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Abstract

The phosphoinositide 3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) pathway
controls many cellular processes that are important for the formation and progression of cancer,
including apoptosis, transcription, translation, metabolism, angiogenesis, and cell cycle progression. Genetic alterations and biochemical activation of the pathway are frequent events in preneoplastic lesions and advanced cancers and often portend a poor prognosis. Thus, inhibition of
the PI3K/Akt/mTOR pathway is an attractive concept for cancer prevention and/or therapy. Inhibitors of individual components, such as PI3K, PDK-1, Akt, and mTOR, are being developed
at a rapid pace and have promise for improving the care of cancer patients. Here, we review the
published data on inhibitors of the pathway and discuss relevant issues, such as the complex
regulation of the pathway, the design of clinical trials, and the likelihood of finding a therapeutic
index when targeting such a critical signaling pathway.

tion exists within the pathway. For example, PDK-1 can regulate
translation independently of Akt by directly phosphorylating
and activating a downstream effector of mTOR, S6 kinase-1
(S6K1). Negative feedback regulation of Akt can occur through
S6K1, which can catalyze an inhibitory phosphorylation on
insulin receptor substrate proteins, abrogating activation of
PI3K. In addition, mTOR can phosphorylate Akt at its
hydrophobic motif when bound to Rictor, potentially providing
a level of positive feedback on the pathway (1). Continued study
of this pathway will likely reveal further layers of complexity that
will need to be considered during the development of pathway
inhibitors and in the analysis of clinical trials with pathway
inhibitors.

Phosphoinositide 3-Kinase/Akt/MammalianTarget
of Rapamycin Pathway
Signaling through the phosphoinositide 3-kinase (PI3K)/
Akt/mammalian target of rapamycin (mTOR) pathway can be
initiated by several mechanisms that lead to the generation of
3V-phosphoinositides by PI3K (Fig. 1). The tumor suppressor
phosphatase and tensin homologue deleted on chromosome
10 (PTEN) opposes the action of PI3K by dephosphorylating
3V-phosphoinositides. Once generated, 3V-phosphoinositides
bind to the pleckstrin homology domains of 3V-phosphoinositide – dependent kinase-1 (PDK-1) and Akt and cause translocation of each kinase to the plasma membrane, where both are
activated. Akt is partially activated through PDK-1 – mediated
phosphorylation in the catalytic domain, but full activation
requires a second phosphorylation event in the hydrophobic
motif, which can be mediated by several kinases. Activated Akt
propagates its signal to numerous substrates that control key
cellular processes, such as transcription, translation, cell
cycle progression, and apoptosis. Although no single critical
Akt substrate for tumor development and maintenance has
been identified, perhaps the best studied downstream substrate
is the serine/threonine kinase, mTOR. Akt activates mTOR
through at least two mechanisms, direct phosphorylation of
mTOR itself, and via phosphorylation and inactivation of
TSC2. Inactivation of TSC2 allows for maintenance of Rheb in
its GTP-bound state, increasing activation of mTOR.
The PI3K/Akt/mTOR pathway has traditionally been viewed
as linear. However, considerable crosstalk and feedback regula-

Rationale for Targeting the PI3K/Akt/mTOR
Pathway
The hypothesis that inhibition of the PI3K/Akt/mTOR
pathway might provide benefit for the prevention and
treatment of cancer comes from many observations. First,
activation of PI3K/Akt/mTOR pathway kinases is common in
many cancers, and can occur through multiple mechanisms,
including mutation or decreased expression of the tumor
suppressor PTEN, mutation or amplification of PI3K, amplification of Akt, and activation of receptors or oncogenes
upstream of the PI3K/Akt/mTOR pathway (Table 1; ref. 2).
Second, pathway activation is an early event in carcinogenesis.
Activation can occur rapidly in normal cells in response to
carcinogen exposure and can cause increased proliferation and
survival, suggesting that pathway activation may be permissive
for carcinogenesis by increasing the threshold for apoptosis of
damaged cells. Increased activity can also be detected in preneoplastic lesions (3 – 8). Third, activation of pathway components is a poor prognostic factor in many cancers (9 – 18).
Fourth, pathway activation contributes to therapeutic resistance
because its inhibition by biochemical or genetic means increases the efficacy of chemotherapy and/or radiation in vitro
and in vivo (19 – 22). Several standard chemotherapeutic and
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Fig. 1. Development of inhibitors of PI3K
for cancer therapy. *, ability to reduce
tumor burden in vivo. c, showed target
modulation in tumor or surrogate tissue
in vivo. b, target inhibition seen above
doses required to inhibit tumor growth.
Refs., references; n/a, not applicable
(clinical trials have not been reported with
this compound).

that indirectly inhibit the PI3K/Akt/mTOR pathway, the reader
is referred elsewhere (24, 25). Taken together, the rationale to
develop inhibitors is strong and has potential to decrease tumorigenesis, cancer growth, and therapeutic resistance. Approaches
that directly target the pathway are discussed below.

chemopreventive agents inhibit the PI3K/Akt/mTOR pathway
as a consequence of administration in vitro, and in some cases,
inhibition of Akt is directly responsible for the cytotoxicity of
these agents (23). The efficacy of some new, targeted drugs,
such as erlotinib and trastuzumab, which inhibit upstream
components can also be correlated with inhibition of the PI3K/
Akt/mTOR pathway. These observations with erlotinib and
trastuzumab highlight the importance of inhibition of the
pathway, but because inhibition by these drugs is mediated by
altering upstream components, it is an indirect mechanism and
will not be covered in this review. For reviews on targeted drugs

Reconstituting PTEN
PTEN is a dual phosphatase that functions as a tumor
suppressor through its lipid phosphatase activity. Loss of PTEN
increases activation of the pathway, and PTEN mutation or

Table 1. Genetic alterations resulting in activation of the PI3K/Akt/mTOR pathway
Target

Mechanism

Type of cancer

References

PTEN

Mutation or deletion
Epigenetic silencing

(103 ^ 108)
(109 ^ 112)

PI3K

Amplification of PIK3CA (encodes p110a)
Mutation in PIK3CA

Brain, bladder, breast, prostate, and endometrial cancers
NSCLC, endometrial and gastric cancer, prostate,
ovarian, and melanocytic tumors
Ovarian and cervical cancers
Colorectal, gastric, breast, ovarian cancers, glioblastoma
and hepatocellular carcinoma
Colon and ovarian cancers
Gastric adenocarcinoma
Ovarian, breast, and pancreatic cancers
Hormone-independent breast and prostate cancer

Akt

Mutation in p85a
Akt1amplification
Akt2 amplification
Akt3 amplification

(113 ^ 115)
(115 ^ 118)
(119)
(120)
(121 ^ 123)
(124)

Abbreviations: NSCLC, non ^ small cell lung cancer; PIK3CA, phosphoinositide-3-kinase, catalytic, a polypeptide.
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inhibitor (39 – 41). However, inhibition of Akt activation by
deguelin occurs only after many hours, suggesting that the
effects on the pathway might be indirect.
Although current inhibitors of PI3K are not attractive for
clinical use, inhibition of PI3K, a proximal component in the
pathway, has a hypothetical advantage in that feedback
activation of the pathway that is observed with inhibition of
distal components, such as mTOR (see below), would not
be observed. Given the lack of specificity of LY294002 and
wortmannin, it is unclear whether any of these newer
compounds will have the requisite specificity and activity to
emerge as promising drug candidates for further development.
The development of PI3K inhibitors that work through
mechanisms other than inhibition of ATP binding, such as
through inhibition of the association of the regulatory subunit
p85 with growth factor receptors or with the catalytic subunit
p110, might identify candidate inhibitors that possess better
specificity, efficacy, and toxicity profiles.

silencing is characteristic of many cancers, indicating that loss
of PTEN function is a common event in cancer (26). Although
there is merit to considering whether reconstitution of PTEN
might have therapeutic value, the safety concerns over gene
therapy will limit clinical application of this approach for the
foreseeable future. Nonetheless, gene therapy with wild-type
PTEN has been done in vivo in a mouse model of lung cancer
in which aerosolized PTEN contained in an adenovirus was
delivered through the nasal passages (27). PTEN overexpression
in lung epithelium was associated with the induction of
apoptosis and decreased phosphorylation of Akt and mTOR.
Because wild-type PTEN was overexpressed in a wild-type
background, further studies are needed to determine if PTEN
reconstitution will be useful in tumors driven by the loss of
PTEN function.

