for tumor growth and metastasis when
the tumor reaches more than 1 mm in diameter. Recent studies have shown that PI3K and Akt play an important role in regulating tumor
growth and angiogenesis through VEGF and HIF-1 expression. PI3K regulates the expression of these two proteins through HDM2 and
p70S6K1 in human cancer cells. The frequent dysregulation of the PI3K/PTEN pathway in human cancer demonstrates that this pathway is an
appropriate target for cancer therapeutics. In this review, we describe the recent advances in understanding the PI3K/PTEN pathway, the role
and mechanism of PI3K in regulating tumor growth and angiogenesis, and the potential therapeutic opportunities for targeting this pathway for
cancer treatment.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction: PI3K

Phosphatidylinositol 3-kinases (PI3Ks) have been classified
into three major subfamilies according to their structure and
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the substrate specificity [1]. Class I PI3Ks are activated by cell
surface receptors and consist of two subfamilies, Class IA and
Class IB, based on the associated adaptors. Class IA PI3Ks are
composed of heterodimers of a p110 catalytic subunit and a
p85 regulatory subunit [1,2]. There are three different isoforms
of p110 catalytic subunit: p110α, p110β and p110δ, that are
encoded by PIK3CA, PIK3CB and PIK3CD, respectively. The
p85 regulatory subunit also has three major isoforms: p85α,
p85β and p55γ that are encoded by PIK3R1, PIK3R2 and
PIK3R3, respectively. The PIK3R1 gene codes for two shorter
isoforms, p55α and p50α through alternative splicing. Class
IB PI3Ks are composed of heterodimers of a p101 regulatory
subunit and a p110γ catalytic subunit. There are two other
p101 homologues, p84 and p87PIKAP (PI3Kγ adaptor protein
of 87 kDa) [3]. Class IA PI3Ks can be activated by receptor
tyrosine kinases (RTKs), while Class IB PI3Ks by G-protein-
coupled receptors (GPCRs). Phosphatidylinositol 3,4-bispho-
sphate [PI(3,4)P2] and phosphatidylinositol 3,4,5-trispho-
sphate [PI(3,4,5)P3] are the major products of class I PI3Ks
generated from phosphatidylinositol-4,5-bisphosphate [PI-
(4,5)-P2] [3,4].
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Table 1
Alterations of PI3K/PTEN/Akt pathway and its upstream molecules in cancer

Gene alteration Type of carcinoma

PIK3CA mutation colorectal, glioblastomas, gastric, breast, lung,
ovarian, hepatocellular, thyroid, endometrial
cancers, nasopharyngeal carcinoma, acute
leukemia and other nervous system
malignancies [22,28–32]

PIK3CA amplification ovarian, uterine cervical, breast, gastric, thyroid,
lung cancers, oral, head and neck squamous cell
carcinoma [22–26]

PIK3R1 mutant glioblastoma, ovarian, colon cancer [33,34]
PTEN mutation and loss head and neck squamous cell carcinoma,

glioblastoma, gastric, breast, prostate, ovarian,
lung, kidney, cancers, uterine endometrioid,
cervical carcinomas, astrocytoma, melanoma
[23,24,35–38]

Akt1 amplification glioblastoma, gliosarcoma, gastric cancer [53–55]
Akt2 amplification head and neck squamous cell carcinoma,

pancreatic, ovarian, breast cancers [24,56–58]
Increased Akt3 mRNA breast, prostate cancers [59]
Alterations of EGFR,
ErbB2, IGF-1R, and Ras