PI3K Inhibitors
The lipid kinase PI3K is a proto-oncogene that generates 3Vphosphoinositides at the cell membrane. The best-characterized
inhibitors of PI3K are LY294002 and wortmannin, which are
commercially available compounds that target the p110
catalytic subunit of PI3K (Fig. 1). LY294002 effectively inhibits
the growth of many types of tumor cells in vitro and in vivo,
which is associated with inhibition of PI3K and downstream
components of the pathway (28 – 30). Wortmannin is also
effective in vitro and in vivo, but some studies showed that its
in vivo antitumor activity did not correlate with differences
in PI3K activity or in vitro cytotoxicity (31, 32). Combining
LY294002 or wortmannin with chemotherapy can be effective
and less toxic, providing a mechanism for circumventing
possible narrow therapeutic indices for these compounds and
suggesting that the combination of a PI3K inhibitor with
conventional chemotherapies might provide a therapeutic
option for cancers that have become resistant to standard
therapies (19, 22). Despite the antitumor efficacy of LY294002
and wortmannin, poor solubility and high toxicity have limited
the clinical application of these older compounds. To address
these issues, derivatives of LY294002 and wortmannin are
being developed (33, 34). The wortmannin derivative, PX-866,
is more potent and less toxic than wortmannin, and inhibited
the growth of human lung, ovarian, and colon cancer
xenografts (35). Inhibition of Akt phosphorylation was only
observed at doses that exceeded those that caused growth delay,
suggesting the cytotoxicity of PX-866 may be independent
of PI3K inhibition. Further optimization of wortmannin or
LY294002 may yield inhibitors that are tolerable and effective.
Other inhibitors of PI3Ks are also being developed. For
example, IC486068 is an isoform-specific inhibitor of the
p110y catalytic subunit of PI3K (36). In vitro, IC486068
inhibits radiation-induced Akt phosphorylation as well as
endothelial cell migration and tube formation. IC486068 also
sensitized endothelial cells and tumors to radiation-induced
growth delay in vivo. Another PI3K inhibitor, halenaquinone,
has been isolated from the marine sponge Xestospongia exigua in
a screen of natural products. Halenaquinone induced apoptosis
of cancer cells in vitro and inhibited PI3K kinase activity and
may also block progression into mitosis through inhibition of
Cdc25B (37, 38). The naturally occurring plant rotenoid,
deguelin, is an effective chemopreventive agent in murine
tumorigenesis studies and has been described in vitro as a PI3K
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PDK-1Inhibitors
As the kinase responsible for phosphorylating Akt at T308,
which contributes to activation of Akt, PDK-1 plays a critical
role in activation of the pathway. Because PDK-1 also activates
other kinases that regulate cell proliferation and survival, such
as PKC, S6K, SGK, and PKA, compounds that target PDK-1 may
indirectly inhibit these other kinases. This may be advantageous
from a therapeutic standpoint but obviously complicates their
development as compounds that specifically inhibit the PI3K/
Akt/mTOR pathway. Derivatives of two well-characterized
drugs, staurosporine and celecoxib, are being developed as
PDK-1 inhibitors (Fig. 2). The 7-hydroxy-derivative of staurosporine, UCN-01, mediates Akt inhibition through direct
inhibition of PDK-1 (42), which correlates with apoptosis (43).
UCN-01 is a potent inhibitor of many kinases, including PKCa,
PKCh, PKCg, Chk1, and PDK-1. UCN-01 has synergistic effects
on apoptosis when combined with cytotoxic chemotherapy
in vitro and in vivo (44 – 53), but this synergism may be due to
combined effects on Chk1 not PDK-1 (54). In a phase I trial
with UCN-01, a partial response in a patient with melanoma
and long-term stabilization of disease in a patient with
anaplastic large cell lymphoma was observed (55). Hyperglycemia was a dose-limiting toxicity, which might be related to
the regulation of glucose uptake by the PI3K/Akt/mTOR
pathway. Phase II trials with UCN-01 are ongoing. Despite
positive results in clinical trials, the ability of UCN-01 to inhibit
many kinases makes it difficult to consider UCN-01 as a targeted pathway inhibitor because clinical outcomes have not
been associated with inhibition of PI3K/Akt/mTOR pathway.
Determining a critical target will greatly assist its classification
and development.
The celecoxib derivatives OSU-03012 and OSU-03013 were
designed to minimize cyclooxygenase-2 inhibition and maximize PDK-1 antagonism (56). These analogues are more potent
PDK-1 inhibitors than celecoxib and achieve total growth
inhibition at a mean concentration of f3 Amol/L in 60 different human tumor cell lines. However, the celecoxib derivatives also have other biological activities, because they can
delay G2-M cell cycle progression and induce apoptosis independently of PDK-1 inhibition (57), suggesting that like UCN01, off-target effects contribute to their anticancer activity.
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Fig. 2. Development of inhibitors of PDK-1
for cancer therapy. *, ability to reduce
tumor burden in vivo. c, showed target
modulation in tumor or surrogate tissue
in vivo. Refs., references; n/a, not
applicable (clinical trials have not been
reported with this compound).

fosine was conducted in patients with incurable solid malignancies (61). Using a larger loading dose/maintenance dose
schedule, toxicities were minimized. Although nausea, diarrhea,
dehydration, and fatigue were seen during the loading phase,
these toxicities were ameliorated with the use of prophylactic
medications (61). In this study, perifosine had clinical activity
in a patient with sarcoma and a patient with renal cell
carcinoma (61). However, in neither study was modulation
of Akt assessed. Phase II trials assessing perifosine in refractory
cancers of the breast, pancreas, prostate, head and neck, and
lung are ongoing.
Another group of lipid-based Akt inhibitors are phosphatidylinositol ether lipid analogues, which were designed to
interact with the pleckstrin homology domain of Akt.
Phosphatidylinositol ether lipid analogues inhibit Akt activation and translocation, selectively induce apoptosis in cancer

Other PDK-1 inhibitors, such as BX-795, BX-912, and BX320, have been developed by identification in high-throughput
screens and subsequent chemical modification (58). These
compounds can bind to the catalytic domain of PDK-1 and
inhibit kinase activity with IC50s in the low nanomolar range.
Although BX-320 inhibited the growth of melanoma xenografts
and inhibited PDK-1 – mediated signal transduction in vitro,
inhibition of PDK-1 and/or its downstream targets was not
validated in vivo. Correlation of target modulation with cellular
outcome will help validate these compounds as targeted
antitumor agents.
Optimism for the clinical development of PDK-1 inhibitors
as cancer therapeutics is fueled by many factors, including the
initial success of UCN-01, the potency of most inhibitors in this
class, and the relative lack of toxicity of these drugs compared
with available inhibitors of PI3K. However, all of the
compounds in this class have targets outside the PI3K/Akt/
mTOR pathway that may not be related to inhibition of PDK-1
but nonetheless might contribute to associated antitumor
effects. Determining the critical target(s) of these drugs will
help guide their development as targeted therapeutics.

Akt Inhibitors
The serine/threonine kinase Akt, also known as protein
kinase B, contributes to tumor formation and tumor maintenance through the phosphorylation of many substrates that
contribute to cell survival, cell cycle progression, and increased
protein translation (Fig. 3). Lipid-based inhibitors of Akt were
the first to be developed, but other approaches, such as highthroughput screening of small molecule libraries and rational
design of peptide-based Akt inhibitors, have also been employed (Fig. 4).
Lipid-based inhibitors of Akt include perifosine, phosphatidylinositol ether lipid analogues, and D-3-deoxy-phosphatidylmyoinositol-1-[(R)-2-methoxy-3-octadecyloxyropyl hydrogen
phosphate] (PX-316). The best-characterized inhibitor of Akt
is perifosine. In vitro, perifosine inhibits translocation of Akt to
the cell membrane and inhibits the growth of melanoma,
lung, prostate, colon, and breast cancer cells in association with
inhibition of Akt activity (59, 60). Two phase I studies have
been reported. In the initial phase I trial, the dose-limiting
toxicity of oral administration of perifosine was gastrointestinal
toxicity (60). More recently, another phase I trial with peri-
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Fig. 3. The PI3K/Akt/mTOR pathway. G-protein ^ coupled receptors, growth
factor receptors, integrins, activated Ras, or PTEN loss stimulates the PI3K/Akt/
mTOR pathway. The products of PI3K, including PIP3, stimulate phosphorylation
and activation of Akt. Once active, Akt can control key cellular processes by
phosphorylating substrates involved in apoptosis, transcription, cell cycle
progression, and translation. Arrowheads indicate activating phosphorylation
events; perpendicular lines indicate inhibitory phosphorylation events.
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Fig. 4. Development of inhibitors of Akt
for cancer therapy. *, ability to reduce
tumor burden in vivo ; c, showed target
modulation in tumor or surrogate tissue
in vivo. Refs., references; n/a, not applicable
(clinical trials have not been reported with
this compound).

ing of chemical libraries. These inhibitors include Akt/protein
kinase B signaling inhibitor-2 (API-2), 9-methoxy-2-methylellipticinium acetate (API-59CJ-OMe), the indazole-pyridine
A-443654, and isoform-specific canthine alkaloid analogues.
Following its identification in a screen of the National Cancer
Institute diversity set, API-2 was shown to inhibit Akt kinase
activity and stimulate apoptosis of xenografts of human cancer
cells exhibiting high Akt activity (66). API-2 is a tricyclic
nucleoside that previously showed antitumor activity in phase I
and phase II trials conducted over 20 years ago, but multiple
toxicities, including hepatotoxicity, hyperglycemia, thrombocytopenia, and hypertriglyceridemia, precluded further development (67 – 69). The recent identification of Akt inhibition as a
mechanism underlying API-2 activity has provided new interest
in studying this drug and raises the possibility that lower doses
may inhibit Akt and induce tumor cell apoptosis without the
previously associated side effects.

cell lines that have high levels of constitutively active Akt, and
can increase the efficacy of many therapeutic agents or radiation (62, 63). Currently, phosphatidylinositol ether lipid
analogues are being evaluated for pharmacokinetic properties,
in vivo efficacy, and determination of secondary targets. PX-316,
another lipid-based inhibitor of Akt, also binds to the pleckstrin
homology domain of Akt, preventing membrane localization
(64). In preclinical studies, daily i.p. administration of PX-316
inhibited Akt and slowed the growth of MCF-7 xenografts but
was only moderately effective at inhibiting the growth of HT-29
xenografts (65). The pharmacokinetic variables and specificity
of PX-316 have not been assessed. Key issues for the
development of lipid-based Akt inhibitors are oral bioavailability and hemolysis, a side effect that may determine which of
these lipid-based inhibitors emerges as the front runner.
In addition to the lipid-based inhibitors, several Akt
antagonists have been identified using high-throughput screen-
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sequence of Akt to develop pseudopeptide substrates of Akt that
have been shown to inhibit Akt and the growth of cancer cells
in vitro (78). Another peptide-based approach is the development of a single-chain antibody (scFv) against Akt. This
antibody is the first genetically engineered scFv against Akt
with inherent cell membrane translocation activity and
retention of Akt inhibitory function associated with induction
of apoptosis in vivo (79). Although the concept of peptidebased inhibitors is exciting, their development is currently
hampered by their low bioavailability and stability in vivo.
Similar to adenoviruses that overexpress PTEN, adenoviruses
expressing a mutant inhibitory form of Akt have been developed
(80). These adenoviruses selectively caused apoptosis in cancer
cell lines expressing high levels of endogenous Akt activation.
Direct intratumoral injection of this construct inhibited the
growth of ZR75-1 human breast cancer cells grown as
xenografts. Such a genetic approach is limited by two factors
(the concern over patient safety and the unlikely bioavailability
after oral administration), which has become an unofficial
benchmark for development set by other kinase inhibitors.
Overall, the application of these genetic and peptide-based
approaches is more limited than small molecule inhibitors.
The ability of Akt to propagate activation of the pathway
widely to many downstream substrates, thereby controlling
cellular processes that contribute to tumor development and
maintenance, makes it an attractive target for cancer prevention
and therapy. Inhibition of Akt directly has advantages over
targeting more downstream components. For example, Akt
inhibition would be expected to inhibit most, if not all, Akt
substrates. Because all substrates of Akt have not been
completely identified and the ‘‘critical substrates’’ can vary with
cell type, inhibition of individual downstream components
may miss key substrates that are responsible for Akt-mediated
survival or proliferation. Thus, Akt inhibition may offer greater
efficacy, albeit at the expense of potential greater toxicity. Of the
myriad inhibitors, lipid-based compounds, such as perifosine,
are the best developed and have shown efficacy and tolerability
in early clinical trials. However, optimal dosing must be
addressed, and as with other Akt inhibitors, clinical effects need
to be correlated with inhibition of the pathway.

Another Akt inhibitor that was identified in an analysis of the
National Cancer Institute’s anticancer drug screening database
is API-59CJ-OMe. API-59CJ-OMe inhibited Akt kinase activity
in vitro in endometrial cancer cell lines exhibiting high levels
of Akt activity and preferentially induced apoptosis in these
cell lines (70). Because inhibition of Akt and the induction
of apoptosis were only measured after 48 or 72 hours of
treatment, it is unclear whether Akt inhibition was a direct
effect of compound administration or occurred as a secondary
event after cellular damage or apoptosis.
The indazole-pyridine A-443654 was synthesized from a lead
compound following a chemical library screen and was shown
to inhibit the growth of PC-3, MiaPaCa-2, and 3T3-Akt1
xenografts (71). At doses that inhibited tumor growth,
inhibition of signaling downstream of Akt was observed in
tumors, but increased phosphorylation of Akt itself at S473 was
observed. These paradoxical results raise questions about this
compound’s mechanism of action and the use of measuring
S473 alone to assess Akt activity.
Isoform-specific Akt inhibitors have also been identified in a
high-throughput kinase activity screen. Canthine alkaloid
analogues that specifically inhibit Akt1, Akt2, or both Akt1
and Akt2 in vitro with IC50s in the micromolar range were
synthesized from lead compounds (72, 73). Treatment with the
Akt1 or Akt2 inhibitor sensitized cancer cells to chemotherapyinduced cell death, but maximum sensitization was seen with
the Akt1/Akt2 dual inhibitor (74). These studies are notable
because this is the only published data on isoform-specific Akt
inhibitors. Further studies to test the efficacy of these
compounds and the consequences of inhibiting both Akt1
and Akt2 in vivo are needed, but the concept of isoform-specific
Akt inhibitors is interesting because such an approach might
mitigate toxicity (see Discussion).
Other putative Akt inhibitors have been generated by
chemically modifying existing compounds, such as the PKA
inhibitor, H89, and the a1-adrenoreceptor antagonist doxazosin. NL-71-101 is an analogue of the PKA inhibitor, H89, which
was modified to lose its activity against PKA and retain Akt
inhibition. It exhibits modest specificity for Akt over PKA (2.4fold), but its preclinical characterization is minimal (75).
Structural modification of doxazocin has yielded compounds
that both inhibit Akt and induce apoptosis in PC-3 cells in vitro
(76). However, because Akt inhibition by these compounds is
only observed after several hours, it is unclear if this is a direct
or indirect effect. NL-71-101 and doxazosin analogues have
only been tested in a few cell lines and have not been tested
in animal models; therefore, their potential as therapeutics
is unclear.
Peptide-based inhibitors of Akt are also being developed.
AKT-in, a 15-amino-acid peptide that was designed to mimic
the interaction between Akt and a binding protein, TCL1,
directly binds and inhibits Akt. Although it inhibits cellular
proliferation in preclinical studies, it has poor oral bioavailability and poor cellular penetration (77). Nonetheless, its
description is provocative because it suggests that the interaction of Akt with its inhibitory binding proteins could be
exploited to inhibit Akt. This approach is understudied but
would most likely be successful through the identification or
development of small molecules that mimic the interaction of
Akt with binding proteins, rather than through the use of
peptides. In another approach, Luo et al. used the consensus
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mTOR Inhibitors
mTOR is a serine/threonine kinase downstream of Akt in the
PI3K/Akt/mTOR pathway that controls protein synthesis,
angiogenesis, and cell cycle progression. Inhibitors of mTOR
are the most developed class of inhibitors of the PI3K/Akt/
mTOR pathway. Although rapamycin is Food and Drug Administration approved as an immunosuppressant, the rapamycin
analogues CCI-779, RAD-001, and AP-23573 have been
explicitly designed for development as cancer drugs (Fig. 5).
Preclinical studies with these compounds have shown potent
activity as single agents or in combination with cytotoxic
chemotherapy or radiation. In phase I and II trials, rapamycin
analogues have shown activity against many types of cancer.
Specifically, partial responses and stable disease have been
observed in non – small cell lung cancer, breast, cervical, and
uterine carcinomas, as well as sarcoma, mesothelioma, mantle
cell lymphoma, and glioblastomas (81 – 91). Notably, many of
these trials have incorporated analysis of phosphorylation of
two downstream substrates of mTOR (4-EBP1 and S6K-1) in
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Fig. 5. Development of inhibitors of mTOR
for cancer therapy.*, ability to reduce
tumor burden in vivo ; c, showed target
modulation in tumor or surrogate tissue
in vivo. Refs., references.

itors have induced clinical responses in a wide variety of tumors
suggests that targeting the PI3K/Akt/mTOR pathway could be
successful in many types of cancers. However, the fact that
rapamycin and its analogues frequently induce cytostatic
responses raises the possibility that more proximal inhibitors
of PI3K, PDK-1, or Akt might result in greater inhibition of
more components in the pathway and greater cytotoxicity. The
use of rapamycin analogues might be further complicated by
the observation that feedback activation of Akt due to mTOR
inhibition could decrease the response to mTOR inhibitors as
single agents (see below).