glioblastoma, gliosarcoma, lung, ovarian,
prostate, cervical, endometrial, liver, breast
cancers, esophageal and Barrett's
adenocarcinomas [6–10]
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Class II PI3Ks consist of the ubiquitously expressed
PIK3C2α and PIK3C2β, and liver-specific isoforms PIK3C2γ
that are characterized by the presence of a C2 domain at the C-
terminus. Class II PI3Ks lack adaptor subunits and preferentially
use PtdIns and PtdIns(4)P as substrates. They bind clathrin and
localize to coated pits, suggesting a regulatory function in
membrane trafficking and receptor internalization [1]. Class II
PI3Ks can also be activated by RTKs, cytokine receptors and
integrins; but the specific functions in response to these
activators are not understood [5]. Class III PI3Ks are hetero-
dimeric enzymes of catalytic (Vps34, 100 kDa) and adaptor
(p150) subunits. The class III PI3Ks use only phosphatidylino-
sitol as a substrate (e.g. mammalian PI3K and yeast Vps34p).
Class III PI3Ks are implicated in the regulation of mammalian
target of rapamycin (mTOR) activity in response to amino-acid
availability and the regulation of autophagy in response to
cellular stress, indicating the importance of Class III PI3K in
controlling cell growth and survival [1]. The most extensively
investigated PI3Ks are class I PI3Ks, especially class IA PI3Ks.
Class I PI3Ks are involved in a number of cellular functions
including cell growth, proliferation, and survival. In this review,
we will focus on the roles of Class IA PI3Ks in regulating tumor
growth and angiogenesis.

2. Activation of PI3K by growth factors and oncogenes

In response to growth factors, PI3K can be activated by
receptor protein tyrosine kinases (RTKs), and nonreceptor
protein tyrosine kinases. RTKs include epidermal growth factor
receptor (EGFR), platelet-derived growth factor receptor
(PDGFR), fibroblast growth factor receptor (FGFR), insulin-
like growth factor 1 receptor (IGF-1R), interleukin receptors,
vascular endothelial growth factor receptor (VEGFR), interferon
receptors, and integrin receptors. RTKs interact with the p85
regulatory subunit of PI3K, while Ras protein directly interacts
with the p110 catalytic subunit of PI3K in a GTP-dependent
manner. In response to growth factors, activated receptors
interact with p85 Src homology 2 (SH2) domains, and localize
PI3K to the plasma membrane. In addition to RTKs, intracellular
proteins such as protein kinase C (PKC), SHP1, Rac, Rho, and
Src can also activate PI3K in the cells [4]. Upon activation, PI3K
phosphorylates the D3 hydroxyl of PI(4,5)P2 to produce PI
(3,4,5)P3 as a secondmessenger. PI(3,4,5)P3 binds to a subset of
proteins containing pleckstrin-homology (PH), FYVE, Phox
(PX), C1, and C2 domains; and activates these downstream
targets with lipid-binding domains at the membrane. PH-
domain-containing targets include Akt (protein kinase B,
PKB), Tec family tyrosine kinases, guanine nucleotide exchange
factors (GEF) for Rac, adenosine diphosphate (ADP)-ribosylat-
ing factor 6 (ARF6), and GTPase-activating proteins (GAPs)
[2–4]. Activation of Rac (and perhaps ARF6) by compartmental
production of PI(3,4,5)P3 plays an important role in the
remodeling of actin cytoskeleton and in regulation of cytosolic
calcium concentrations and gene expression [1]. In addition, the
mutations of PI3K upstream elements such as the epidermal
growth factor (EGFR), ErbB2, and IGF-1R, as shown in Table 1,
can also increase PI3K activity in various cancer cell types [6–
10]. PI3K regulates a number of cellular functions through the
activation of Akt [11].

3. PI3K activates Akt for regulating cellular functions

Akt, also known as protein kinase B, is one of the major
downstream targets of PI3K, and the cellular homologue of
AKT8 retroviral oncogene (PKB) [12]. When the pleckstrin
homology (PH) domain of Akt binds to PI(3,4,5)P3, Akt is
recruited to the cellular membrane, whereby it is phosphorylated
by phosphoinositide-dependent kinase 1 (PDK1) at Thr 308
(Akt1) [3,13]. Additional phosphorylation of Akt in the
hydrophobic C-terminal domain (Ser 473 in Akt1) by PDK2 is
required for its full activation [4,14]. Upon activation, Akt
moves to the cytoplasm and nucleus, and phosphorylates a
number of downstream targets for regulating various cellular
functions (Fig. 1). The activation and biological functions of
PI3K/Akt pathway in cancer occurrence and development are
outlined in Fig. 1.