peripheral lymphocytes as a pharmacodynamic end point to
correlate inhibition of the pathway with clinical response. In a
phase II trial of patients with renal cell carcinoma, a tumor
type refractory to conventional chemotherapy, administration
of CCI-779 resulted in one complete response, several patients
with partial responses, and stabilization of the disease for >24
weeks in approximately half of the patients (92). The results of
this study have prompted a phase III trial that is currently
investigating treatment with CCI-779 versus IFN a in patients
with stage IV recurrent renal cell carcinoma.
In addition to investigating the effect of rapamycin analogues
as single agents, several clinical trials have also examined the
efficacy of these drugs in combination with other anticancer
agents, including gefitinib, imatinib mesylate, 17-AAG, letrazole,
and NVP-AEW-541, an insulin-like growth factor-I receptor
antagonist. Recent phase I/II trials examined the effect of
RAD001 administration in combination with imatinib or
gefitinib in patients with gastrointestinal stromal tumors
refractory to imatinib or with non – small cell lung cancer,
respectively. Partial responses were observed in both trials, and
prolonged stable disease was observed in the gastrointestinal
stromal tumor trial, suggesting that RAD001 may resensitize
tumors to imatinib and that the combination may be beneficial
for a subset of patients (93, 94). This result provides evidence that
the use of signal transduction inhibitors in combination may
be an effective treatment strategy in tumors that exhibit therapeutic resistance. Based on the results with the imatinib/RAD001
trial, many phase I studies combining RAD001 with other
signal transduction inhibitors are planned or open for accrual.
The most recent rapamycin analogue, AP-23573, is a
phosphorus-containing derivative currently in phase II clinical
trials. Although preclinical data that has been presented in
abstract form seem promising, the efficacy of AP-23573 as a
targeted therapy cannot be fully evaluated because these studies
have not been published as peer-reviewed articles.
Taken together, the results from preclinical studies and
clinical trials using mTOR inhibitors are encouraging. Rapamycin and its analogues are extremely specific, and the long
clinical history with rapamycin will facilitate development of
CCI-779, RAD001, and AP-23573. The fact that mTOR inhib-
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Considerations in Developing Inhibitors of the
PI3K/Akt/mTOR Pathway
Clinical trial design. The success of tyrosine kinase
inhibitors, such as erlotinib and imatinib, and the strong
rationale to target the PI3K/Akt/mTOR pathway has fed
optimism that inhibitors of serine/threonine kinases, such as
PI3K, PDK-1, Akt, or mTOR, might have clinical use for cancer
patients. Because these drugs are predicted to modulate a target
and do not cause direct DNA damage like most standard
chemotherapies, the design of clinical trials with PI3K/Akt/
mTOR pathway inhibitors should reflect their biological
activities. Based on numerous preclinical studies, pathway
inhibitors are likely to be most effective in patients whose
tumors bear activation of the pathway. Thus, phase I protocols
with inhibitors of the PI3K/Akt/mTOR pathway should
determine the biologically effective dose and the maximum
tolerated dose and should determine the relationship between
these doses. Although it can be argued that determining a
tolerated biologically effective dose is sufficient for a targeted
therapeutic, dose escalation to the maximum tolerated dose
may help define the therapeutic index and may help identify
dose-dependent ‘‘off-target’’ effects. Enrollment in clinical
phase II or III trials should be initially limited to patients
whose tumors bear activation of the pathway. Granted, this
approach may result in exclusion of patients who might obtain
clinical benefit because of secondary, unknown, yet cytotoxic
effects of the pathway modulator, but a priori, effects on tumors
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clinical use of new agents targeting pathway components.
Moreover, this approach could reveal which pathway targets are
most commonly associated with clinical responses, which drugs
are most effective, and the patient populations most likely to
respond.
Biological complexity. Recent studies have identified two
feedback mechanisms between components of the PI3K/Akt/
mTOR pathway that may have implications for the efficacy of
drugs that target the pathway, especially mTOR inhibitors. First,
it was recently shown that short-term rapamycin administration
can drive formation of an mTOR/Rictor complex that can
phosphorylate and activate Akt (1). If rapamycin-induced Akt
activity led to increased survival, this could counteract the
effects of mTOR inhibition. This is unwanted if the desired
effect is to decrease survival of malignant cells in cancer
patients. Second, studies have also shown that prolonged
exposure to rapamycin can lead to down-regulation of Akt
phosphorylation. This is based on the observation PDK-1 can
phosphorylate and activate the mTOR substrate S6K-1 independently of mTOR. Once active, S6K-1 can decrease Akt
activity through phosphorylation and down-regulation of
insulin receptor substrate proteins (95). Whether these mechanisms will be observed in cancer patients treated with
inhibitors of the PI3K/Akt/mTOR pathway is unclear, but the
existence of these feedback mechanisms emphasizes the need to
evaluate upstream and downstream components when using
an inhibitor such as rapamycin. Ultimately, this knowledge
could help explain therapeutic responses to inhibitors of the
pathway.
Therapeutic index. Because the PI3K/Akt/mTOR pathway
plays a central role in many normal physiologic functions and
is activated in many normal tissues, pathway inhibition may
cause serious side effects and might lead to a limited
therapeutic index. Murine models clearly show that loss of
PI3K, Akt, or mTOR causes discernable phenotypes, which
might provide insight into potential toxicities in humans.
Specifically, Akt2 knock-out mice (Akt2 / ) develop a diabetic
phenotype (96), Akt1 knock-out mice (Akt1 / ) are small in
size and the males are infertile (97), and Akt3 knock-out mice
(Akt3 / ) develop smaller brains (98, 99). Because these side
effects are related to mouse development, they may not be
indicative of toxicities in humans receiving pathway inhibitors.
Nevertheless, complications, such as hyperglycemia and insulin
resistance, might be commonly observed with many inhibitors
of the pathway and could be managed medically. Interestingly,
neither Akt1 / nor Akt3 / mice develop a diabetic phenotype, which suggests that a diabetic phenotype may be less
likely with isoform-specific Akt1 or Akt3 inhibitors. Loss of
fertility caused by pathway inhibitors is less likely to be of
importance after childbearing years, which is when most cancer
occurs. Because preclinical data has shown that activation of the
PI3K/Akt/mTOR pathway can protect against neurologic
diseases, such as glaucoma, Alzheimer’s disease, Parkinson’s
disease, and schizophrenia, it is possible that inhibition of
the pathway might exacerbate or even cause these conditions
(100 – 102). Although important to consider, these toxicities
may not be manifest with short-term therapy, or they may
reverse following withdrawal of pathway inhibition. Obviously,
any observed toxicities would have to be weighed against the
benefits of receiving a potentially effective cancer therapy. A key
issue that has not been adequately addressed in in vitro studies,

that bear activation of the pathway should be shown. If efficacy
against the intended pathway component is shown in initial
trials, then consideration should be given to other trials that do
not exclude patients who lack pathway activation.
How could the biologically effective dose of an inhibitor of
the PI3K/Akt/mTOR pathway be measured? Noninvasive,
molecular imaging of kinase inhibition would be ideal but is
not currently possible. Existing assays that could be used to
determine pathway inhibition include immunohistochemistry
with phosphospecific or native antibodies that recognize levels
of active or total protein, respectively, as well as immunoblotting, kinase assays, and/or flow cytometry using these same
antibodies. Only one of these assays need be positive to show
that the pathway inhibitor is hitting its desired target.
Although immunohistochemistry is not inherently quantitative, establishing an arbitrary cutoff for intensity and/or
distribution of staining could provide a basis for quantification.
As long as consistent methods are used throughout trials within
a given institution for a single institution trial, or within each
member of a cooperative group for a multi-institutional trial,
meaningful comparisons of pathway activation could be made
despite the lack of standard assays. The current absence of
standard assays for evaluating inhibition of the PI3K/Akt/
mTOR pathway in clinical pathology laboratories should not
hinder efforts to assess changes in pathway components using
immunohistochemistry or novel techniques. This may require
close collaborations between scientific experts in the PI3K/
Akt/mTOR pathway and clinical investigators, but this type
of collaboration can only enhance the quality of clinical
investigation of pathway inhibitors.
Once a pathway inhibitor is administered in a clinical
protocol, tumor and/or surrogate tissues should be obtained to
monitor changes in pathway components. Changes in activation of pathway components in surrogate tissues, such as skin,
lymphocytes, or buccal mucosa, may not reflect changes within
tumor tissues, but evaluation of the PI3K/Akt/mTOR pathway
in surrogate tissues could provide some information on
biological effectiveness, even if accession of tumor tissue is
not feasible. One could advocate that early-stage clinical trials
with pathway inhibitors might be best done in tumor types
where repetitive analysis of tumor tissue is most feasible (e.g.,
hematopoietic tumors). Similar to the issue of how to measure
activation of pathway components for enrollment in protocols,
how is inhibition of the pathway measured as a response to a
targeted inhibitor? Clearly, the same assay(s) should be used at
each point in a trial to monitor pathway inhibition over time.
The biggest problem arises with quantification. Is a 10% change
in phosphorylation of Akt or mTOR a positive response? That is
a difficult question, but the most important aspect here is to
make every effort to evaluate the pathway, because this type of
analysis has not been done consistently in early clinical trials
with other targeted therapies.
The same principles outlined for therapeutic trials would
apply to prevention studies that would use molecular end
points as outcomes, not primary or secondary prevention.
Inhibitors of the pathway should be tested first in patients
whose precursor lesions bear activation of the pathway. A
successful trial would show a correlation between inhibition
of the pathway and regression of the precursor lesions. Implementation of these recommendations would establish that
inhibition of the PI3K/Akt/mTOR pathway correlates with
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would otherwise induce apoptosis. Inhibition of the pathway
in cells that depend upon it for survival might cause apoptosis
but would not kill normal cells that do not grow in these
conditions and therefore do not have the same dependence.
Selective reliance of tumor cells on activation of the PI3K/Akt/
mTOR pathway will be assessed in clinical trials with these
inhibitors in patients with solid tumors, and the balance of
toxicity and efficacy will show whether a therapeutic index
can be achieved. If a therapeutic index is elusive when inhibitors are used as single agents, then these agents might nevertheless find use as radiation or chemotherapeutic sensitizers at
lower doses, where toxicities might be less likely to develop.
In conclusion, the race to develop inhibitors of the PI3K/Akt/
mTOR pathway is led by the mTOR inhibitors, rapamycin and
its analogues, and the Akt inhibitor perifosine. Behind these
leaders are a pack of interesting but relatively untested
inhibitors of components proximal to mTOR in the pathway.
These ‘‘unknowns’’ offer potentially greater efficacy, but at what
cost? Intelligent clinical trial design, coupled with rigorous
scientific evaluation, will determine how many inhibitors of
the PI3K/Akt/mTOR pathway are able to finish the race and
become useful therapeutics.

much less in vivo studies, is how long does the pathway need to
be inhibited to cause cell cycle arrest or apoptosis in cancer
cells? Shorter exposures in patients might be associated with
less toxicity. It is unclear whether continual exposure can be
tolerated, and whether comparable responses can be achieved
with long-term, low-dose exposure versus short-term, high-dose
exposure. Studies that couple pharmacokinetic analysis with
pharmacodynamic monitoring of biological end points could
assist in answering these critical questions.
Is there reason to expect that a therapeutic index with
inhibitors of the PI3K/Akt/mTOR pathway can be achieved?
In vitro data show that pathway inhibitors are preferentially
cytotoxic in tumor cells that exhibit increased activation of
the pathway, suggesting that death of cancer cells without
death of normal cells may be possible. One explanation for this
observation is the concept of oncogene addiction, or selective
reliance of tumor cells on activation of the PI3K/Akt/mTOR
pathway. Tumor cells frequently have constitutive activation
of the pathway, and therefore might be selectively reliant on
signaling pathways that promote survival because they often
grow in harsh conditions, such as acidic or hypoxic environments, that can activate the PI3K/Akt/mTOR pathway but

References
1. Sarbassov DD, Guertin DA, Ali SM, Sabatini DM.
Phosphorylation and regulation of Akt/PKB by the
rictor-mTOR complex. Science 2005;307:1098 ^ 101.
2. Vivanco I, Sawyers CL. The phosphatidylinositol
3-kinase AKT pathway in human cancer. Nat Rev
Cancer 2002;2:489 ^ 501.
3. Balsara BR, Pei J, Mitsuuchi Y, et al. Frequent activation of AKT in non-small cell lung carcinomas and
preneoplastic bronchial lesions. Carcinogenesis
2004;25:2053 ^ 59.
4. Fiala ES, Sohn OS, Wang CX, et al. Induction of
preneoplastic lung lesions in guinea pigs by cigarette
smoke inhalation and their exacerbation by high
dietary levels of vitamins C and E. Carcinogenesis
2005;26:605 ^ 12.
5. Li J, Davidson G, Huang Y, et al. Nickel compounds
act through phosphatidylinositol-3-kinase/Aktdependent, p70(S6k)-independent pathway to induce hypoxia inducible factor transactivation and
Cap43 expression in mouse epidermal Cl41 cells.
Cancer Res 2004;64:94 ^ 101.
6. Segrelles C, Ruiz S, Perez P, et al. Functional roles of
Akt signaling in mouse skin tumorigenesis. Oncogene
2002;21:53 ^ 64.
7. Tsao AS, McDonnell T, Lam S, et al. Increased phospho-AKT (Ser(473)) expression in bronchial dysplasia: implications for lung cancer prevention
studies. Cancer Epidemiol Biomarkers Prev 2003;12:
660 ^ 4.
8. West KA, Brognard J, Clark AS, et al. Rapid Akt
activation by nicotine and a tobacco carcinogen modulates the phenotype of normal human airway epithelial cells. J Clin Invest 2003;111:81 ^ 90.
9. Dai DL, Martinka M, Li G. Prognostic significance
of activated Akt expression in melanoma: a clinicopathologic study of 292 cases. J Clin Oncol 2005;23:
1473 ^ 82.
10. Ermoian RP, Furniss CS, Lamborn KR, et al. Dysregulation of PTEN and protein kinase B is associated
with glioma histology and patient survival. Clin Cancer
Res 2002;8:1100 ^ 6.
11. Kreisberg JI, Malik SN, PrihodaTJ, et al. Phosphorylation of Akt (Ser473) is an excellent predictor of poor
clinical outcome in prostate cancer. Cancer Res 2004;
64:5232 ^ 6.
12. MinYH, Cheong JW, Kim JY, et al. Cytoplasmic mislocalization of p27Kip1protein is associated with con-

www.aacrjournals.org

stitutive phosphorylation of Akt or protein kinase B
and poor prognosis in acute myelogenous leukemia.
Cancer Res 2004;64:5225 ^ 31.
13. Nakanishi K, Sakamoto M, Yamasaki S, Todo S,
Hirohashi S. Akt phosphorylation is a risk factor for
early disease recurrence and poor prognosis in hepatocellular carcinoma. Cancer 2005;103:307 ^ 12.
14. Nam SY, Lee HS, Jung GA, et al. Akt/PKB activation in gastric carcinomas correlates with clinicopathologic variables and prognosis. APMIS 2003;111:
1105 ^ 13.
15. Perez-Tenorio G, Stal O. Activation of AKT/PKB in
breast cancer predicts a worse outcome among endocrine treated patients. Br J Cancer 2002;86:540 ^ 5.
16. Schlieman MG, Fahy BN, Ramsamooj R, Beckett L,
Bold RJ. Incidence, mechanism and prognostic value
of activated AKT in pancreas cancer. Br J Cancer
2003;89:2110 ^ 5.
17. Terakawa N, Kanamori Y, Yoshida S. Loss of PTEN
expression followed by Akt phosphorylation is a poor
prognostic factor for patients with endometrial cancer.
Endocr Relat Cancer 2003;10:203 ^ 8.
18. Yamamoto S, Tomita Y, Hoshida Y, et al. Prognostic
significance of activated Akt expression in pancreatic
ductal adenocarcinoma. Clin Cancer Res 2004;10:
2846 ^ 50.
19. Bondar VM, Sweeney-Gotsch B, Andreeff M, Mills
GB, McConkey DJ. Inhibition of the phosphatidylinositol 3V-kinase-AKT pathway induces apoptosis in
pancreatic carcinoma cells in vitro and in vivo.
Mol CancerTher 2002;1:989 ^ 97.
20. Brognard J, Clark AS, Ni Y, Dennis PA. Akt/protein
kinase B is constitutively active in non-small cell lung
cancer cells and promotes cellular survival and resistance to chemotherapy and radiation. Cancer Res
2001;61:3986 ^ 97.
21. Clark AS, West K, Streicher S, Dennis PA. Constitutive and inducible Akt activity promotes resistance to
chemotherapy, trastuzumab, or tamoxifen in breast
cancer cells. Mol CancerTher 2002;1:707 ^ 17.
22. Hu L, Hofmann J, LuY, Mills GB, Jaffe RB. Inhibition
of phosphatidylinositol 3V-kinase increases efficacy of
paclitaxel in in vitro and in vivo ovarian cancer models.
Cancer Res 2002;62:1087 ^ 92.
23. West KA, Castillo SS, Dennis PA. Activation of the
PI3K/Akt pathway and chemotherapeutic resistance.
Drug Resist Updat 2002;5:234 ^ 48.

687

24. Giaccone G. Epidermal growth factor receptor inhibitors in the treatment of non-small-cell lung cancer.
J Clin Oncol 2005;23:3235 ^ 42.
25. Minna JD, DowellJ. Erlotinib hydrochloride. Nat Rev
Drug Discov 2005;Suppl:S14 ^ 5.
26. Mellinghoff IK, Sawyers CL. TORward AKTually
useful mouse models. Nat Med 2004;10:579 ^ 80.
27. Kim HW, Park IK, Cho CS, et al. Aerosol delivery of
glucosylated polyethylenimine/phosphatase and tensin homologue deleted on chromosome 10 complex
suppresses Akt downstream pathways in the lung of
K-ras null mice. Cancer Res 2004;64:7971 ^ 6.
28. Semba S, Itoh N, Ito M, Harada M, Yamakawa M.
The in vitro and in vivo effects of 2-(4-morpholinyl)8-phenyl-chromone (LY294002), a specific inhibitor
of phosphatidylinositol 3V-kinase, in human colon cancer cells. Clin Cancer Res 2002;8:1957 ^ 63.
29. Itoh N, Semba S, Ito M, Takeda H, Kawata S,
Yamakawa M. Phosphorylation of Akt/PKB is required
for suppression of cancer cell apoptosis and tumor
progression in human colorectal carcinoma. Cancer
2002;94:3127 ^ 34.
30. Hu L, Zaloudek C, Mills GB, GrayJ, Jaffe RB. In vivo
and in vitro ovarian carcinoma growth inhibition by a
phosphatidylinositol 3-kinase inhibitor (LY294002).
Clin Cancer Res 2000;6:880 ^ 6.
31. Lemke LE, Paine-Murrieta GD, Taylor CW, Powis G.
Wortmannin inhibits the growth of mammary tumors despite the existence of a novel wortmannininsensitive phosphatidylinositol-3-kinase. Cancer
Chemother Pharmacol 1999;44:491 ^ 7.
32. Schultz RM, Merriman RL, Andis SL, et al. In vitro
and in vivo antitumor activity of the phosphatidylinositol-3-kinase inhibitor, wortmannin. Anticancer Res
1995;15:1135 ^ 9.
33. Workman P. Inhibiting the phosphoinositide 3kinase pathway for cancer treatment. Biochem Soc
Trans 2004;32:393 ^ 6.
34.Varticovski L, Lu ZR, Mitchell K, deAos I, KopecekJ.
Water-soluble HPMA copolymer-wortmannin conjugate retains phosphoinositide 3-kinase inhibitory
activity in vitro and in vivo. J Control Release 2001;
74:275 ^ 81.
35. Ihle NT, Williams R, Chow S, et al. Molecular pharmacology and antitumor activity of PX-866, a novel
inhibitor of phosphoinositide-3-kinase signaling. Mol
CancerTher 2004;3:763 ^ 72.