Akt can increase glycogen synthesis and cell metabolism
through the inactivation of forkhead (FOXO) family of
transcription factors and glycogen synthase kinase 3 (GSK3)
[15,16]. Akt is well known to enhance cell survival through the
inhibition of pro-apoptotic proteins such as FOXO and Bcl2-
antagonist of cell death (BAD). FOXO regulates transcription of
pro-apoptotic proteins such as Fas-ligand (FasL) and Bim. BAD
inhibits the function of pro-survival molecule BclXL for
inducing apoptosis. Akt can also block the apoptosis through
the induction of survival proteins such as Bcl2, IkappaB kinase
(IKK), and human double minute 2 (HDM2) [3,17].

The PI3K/Akt signaling pathway has been demonstrated to
play a key role in regulating cell cycle progression and prolif-
eration. Akt promotes the G1-S phase transition by blocking
FOXO-mediated transcription of cell-cycle inhibitors, including



Fig. 1. Schematic representation of PI3K/PTEN/Akt pathway. The PI3K pathway is important in regulating carcinogenesis, tumor growth and angiogenesis. Activation
of receptor tyrosine kinases (RTKs) initiates receptor dimerization, and activates the intracellular pathways to increase PI3K activity. PI3K produces
phosphatidylinositol-3,4-diphosphate (PIP2) and phosphatidylinositol-3,4,5-triphosphate (PIP3), which activates PDK1 and Akt. Akt regulates multiple cellular
functions including metabolism, protein synthesis, cell cycle progression, anti-apoptosis, tumor growth, and angiogenesis through different downstream targets.
mTOR, mammalian target of rapamycin; GSK3, glycogen synthase kinase 3; NF-κB, nuclear factor kappa B; PDK1, phosphoinositide-dependent kinase 1; PTEN,
phosphatase and tensin homolog deleted on chromosome 10; TSC, tuberous sclerosis complex; BAD, Bcl2-antagonist of cell death; IKK, IkappaB kinase; FOXO,
forkhead; G6Pase, glucose-6-phosphatase; GLUT4, glucose transporter 4; FasL, Fas-ligand.
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p27Kip1, or directly phosphorylates and inactivates p27Kip1.
Akt induces cell proliferation by phosphorylating the tuberous
sclerosis complex 2 (TSC2) protein tuberin, and by inhibiting
the GAP activity of the TSC1-TSC2 complex. These processes
lead to the accumulation and activation of the mTOR-raptor
kinase complex, which in turn mediates p70S6K1 activation and
the phosphorylation of eukaryotic translation initiation factor
4E-binding protein 1 (4E-BP1) to regulate protein synthesis [3].
Akt can also indirectly stabilize the cell-cycle protein c-Myc and
cyclin D1 by inhibiting GSK3 [3]. The control of cell growth by
the PI3K/Akt pathway via regulating cell survival and cell cycle
progression implicates a crucial role of this pathway in
carcinogenesis and cancer development. We have demonstrated
that the PI3K inhibition by LY294002 inhibited ovarian cancer
cell proliferation and induced the G1 cell cycle arrest [18]. This
effect was accompanied by decreasing expression of G1-
associated proteins, including cyclin D1, cyclin-dependent
kinase 4 (Cdk4), cdc25A, and Rb phosphorylation at Ser780,
Ser795, and Ser807/811 [19]. The expression of Cdk6 and β-
actin was not affected by LY294002. The level of the cyclin
kinase inhibitor, p16INK4a, was induced by the PI3K inhibitor,
while the level of p21CIP1/WAF1 was decreased in the same
experiment. The inhibition of PI3K also inhibited the activation
of Akt and p70S6K1, but did not affect mitogen-activated
protein kinase (MAPK). PI3K transmits the mitogenic signal
through Akt, the mammalian target of rapamycin (mTOR) to
p70S6K1. The mTOR inhibitor rapamycin has similar inhibitory
effects on G1 cell cycle progression and expression of cyclin D1,
Cdk4, cell division cycle 25A (cdc25A), and retinoblastoma
protein (Rb) phosphorylation [18,19]. These results suggest that
PI3K mediates G1 progression and cyclin expression through
activation of Akt/ mTOR/p70S6K1 signaling pathway, and
inhibits the expression of p16INK4a in ovarian cancer cells.