Clin Cancer Res 2006;12(3) February 1, 2006

Downloaded from clincancerres.aacrjournals.org on November 20, 2019. © 2006 American Association for
Cancer Research.

Review
36. Geng L,Tan J, Himmelfarb E, et al. A specific antagonist of the p110delta catalytic component of phosphatidylinositol 3V-kinase, IC486068, enhances
radiation-induced tumor vascular destruction. Cancer
Res 2004;64:4893 ^ 9.
37. Fujiwara H, Matsunaga K, Saito M, et al. Halenaquinone, a novel phosphatidylinositol 3-kinase inhibitor
from a marine sponge, induces apoptosis in PC12 cells.
Eur J Pharmacol 2001;413:37 ^ 45.
38. Cao S, Foster C, Brisson M, Lazo JS, Kingston DG.
Halenaquinone and xestoquinone derivatives, inhibitors of Cdc25B phosphatase from a Xestospongia sp.
Bioorg Med Chem 2005;13:999 ^ 1003.
39. Udeani GO, Gerhauser C, Thomas CF, et al. Cancer
chemopreventive activity mediated by deguelin, a
naturally occurring rotenoid. Cancer Res 1997;57:
3424 ^ 8.
40. Murillo G, Kosmeder JW 2nd, Pezzuto JM, Mehta
RG. Deguelin suppresses the formation of carcinogen-induced aberrant crypt foci in the colon of CF-1
mice. Int J Cancer 2003;104:7 ^ 11.
41. Chun KH, Kosmeder JW III, Sun S, et al. Effects of
deguelin on the phosphatidylinositol 3-kinase/akt
pathway and apoptosis in premalignant human bronchial epithelial cells. J Natl Cancer Inst 2003;95:
291 ^ 302.
42. Sato S, Fujita N, Tsuruo T. Interference with PDK1Akt survival signaling pathway by UCN-01 (7-hydroxystaurosporine). Oncogene 2002;21:1727 ^ 38.
43. Wan X, Yokoyama Y, Shinohara A, Takahashi Y,
Tamaya T. PTEN augments staurosporine-induced
apoptosis in PTEN-null Ishikawa cells by downregulating PI3K/Akt signaling pathway. Cell Death Differ
2002;9:414 ^ 20.
44. Yokoyama Y, Shinohara A, Takahashi Y, et al. Synergistic effects of danazol and mifepristone on the cytotoxicity of UCN-01 in hormone-responsive breast
cancer cells. Anticancer Res 2000;20:3131 ^ 5.
45. Akinaga S, Nomura K, Gomi K, Okabe M. Enhancement of antitumor activity of mitomycin C in vitro and
in vivo by UCN-01, a selective inhibitor of protein
kinase C. Cancer Chemother Pharmacol 1993;32:
183 ^ 9.
46. Bunch RT, Eastman A. Enhancement of cisplatininduced cytotoxicity by 7-hydroxystaurosporine
(UCN-01), a new G2-checkpoint inhibitor. Clin Cancer
Res 1996;2:791 ^ 7.
47. Busby EC, Leistritz DF, Abraham RT, Karnitz LM,
Sarkaria JN. The radiosensitizing agent 7-hydroxystaurosporine (UCN-01) inhibits the DNA damage
checkpoint kinase hChk1. Cancer Res 2000;60:
2108 ^ 12.
48. Harvey S, Decker R, Dai Y, et al. Interactions between 2-fluoroadenine 9-beta-D-arabinofuranoside
and the kinase inhibitor UCN-01 in human leukemia
and lymphoma cells. Clin Cancer Res 2001;7:320 ^ 30.
49. Hsueh CT, Kelsen D, Schwartz GK. UCN-01 suppresses thymidylate synthase gene expression and
enhances 5-fluorouracil-induced apoptosis in a
sequence-dependent manner. Clin Cancer Res
1998;4:2201 ^ 6.
50. Sampath D, Shi Z, Plunkett W. Inhibition of cyclindependent kinase 2 by the Chk1-Cdc25A pathway
during the S-phase checkpoint activated by fludarabine: dysregulation by 7-hydroxystaurosporine. Mol
Pharmacol 2002;62:680 ^ 8.
51. Shi Z, Azuma A, Sampath D, LiYX, Huang P, Plunkett
W. S-Phase arrest by nucleoside analogues and abrogation of survival without cell cycle progression by 7hydroxystaurosporine. Cancer Res 2001;61:1065 ^ 72.
52. Tang L, Boise LH, Dent P, Grant S. Potentiation of
1-beta-D-arabinofuranosylcytosine-mediated mitochondrial damage and apoptosis in human leukemia
cells (U937) overexpressing bcl-2 by the kinase inhibitor 7-hydroxystaurosporine (UCN-01). Biochem
Pharmacol 2000;60:1445 ^ 56.
53. Wang S, Vrana JA, Bartimole TM, et al. Agents that
down-regulate or inhibit protein kinase C circumvent
resistance to 1-beta-D-arabinofuranosylcytosine-induced apoptosis in human leukemia cells that overexpress Bcl-2. Mol Pharmacol 1997;52:1000 ^ 9.

54. Graves PR,Yu L, Schwarz JK, et al.The Chk1protein
kinase and the Cdc25C regulatory pathways are
targets of the anticancer agent UCN-01. J Biol Chem
2000;275:5600 ^ 5.
55. Sausville EA, Arbuck SG, Messmann R, et al. Phase
I trial of 72-hour continuous infusion UCN-01 in
patients with refractory neoplasms. J Clin Oncol
2001;19:2319 ^ 33.
56. Zhu J, Huang JW,Tseng PH, et al. From the cyclooxygenase-2 inhibitor celecoxib to a novel class of
3-phosphoinositide-dependent protein kinase-1
inhibitors. Cancer Res 2004;64:4309 ^ 18.
57. Ding H, Han C, Zhu J, Chen CS, D’Ambrosio SM.
Celecoxib derivatives induce apoptosis via the disruption of mitochondrial membrane potential and activation of caspase 9. Int J Cancer 2005;113:803 ^ 10.
58. Feldman RI,Wu JM, Polokoff MA, et al. Novel small
molecule inhibitors of 3-phosphoinositide-dependent
kinase-1. J Biol Chem 2005;280:19867 ^ 74.
59. Kondapaka SB, Singh SS, Dasmahapatra GP, Sausville EA, Roy KK. Perifosine, a novel alkylphospholipid,
inhibits protein kinase B activation. Mol Cancer Ther
2003;2:1093 ^ 103.
60. Crul M, Rosing H, de Klerk GJ, et al. Phase I and
pharmacological study of daily oral administration of
perifosine (D-21266) in patients with advanced solid
tumours. Eur J Cancer 2002;38:1615 ^ 21.
61.Van Ummersen L, Binger K,Volkman J, et al. A phase
I trial of perifosine (NSC 639966) on a loading dose/
maintenance dose schedule in patients with advanced
cancer. Clin Cancer Res 2004;10:7450 ^ 6.
62. Castillo SS, Brognard J, Petukhov PA, et al. Preferential inhibition of Akt and killing of Akt-dependent
cancer cells by rationally designed phosphatidylinositol ether lipid analogues. Cancer Res 2004;64:
2782 ^ 92.
63. Martelli AM, Tazzari PL, Tabellini G, et al. A new
selective AKT pharmacological inhibitor reduces resistance to chemotherapeutic drugs,TRAIL, all-trans-retinoic acid, and ionizing radiation of human leukemia
cells. Leukemia 2003;17:1794 ^ 805.
64. Meuillet EJ, Mahadevan D, Vankayalapati H, et al.
Specific inhibition of the Akt1pleckstrin homology domain by D-3-deoxy-phosphatidyl-myo-inositol analogues. Mol CancerTher 2003;2:389 ^ 99.
65. Meuillet EJ, Ihle N, Baker AF, et al. In vivo molecular
pharmacology and antitumor activity of the targeted
Akt inhibitor PX-316. Oncol Res 2004;14:513 ^ 27.
66. Yang L, Dan HC, Sun M, et al. Akt/protein kinase B
signalinginhibitor-2, a selective smallmoleculeinhibitor
of Akt signaling with antitumor activity in cancer cells
overexpressing Akt. Cancer Res 2004;64:4394 ^ 9.
67. Schweinsberg PD, Smith RG, LooTL. Identification of
the metabolites of an antitumor tricyclic nucleoside
(NSC-154020). Biochem Pharmacol1981;30:2521 ^ 6.
68. Feun LG, Blessing JA, Barrett RJ, Hanjani P. A
phase II trial of tricyclic nucleoside phosphate in
patients with advanced squamous cell carcinoma of
the cervix. A Gynecologic Oncology Group Study.
Am J Clin Oncol 1993;16:506 ^ 8.
69. Feun LG, Savaraj N, Bodey GP, et al. Phase I study
of tricyclic nucleoside phosphate using a five-day continuous infusion schedule. Cancer Res 1984;44:
3608 ^ 12.
70. Jin X, Gossett DR, Wang S, et al. Inhibition of AKT
survival pathway by a small molecule inhibitor in human endometrial cancer cells. Br J Cancer 2004;91:
1808 ^ 12.
71. LuoY, Shoemaker AR, Liu X, et al. Potent and selective inhibitors of Akt kinases slow the progress of
tumors in vivo. Mol CancerTher 2005;4:977 ^ 86.
72. Lindsley CW, Zhao Z, Leister WH, et al. Allosteric
Akt (PKB) inhibitors: discovery and SAR of isozyme
selective inhibitors. Bioorg Med Chem Lett 2005;15:
761 ^ 4.
73. Barnett SF, Defeo-Jones D, Fu S, et al. Identification
and characterization of pleckstrin-homology-domaindependent and isoenzyme-specific Akt inhibitors.
Biochem J 2005;385:399 ^ 408.
74. Defeo-Jones D, Barnett SF, Fu S, et al. Tumor cell
sensitization to apoptotic stimuli by selective inhibition