4. PI3K mutations in human cancer

The gain function of PI3K mutations has been frequently
observed in many human cancers. The subunit mutations of
PI3K have been implicated in a number of human cancers, such
as ovarian, breast, gastric, and hepatocellular carcinoma [20].
For example, an increased copy number of PIK3CA, the gene
encoding the p110α catalytic subunit of PI3K, was observed in
approximately 40% of ovarian cancer occurrences [21].
PIK3CA is also found to be amplified and overexpressed in
several other types of cancers including cervical, gastric,
ovarian, and breast cancers through a large-scale mutational
analysis [22–26]. In addition, somatic mutations of PIK3CA
were found in 25% to 32% of colorectal cancers, 27% of
glioblastomas, 25% of gastric cancers, 3% to 8% of breast, and
4% of lung cancer [27]. The PIK3CAmutations were also found
in ovarian, hepatocellular, thyroid, endometrial cancers, and
acute leukemia, as well as in malignancies of the central nervous
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system [28–32]. These mutations of PIK3CA constitutively
increased PI3K activities in the cells. PI3K regulatory subunit
p85 dimerizes with catalytic subunit p110, and inhibits PI3K
activity in normal cells. The deletion and somatic mutations of
p85α regulatory subunit (PIK3R1) were found in primary
human glioblastoma, colon and ovarian cancers [33,34]. The
deletion of p85 protein that lacks the inhibitory domain, and loss
of the autophosphorylation site at the p85 inhibitory domain,
commonly increase PI3K activity [33,34]. The mutations of
PIK3CA and PIK3R1 in human cancers are summarized in
Table 1.

5. PTEN mutations and Akt activation in human cancer

Phosphatase and tensin homologue deleted on chromosome
10 (PTEN) is the antagonist of PI3K, which removes the 3′
phosphate of PIP3 and attenuates signaling downstream of
activated PI3K. The tumor suppressor PTEN is frequently
mutated or lost in primary glioblastomas, breast cancer, kidney
and uterine endometrioid carcinomas, lung cancer, and melano-
ma biopsies [23,35–38]. In addition, the decreasing levels of
PTEN expression are correlated with the progressive outcome of
solid cancers, including ovarian, prostate, and cervical cancers
[36]. Mice with PTEN deletion and mutation are highly
susceptible to tumor induction [39]. Conditional knockout of
PTEN leads to neoplasia in multiple organs such as the
mammary gland, skin, and prostate [40,41], demonstrating the
key role of PTEN in cancer development.

Akt regulates cell survival, cell cycle progression, migration,
proliferation, metabolism, tumor growth, and angiogenesis
[42,43]. Human Akt has three isoforms: Akt1, Akt2, and Akt3
(also known as PKBα, PKBβ, and PKBγ). Akt can be activated
by cytokines and growth factors, including vascular endothelial
growth factor (VEGF), fibroblast growth factors (FGF),
epidermal growth factor (EGF), hepatocyte growth factor
(HGF), insulin-like growth factor (IGF), and angiopoietin
[44–49]. Oncogenes such as Ras and Src, amplification or
activated mutations of PI3K, and the somatic mutations or
deletions of tumor suppressor PTEN can also activate Akt
pathway [50–52]. Akt gene amplification has been observed in a
number of human cancers (Table 1), including a single gastric
carcinoma, glioblastoma and gliosarcoma [53–55]. Akt2
amplification was found in head and neck squamous cell
carcinoma, pancreatic, ovarian, and breast cancers [24,56–58].
Increased Akt3 mRNA is correlated to breast and prostate
cancers [59]. In addition to amplification, recent studies have
indicated that elevated Akt activities are detected in different
kinds of cancers, and are associated with a poor prognosis in
human cancers [60,61].

Furthermore, Akt activation is found to correlate with the
resistance to chemotherapy and radiation therapy. The combi-
nation treatment of Akt inhibitor with antitumor drugs renders
cancer cells sensitive to the drug treatment [62,63]. Expression
of the multi-drug resistance-associated protein 1 (MRP-1),
which is a transmembrane pump for drug transport, has been
shown to depend on PI3K activity in advanced prostate cancer
and in human acute myelogenous leukemia blasts [64,65].
Recent studies have shown that a low level of PTEN expression
is strongly associated with amplification of PIK3CA and with
the increase of PI3K and Akt activities in OVCAR-3 cells,
contributing to cisplatin (CDDP) resistance in ovarian cancer
[66]. Our recent study indicates that Akt1 amplification and
overexpression are associated with CDDP resistance acquired
by human lung cancer cells [67]. Akt1 activity is required and
sufficient for regulating CDDP resistance in lung cancer cells.
The results further demonstrate that Akt activation is highly
related to the CDDP chemosensitivity in human cancer tissues
and that Akt1 induces the lung cancer cells resistant to CDDP
treatment through the mTOR signaling pathway [67]. These
studies indicate that Akt plays an important role in regulating
CDDP resistance.

6. PI3K and Akt in regulating tumor angiogenesis

Angiogenesis is essential for embryo development, female
reproduction, tissue repair, inflammatory diseases, and tumor
growth and metastasis. The angiogenesis process includes dis-
solution of the basement membrane of the vessel, migration and
proliferation of endothelial cells, formation of a new vessel
lumen and vessel branches, maturation of the new vessels by the
recruitment of pericytes, and the formation of the basement
membrane [68]. Tumor growth and metastasis require angio-
genesis when the tumor reaches 1–2 mm in diameter [69].
Tumor angiogenesis occurs via the sprouting of new vessels
from preexisting blood vessels or via the insertion of interstitial
tissue columns into the lumen of pre-existing vessels (i.e.,
intussusception) [70]. Tumor angiogenesis can be triggered by
extracellular signals such as growth factors, by genetic
alterations such as activation of oncogenes, and by mutations
of tumor suppressor genes such as PTEN and p53.

The first direct evidence of PI3K and Akt involvement in
regulating angiogenesis in vivo was observed by the forced
expression of PI3K and Akt in chicken chorioallantoic
membrane (CAM) by the RCAS retroviral vector [43]. In
addition, it has been found that PI3K/Akt regulated VEGF and
hypoxia-inducible factor 1 (HIF-1) expression through HDM2
and p70S6K1 activation (Fig. 2). VEGF and HIF-1 are the
mediators that transmit PI3K-induced oncogenic signals for
tumor growth and angiogenesis [71,72]. VEGF is a potent
inducer of angiogenesis, and HIF-1 is the major regulator of
VEGF transcriptional activation through the binding to the
hypoxia response element (HRE) of VEGF promoter. HIF-1 is a
heterodimeric transcription factor composed of two subunits:
HIF-1α and HIF-1β [73,74]. HIF-1α can be induced by
hypoxia, growth factors, and oncogenes; whereas HIF-1β
protein is constitutively expressed in human cells. Various
studies show that PI3K/AKT signaling is important for
regulating HIF-1α and VEGF expression [43,71]. We have
demonstrated that the expression of PI3K dominant negative
mutants or expression of PTEN inhibits tumor growth [75].
Overexpression of PTEN mutants lacking phosphatase activity
abrogates the inhibitory effect of PTEN on tumor growth,
suggesting that the expression of PTEN requires its phosphotase
activity to inhibit tumor growth in vivo. Overexpression of



Fig. 2. PI3K and Ras in inducing tumor angiogenesis. PI3K and Ras are activated
by upstream activators such as growth factors, activation of receptor tyrosine
kinases, and oncogenes. PI3K induces Akt activation, which increases the
expression of hypoxia-inducible factor 1 (HIF-1) through p70S6K1 and HDM2.
HIF-1 increases VEGF transcriptional expression. Ras/Raf-1 is a parallel signaling
pathway for regulating NF-κB expression. VEGF and NF-κB have synergistic
effects in inducing tumor angiogenesis. VEGF and VEGFR can form an autocrine
loop to regulate tumor angiogenesis.
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active forms of PI3K induced angiogenesis in vivo, characterized
by extensive sprouting of new blood vessels and enlargement of
preexisting vessels [43]. Akt is an essential downstream target of
PI3K for mediating the angiogenic signal. Overexpression of the
tumor suppressor PTEN and of dominant-negative constructs of
PI3K by adenovirus in prostate cancer cells significantly
inhibited angiogenesis, suggesting that PI3K/Akt signaling is
required for tumor angiogenesis. The potential downstream
targets of PI3K/PTEN in regulating tumor growth and
angiogenesis are outlined in Fig. 1. Akt is the major target of
PI3K for transmitting the oncogenic and angiogenic signals.
PI3K/Akt signaling is also demonstrated to be involved in
growth factor- and hormone-induced tumor growth and
angiogenesis, and in tumor-induced angiogenesis through
reactive oxygen species [76,77]. The Ras/MEK signaling
pathway is another major pathway for regulating angiogenesis,
and MEK induces NF-κB activation for regulating angiogenesis
(Fig. 2). A schematic representation of the possible mechanism
of tumor angiogenesis induced by PI3K and Ras is shown in
Fig. 2.