Clin Cancer Res 2006;12(3) February 1, 2006

688

of specific Akt/PKB family members. Mol CancerTher
2005;4:271 ^ 9.
75. Reuveni H, Livnah N, Geiger T, et al. Toward a PKB
inhibitor: modification of a selective PKA inhibitor by
rational design. Biochemistry 2002;41:10304 ^ 14.
76. Shaw YJ, Yang YT, Garrison JB, Kyprianou N, Chen
CS. Pharmacological exploitation of the alpha1adrenoreceptor antagonist doxazosin to develop a
novel class of antitumor agents that block intracellular
protein kinase B/Akt activation. JMed Chem 2004;47:
4453 ^ 62.
77. Hiromura M, Okada F, ObataT, et al. Inhibition of Akt
kinase activity by a peptide spanning the betaA strand
of the proto-oncogene TCL1. J Biol Chem 2004;279:
53407 ^ 18.
78. Luo Y, Smith RA, Guan R, et al. Pseudosubstrate
peptides inhibit Akt and induce cell growth inhibition.
Biochemistry 2004;43:1254 ^ 63.
79. Shin I, Edl J, Biswas S, Lin PC, Mernaugh R, Arteaga
CL. Proapoptotic activity of cell-permeable anti-Akt
single-chainantibodies. Cancer Res 2005;65:2815 ^ 24.
80. Jetzt A, Howe JA, Horn MT, et al. Adenoviral-mediated expression of a kinase-dead mutant of Akt induces
apoptosis selectively in tumor cells and suppresses tumor growth in mice. Cancer Res 2003;63:6697 ^ 706.
81. Raymond E, Alexandre J, Depenbrock IL, et al. CCI779, a rapamycin analog with antitumor activity: a
phase I study utilizing a weekly schedule. Proc Am
Soc Clin Oncol 2000;19:187a.
82. Hidalgo M, Rowinsky E, Erlichman C, et al. CCI-779,
a rapamycin analog and multifaceted inhibitor of signal
transduction: a phase I study. Proc Am Soc Clin Oncol
2000 abstract 726.
83. Forouzesh B, Buckner J, Adjei A, et al. Phase I, bioavailability, and pharmacokinetic study of oral dosage
of CCI-779 administered to patients with advanced
solid malignancies. Eur J Cancer 2002;38:S54.
84. Buckner J, Prados M, Rowinsky E, et al. A phase I
study of the safety tolerability, and pharmacokinetics
of intravenous CCI-779 given once daily for 5 days every 2 weeks to patients with CNS tumors. NeuroOncol 2000;4:365.
85. Chan S, Johnston S, Scheulen M. First report: a
phase II study of the safety and activity of CCI-779
for patients with locally advanced or metastatic breast
cancer failing prior chemotherapy. Proc Am Soc Clin
Oncol 2002;21:44a.
86. Witzig TE, Greyer SM, Ghobrial I, et al. Phase II
trial of single-agent temsirolimus (CCI-779) for
relapsed mantle cell lymphoma. J Clin Oncol 2005;
23:5347 ^ 56.
87. Galanis E, BucknerJC, Maurer MJ, et al. Phase II Trial
of Temsirolimus (CCI-779) in Recurrent Glioblastoma
Multiforme: A North Central Cancer Treatment Group
Study. J Clin Oncol 2005;23:5294 ^ 304.
88. Margolin K, Longmate J, BarattaT, et al. CCI-779 in
metastatic melanoma: a phase II trial of the California
Cancer Consortium. Cancer 2005;104:1045 ^ 8.
89. O’Donnel A, Faivre S, Judson I, et al. A phase I study
of the oral mTOR inhibitor RAD001as monotherapy to
identify the optimal biologically effective dose using
toxicity, pharmacokinetic (PK) and pharmacodynamic
(PD) endpoints in patients with solid tumors. Proc Am
Soc Clin Oncol 2003;22:200.
90. Mita MM, Rowinsky EK, Goldston ML, et al. Phase I,
pharmacokinetic (PK), and pharmacodynamic (PD)
study of AP23573, an mTOR inhibitor, administered IV
daily X5 every other week in patients (pts) with refractory or advanced malignancies. Proc Am Soc Clin
Oncol 2004;Abstract:3076.
91. Desai AA, Janisch L, Berk LR, et al. A phase I trial of
a novel mTOR inhibitor AP23573 administered weekly
(wkly) in patients (pts) with refractory or advanced
malignancies: a pharmacokinetic (PK) and pharmacodynamic (PD) analysis. Proc Am Soc Clin Oncol
2004;22:3150.
92. Atkins MB, Hidalgo M, Stadler WM, et al. Randomized phase II study of multiple dose levels of CCI-779,
a novel mammalian target of rapamycin kinase inhibitor,
inpatients withadvanced refractory renalcellcarcinoma.
JClin Oncol 2004;22:909 ^ 18.

www.aacrjournals.org

Downloaded from clincancerres.aacrjournals.org on November 20, 2019. © 2006 American Association for
Cancer Research.

Inhibitors of the PI3K/Akt/mTOR Pathway
93. Milton DT, Kris MG, Azzoli CG, et al. Phase I/II Trial
of Gefitinib and RAD001 (Everolmus) in Patients (pts)
with Advanced Non-Small Cell Lung Cancer
(NSCLC). ASCO Annual Meeting 2005;Abstract number 7104.
94. van Oosterom A, Reichardt P, Blay J, et al. A phase
I/II trial of the oral mTOR-inhibitor Everolimus (E) and
Imatinib Mesylate (IM) in patients (pts) with gastrointestinal stromal tumor (GIST) refractory to IM: Study
update. ASCO Annual Meeting 2005;Abstract
number 9033.
95. Shah OJ,Wang Z, HunterT. Inappropriate activation
of theTSC/Rheb/mTOR/S6K cassette induces IRS1/2
depletion, insulin resistance, and cell survival deficiencies. Curr Biol 2004;14:1650 ^ 6.
96. Cho H, Mu J, Kim JK, et al. Insulin resistance and a
diabetes mellitus-like syndrome in mice lacking the
protein kinase Akt2 (PKB beta). Science 2001;292:
1728 ^ 31.
97. Chen WS, Xu PZ, Gottlob K, et al. Growth retardation and increased apoptosis in mice with homozygous disruption of the Akt1gene. Genes Dev 2001;15:
2203 ^ 8.
98. Easton RM, Cho H, Roovers K, et al. Role for Akt3/
protein kinase Bgamma in attainment of normal brain
size. Mol Cell Biol 2005;25:1869 ^ 78.
99. Tschopp O,Yang ZZ, Brodbeck D, et al. Essential role
of protein kinase B{gamma} (PKB{gamma}/Akt3) in
postnatal brain development but not in glucose homeostasis. Development 2005;132:2943 ^ 54.
100. Yuan J,Yankner BA. Apoptosis in the nervous system. Nature 2000;407:802 ^ 9.
101. Emamian ES, Hall D, Birnbaum MJ, Karayiorgou M,
Gogos JA. Convergent evidence for impaired AKT1GSK3beta signaling in schizophrenia. Nat Genet
2004;36:131 ^ 7.
102. Ikeda M, Iwata N, Suzuki T, et al. Association of
AKT1 with schizophrenia confirmed in a Japanese
population. Biol Psychiatry 2004;56:698 ^ 700.
103. Dahia PM, Gimm O, Chi H, Marsh DJ, Reynolds
PR, Eng C. Absence of germline mutations in MINPP1,
a phosphatase encoding gene centromeric of PTEN, in
patients with Cowden and Bannayan-Riley-Ruvalcaba
syndrome without germline PTEN mutations. J Med
Genet 2000;37:715 ^ 7.
104. Li J,Yen C, Liaw D, et al. PTEN, a putative protein
tyrosine phosphatase gene mutated in human brain,
breast, and prostate cancer. Science 1997;275:
1943 ^ 7.
105. Rasheed BK, Stenzel TT, McLendon RE, et al.
PTEN gene mutations are seen in high-grade but not
in low-grade gliomas. Cancer Res 1997;57:4187 ^ 90.
106. Ali IU, Schriml LM, Dean M. Mutational spectra of
PTEN/MMAC1 gene: a tumor suppressor with lipid
phosphatase activity. J Natl Cancer Inst 1999;91:
1922 ^ 32.
107. Aveyard JS, Skilleter A, Habuchi T, Knowles MA.
Somatic mutation of PTEN in bladder carcinoma. Br J
Cancer 1999;80:904 ^ 8.

www.aacrjournals.org

108. Dreher T, Zentgraf H, Abel U, et al. Reduction of
PTEN and p27kip1 expression correlates with tumor
grade in prostate cancer. Analysis in radical prostatectomy specimens and needle biopsies. Virchows Arch
2004;444:509 ^ 17.
109. Tamura G. Promoter methylation status of tumor
suppressor and tumor-related genes in neoplastic and
non-neoplastic gastric epithelia. Histol Histopathol
2004;19:221 ^ 8.
110. SoriaJC, Lee HY, LeeJI, et al. Lack of PTEN expression in non-small cell lung cancer could be related
to promoter methylation. Clin Cancer Res 2002;8:
1178 ^ 84.
111. Salvesen HB, MacDonald N, Ryan A, et al. PTEN
methylation is associated with advanced stage and
microsatellite instability in endometrial carcinoma. Int
J Cancer 2001;91:22 ^ 6.
112. Kang YH, Lee HS, Kim WH. Promoter methylation
and silencing of PTEN in gastric carcinoma. Lab Invest
2002;82:285 ^ 91.
113. Shayesteh L, Lu Y, Kuo WL, et al. PIK3CA is implicated as an oncogene in ovarian cancer. Nat Genet
1999;21:99 ^ 102.
114. Ma YY, Wei SJ, Lin YC, et al. PIK3CA as an
oncogene in cervical cancer. Oncogene 2000;19:
2739 ^ 44.
115. SamuelsY,Wang Z, Bardelli A, et al. High frequency
of mutations of the PIK3CA gene in human cancers.
Science 2004;304:554.
116. Lee JW, Soung YH, Kim SY, et al. PIK3CA gene is
frequently mutated in breast carcinomas and hepatocellular carcinomas. Oncogene 2005;24:1477 ^ 80.
117. Bachman KE, Argani P, SamuelsY, et al.The PIK3CA
gene is mutated with high frequency in human breast
cancers. Cancer Biol Ther 2004;3:772 ^ 5.
118. Campbell IG, Russell SE, Choong DY, et al. Mutation of the PIK3CA gene in ovarian and breast cancer.
Cancer Res 2004;64:7678 ^ 81.
119. Philp AJ, Campbell IG, Leet C, et al.The phosphatidylinositol 3V-kinase p85alpha gene is an oncogene in
human ovarian and colon tumors. Cancer Res 2001;61:
7426 ^ 9.
120. Staal SP. Molecular cloning of the akt oncogene
and its human homologues AKT1 and AKT2: amplification of AKT1in a primary human gastric adenocarcinoma. Proc Natl Acad Sci U S A 1987;84:5034 ^ 7.
121. Bellacosa A, de Feo D, Godwin AK, et al. Molecular
alterations of the AKT2 oncogene in ovarian and
breast carcinomas. Int J Cancer 1995;64:280 ^ 5.
122. Cheng JQ, Ruggeri B, Klein WM, et al. Amplification of AKT2 in human pancreatic cells and inhibition
of AKT2 expression and tumorigenicity by antisense
RNA. Proc Natl Acad Sci U S A 1996;93:3636 ^ 41.
123. Ruggeri BA, Huang L, Wood M, Cheng JQ, Testa
JR. Amplification and overexpression of the AKT2 oncogene in a subset of human pancreatic ductal adenocarcinomas. Mol Carcinog 1998;21:81 ^ 6.
124. Nakatani K, Thompson DA, Barthel A, et al. Up-

689

regulation of Akt3 in estrogen receptor-deficient
breast cancers and androgen-independent prostate
cancer lines. J Biol Chem 1999;274:21528 ^ 32.
125. Schultz RM, Merriman RL, Andis SL, et al. In vitro
and in vivo antitumor activity of the phosphatidylinositol-3- kinase inhibitor, wortmannin. Anticancer Res
1995;15:1135 ^ 9.
126. Shankar SL, Krupski M, Parashar B, et al. UCN-01
alters phosphorylation of Akt and GSK3beta and induces apoptosis in six independent human neuroblastoma cell lines. J Neurochem 2004;90:702 ^ 11.
127. Komander D, Kular GS, Bain J, Elliott M, Alessi DR,
Van Aalten DM. Structural basis for UCN-01 (7hydroxystaurosporine) specificity and PDK1 (3-phosphoinositide-dependent protein kinase-1) inhibition.
Biochem J 2003;375:255 ^ 62.
128. Martelli AM, Tazzari PL, Tabellini G, et al. A new
selective AKT pharmacological inhibitor reduces resistance to chemotherapeutic drugs,TRAIL, all-trans-retinoic acid, and ionizing radiation of human leukemia
cells. Leukemia 2003;17:1794 ^ 1805.
129. SeufferleinT, Rozengurt E. Rapamycin inhibits constitutive p70s6k phosphorylation, cell proliferation,
and colony formation in small cell lung cancer cells.
Cancer Res 1996;56:3895 ^ 7.
130. Hidalgo M, Rowinsky EK. The rapamycin-sensitive
signal transduction pathway as a target for cancer
therapy. Oncogene 2000;19:6680 ^ 6.
131. Geoerger B, Kerr K,Tang CB, et al. Antitumor activity of the rapamycin analog CCI-779 in human primitive neuroectodermal tumor/medulloblastoma models
as single agent and in combination chemotherapy.
Cancer Res 2001;61:1527 ^ 32.
132. Dudkin L, Dilling MB, Cheshire PJ, et al. Biochemical correlates of mTOR inhibition by the rapamycin ester CCI-779 and tumor growth inhibition. Clin Cancer
Res 2001;7:1758 ^ 64.
133. Hidalgo M, Atkins M, Stadler W, et al. A randomized double-blind phase II study of intravenous (IV)
CCI-779 administered weekly to patients with advanced renal cell carcinoma (RCC): Prognostic factor
analysis. Proc Am Soc Clin Oncol 2003;22:201.
134. Smith J, Ko Y, Dutcher J, et al. Update of a phase I
study of intravenous CCI-779 given in combination with interferon-a to patients with advanced renal
cell carcinoma. Proc Am Soc Clin Oncol 2004;
23:384.
135. Boulay A, Zumstein-Mecker S, Stephan C, et al.
Antitumor efficacy of intermittent treatment schedules
with the rapamycin derivative RAD001correlates with
prolonged inactivation of ribosomal protein S6 kinase
1 in peripheral blood mononuclear cells. Cancer Res
2004;64:252 ^ 61.
136. Van Oosterom A, Dumez H, Desai J, et al. Combination signal transduction inhibition: a phase I/II trial of
the oral mTOR-inhibitor everolimus (E, RAD-001) and
imatinib mesylate (IM) in patients with gastrointestinal
stromal tumor (GIST) refractory to IM. Proc Am Soc
Clin Oncol 2004;23:3002.

Clin Cancer Res 2006;12(3) February 1, 2006

Downloaded from clincancerres.aacrjournals.org on November 20, 2019. © 2006 American Association for
Cancer Research.

Handicapping the Race to Develop Inhibitors of the
Phosphoinositide 3-Kinase/Akt/Mammalian Target of
Rapamycin Pathway
Courtney A. Granville, Regan M. Memmott, Joell J. Gills, et al.
Clin Cancer Res 2006;12:679-689.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://clincancerres.aacrjournals.org/content/12/3/679

This article cites 129 articles, 63 of which you can access for free at:
http://clincancerres.aacrjournals.org/content/12/3/679.full#ref-list-1
This article has been cited by 22 HighWire-hosted articles. Access the articles at:
http://clincancerres.aacrjournals.org/content/12/3/679.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://clincancerres.aacrjournals.org/content/12/3/679.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's
(CCC)
Rightslink site.

Downloaded from clincancerres.aacrjournals.org on November 20, 2019. © 2006 American Association for
Cancer Research.