7. PI3K inhibition for cancer treatment

Recent study shows that inhibition of PI3K suppresses
angiogenesis and tumor growth [72,78]. PI3K inhibitors, wort-
mannin and LY294002, are commonly used to inhibit cancer cell
proliferation and tumor growth, and sensitize tumor cells to the
treatment of chemotherapeutic drugs and radiation. But the poor
solubility and high toxicity of these inhibitors limit the clinical
application. To overcome these shortcomings, derivatives of
LY294002 and wortmannin are being developed. It has been
reported that PX-866, a wortmannin derivative has more potent
and less toxic effects than wortmannin. It potentiates the
antitumor activity of the EGFR inhibitor gefitinib against
tumor xenografts induced by A549 non-small cell lung cancer
in the early stages of treatment [79]. In addition, LY294002
derivatives such as TGX115 and TGX126, and PI3K isoform
selective inhibitors such as halenaquinone and deguelin, have
been developed and shown to have greater water solubility,
lower toxicity, improved pharmacodynamics, and more specific
PI3K selectivity [2,80]. SF1126 is a small molecule conjugate
containing a pan-PI3K inhibitor that inhibits all isoforms of
PI3K class IA and other key members of the PI3K superfamily,
including DNA-PK. In preclinical studies, SF1126 has been
shown to be a key inhibitor of many biological processes
involved in tumor growth, dissemination, and angiogenesis.
BEZ235 is an orally administered inhibitor of PI3K. Both
SF1126 and BEZ235 have been identified to be effective for
tumor treatment in a variety of preclinical mouse tumor models,
including prostate, breast, ovarian, lung, multiple myeloma,
brain, and other cancers. With the development of RNA
interfering technologies, RNA interference, especially small
interfering RNA (siRNA), has been demonstrated to be effective
in vivo, providing the possibility for selectively targeting p110 or
p85 isoforms using siRNA technology [4].

8. Blocking ofAkt andmTORactivities for cancer treatment

Akt is a major downstream of PI3K for regulating tumor
growth and angiogenesis. In animal study, inhibition of Akt by
siRNA technique is effective to decrease ovarian tumor growth
and angiogenesis [72]. Lipid-based inhibitors of Akt were the
first group of inhibitors to be developed. These Akt inhibitors
include perifosine, phosphatidylinositol ether lipid analogues,
and D-3-deoxy-phosphatidylmyoinositol-1-[(R)-2-methoxy-3-
octadecyloxyropyl hydrogen phosphate] (PX-316). Perifosine
is the best-characterized Akt inhibitor, which inhibits the
translocation of Akt to the cell membrane, and inhibits the
growth of several different solid tumors [63]. The perifosine
treatment overcomes the cancer cell resistance to the treatment
with chemotherapeutic drugs and radiation. A set of structurally
modified phosphatidylinositol ether lipid analogues (PIAs)
shows the inhibitory effect on the Akt PH domain in vitro
[81]. PX-316 has been demonstrated to inhibit the xenograft
growth induced by breast cancer and colon cancer cells in mice
[82]. PX-316 inhibits Akt activation through its PH domain.

Several other Akt antagonists such as 9-methoxy-2-
methylellipticinium acetate (API-59-OMe), the indazole-pyri-
dine A-443654, and isoform-specific canthine alkaloid analo-
gues have been identified using high-throughput screening of the
chemical libraries [80]. API-59-OMe is a small molecule
inhibitor. It inhibits cell growth and induces apoptosis of
human prostate, endometrial, breast, and ovarian cancer cells
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[83,84]. A-443654 is a selective indazole-pyridine based Akt
inhibitor, which was shown to increase the effect of paclitaxel
treatment both in vitro and in vivo [85]. To identify the inhibitors
specifically against Akt1 or Akt2, isoform-specific Akt
inhibitors have been produced and selected by an iterative
analog library synthesis approach [86]. Recently, two isoform-
specific Akt inhibitors were identified and demonstrated to be
effective to inhibit Akt1 or Akt2 in vitro [87,88]. But their effects
in vivo remain to be investigated. Triciribine (VQD-002) is a
known anti-cancer agent that was used in a number of clinical
trials since the 1980s [89]. Recent study showed that triciribine is
a specific inhibitor of Akt [90]. NCI-60 cell lines with PIK3CA
mutation are more sensitive to triciribine treatment than those
without the mutations [91]. Several other Akt inhibitors being
developed include peptide-based inhibitors of Akt, pseudopep-
tide substrates of Akt, a single-chain antibody (scFv) against
Akt, an inhibitory form of Akt expressed by adenovirus virus
system, and siRNA against Akt [80].

mTOR is a serine/threonine kinase downstream of Akt, which
controls protein synthesis, cell cycle progression, cell prolifer-
ation, and tumor growth. Rapamycin and its analogues CCI-779,
RAD001, and AP-23573 inhibit mTOR activation by binding to
FK506-binding protein-12 [4]. CCI-779, RAD001, and AP-
23573 are currently under the clinical trials for cancer treatment.
Preclinical studies with these compounds indicate that these
compounds have cytostatic activity as a single agent in animal
models, and have synergistic effects for inhibiting tumor growth
when they are used with conventional chemotherapy agent ta-
moxifen, or with radiation treatment. In clinical studies, these
compounds have been shown to be effective against many types
of solid cancers [80]. In Phase II clinical studies, CCI-779 has
been shown to have effects for treating patients with renal cell
carcinoma and glioblastoma, who were previously treated with
the standard therapy methods [92,93]. The combination
treatment of CCI-779 and the aromatase inhibitor letrozole is
currently used for metastatic breast cancer in a Phase III study.
RAD001 is administered orally for clinical application. RAD001
treatment enhances chemotherapy effect for treating relapsed
non-small cell lung cancer and refractory gastrointestinal
stromal tumor [80]. AP-23573 is a phosphorus-containing
derivative of rapamycin, and developed in both intravenous
and oral formulations for clinical trials. However, the optimal
dose, schedule, patient selection, and combination strategies
using these mTOR inhibitors remain to be elucidated.

9. Concluding remarks

A huge body of information shows that deregulation of PI3K
and PTEN is associated with many cancers. The activation of
PI3K signaling pathway may be due to multiple mechanisms,
including the amplification and mutations of PI3K, lost function
of PTEN, and activation of RTKs. Akt is an essential
downstream of PI3K in regulating tumor growth and angiogen-
esis. The amplification and mutations of AKT are also observed
in different cancers. The PI3K/PTEN/Akt signaling pathway
exerts a key role in tumor growth and angiogenesis. Inhibition of
signalingmolecules in this pathway has been shown to have very
strong effects on inhibiting tumor growth and angiogenesis in
animal models. Akt activates downstreammolecules mTOR and
p70S6K1 for regulating tumor growth. Thus, the inhibitors of
PI3K, Akt, mTOR, and p70S6K1 would have strong effects to
inhibit the activation of PI3K/Akt in the human cancers. In
addition, PI3K and mTOR inhibitors combined with other
therapeutic drugs may have synergistic effects to inhibit tumor
development. Although PI3K/Akt/mTOR signaling pathway is
also required for normal cell proliferation and survival, low
levels of these kinase activities may be sufficient for the normal
cell survival. PI3K and mTOR inhibitors preferentially induced
the apoptosis of cancer cells with the activation of PI3K and Akt,
but not the normal cells. There are strong interests to develop the
inhibitors of PI3K, Akt, or mTOR for the cancer therapy. The
future challenges are to develop highly specific inhibitors of
these kinases, and to determine the clinical efficacy and
maximum tolerated doses of these inhibitors for clinical cancer
treatment.
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