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DISCOVERY

EXPLOITING THE PI3K/AKT
PATHWAY FOR CANCER DRUG

pathway for cancer drug discovery.

The phosphatidylinositol-3-kinase (PI3K) signalling
pathway is crucial to many aspects of cell growth and
survival. It is targeted by genomic aberrations includ-
ing mutation, amplification and rearrangement more
frequently than any other pathway in human cancer,
with the possible exception of the p53 and retino-
blastoma (Rb) pathways, although these pathways
crosstalk at multiple levels and constitute a signalling
network implicated in tumour initiation and progres-
sion. In addition, the PI3K pathway is stimulated as
a physiological consequence of many growth factors
and regulators. Whatever the mechanism, activation
of the PI3K pathway results in a disturbance of con-
trol of cell growth and survival, which contributes to a
competitive growth advantage, metastatic competence
and, frequently, therapy resistance. This pathway is
therefore an attractive target for the development of
novel anticancer agents.

Opportunities and challenges

In contrast to p53 and other tumour-suppressor path-
ways, the PI3K pathway is activated in cancer, mak-
ing this an optimal target for therapy as it is easier to
inhibit activation events than to replace lost tumour-
suppressor function. More than 20 companies and
academic centres have declared active programmes
in this area (TABLE 1). Despite major interest and
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Abstract | Evolving studies with several different targeted therapeutic agents are demonstrating
that patients with genomic alterations of the target, including amplification, translocation and
mutation, are more likely to respond to the therapy. Recent studies indicate that numerous
components of the phosphatidylinositol-3-kinase (PISK)/AKT pathway are targeted by
amplification, mutation and translocation more frequently than any other pathway in cancer
patients, with resultant activation of the pathway. This warrants exploiting the PI3K/AKT

widespread screening, no drugs developed to spe-
cifically target the pathway have progressed to cancer
clinical trials, although several are likely to enter trials
in the next year. A number of drugs in clinical use or
preclinical evaluation originally developed for other
purposes or identified in non-PI3K pathway screens
have been demonstrated to directly or indirectly tar-
get PI3K signalling. These include mammalian tar-
get of rapamycin (mTOR) inhibitors of the ‘rapalog’
family of rapamycin analogues, ether lipids (such as
perifosine and miltefosine), and inhibitors of epider-
mal growth factor receptor (EGFR), HER2/neu, c-Kit,
platelet-derived growth factor receptor (PDGFR) and
BCR-ABL. However, with the exception of mTOR
inhibitors, which seem to solely target the PI3K
pathway, whether functional outcomes of these drugs
relate to inhibition of the PI3K pathway or to other
effects is unknown. Because of the frequency of PI3K
mutations and signalling abnormalities in neoplasia
and their multiple downstream effects, it is expected
that an expanding repertoire of drugs targeting the
PI3K pathway will be rapidly developed, evaluated
and incorporated into the management of different
cancers. As the PI3K pathway is important for many
normal cellular functions and, in particular, signal-
ling by insulin, the main limiting factor to imple-
menting drugs that inhibit the pathway will probably
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Table 1 | Current drugs in development that target the PISK or related pathways

Effect on Target Examples Company/centre Status
pathway
Direct PI3K Ly294002 Lilly Poor pharmacology
Wortmannin analogues  PROLX Preclinical
PX-866 Lilly Preclinical leads
SF1124 Semafore Preclinical leads
PEG Wortmannin Echelon Preclinical
Wyeth Preclinical
Baxter Preclinical
ICOS Preclinical
P1108 Plramed
P1100. Plramed
Pan-inhibitor Cerylid
KN309 Cerylid/Kinacia
PDK1 Berlex All are preclinical
Lilly
ICOS
Vertex
ILK QLT Preclinical
AKT kinase domain QLT Preclinical
Abbott
Novartis
Lilly
Vertex
Roche
Celgene
Novartis
Kinacia/Cerylid
PX316 Biolmage Screening
PROLX Preclinical
PH domain Miltefosine Zentaris Approved in Europe for
breast cancer
Perifosine Keryx In clinical trial for
leishmaniasis
Phase |l
NIH Preclinical
Schering
Merck
Celgene
mTOR Rapamycin Wyeth
CCI779 Wyeth/NCI/CTEP Approved
Rad 001 Novartis Phase I
AP23573 Ariad Phase |l
AP23841 Ariad Phase I
AP23573 Ariad Preclinical
P70%¢ kinase Lilly
Forkhead Calmodulin inhibitors Harvard Clinical trials
translocation Bioimage Preclinical
Indirect Growth factor EGFR Multiple Preclinical to approved
receptors HER2
Insulin
Integrins
Intracellular kinases Src Multiple
Abl

EGFR, epidermal growth factor receptor; ILK1, integrin-linked kinase; mTOR, mammalian target of rapamycin; NIH, National

Institutes of Health; PDK1, phosphoinositide-dependent kinase 1; PI3K, phosphatidylinositol-3-kinase.

be the identification of targets and drugs with a suf-
ficient therapeutic index to warrant clinical imple-
mentation. Whether these drugs will demonstrate
antitumour activity alone or in combination with
other agents is unknown. In particular, as the PI3K
pathway is a crucial regulator of survival during
cellular stress, and given that tumours frequently exist
in intrinsically stressful environments with limited
nutrient and oxygen supply and low pH, inhibition

of the PI3K pathway is likely to find optimal efficacy
in combination approaches to induce cell stress,
including combination with other signal-transduc-
tion inhibitors and with chemotherapy or radiation
therapy.

As PI3K pathway inhibitors are integrated into
clinical practice, it will be crucial to develop methods
to identify those patients with tumours ‘driven’ by
molecular abnormalities that can be exploited by these
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Figure 1 | Schematic of signalling through the phosphatidylinositol-3-kinase (PI3K)/AKT pathway. The PISK/AKT and
related pathways are important in internalizing the effects of external growth factors and of membrane tyrosine kinases.
Activation of membrane kinases including epidermal growth factor receptor (EGFR) by external growth factors initiates receptor
dimerization and subsequent events to activate these intracellular pathways. AKT is activated downstream of PI3K and has
multiple targets. AKT and the cellular energy sensors LKB1 (STK11) and AMP-activated protein kinase (AMPK) exert opposing
effects on mammalian target of rapamycin (MTOR), which is activated by AKT. ERK, extracellular signal regulated kinase; FKHR,
forkhead; GDP, guanosine diphosphate; IRS, insulin receptor substrate; GSK3, glycogen synthase kinase 3; MAPK, mitogen-
activated protein kinase; NF-xB, nuclear factor-xB; PIP,, phosphatidylinositol-3,4-diphosphate; PIP,, phosphatidylinositol-3,4,5-
triphosphate; PKC, protein kinase C; STAT, signal transducer and activator of transcription.

inhibitors. As it is not presently clear whether patients
with aberrations of particular isoforms or molecules in
the pathway will require treatment with drugs target-
ing particular points in the pathway, it will be impor-
tant to co-develop molecular markers and targeted
therapeutics. This approach will maximize the efficacy
and cost effectiveness of these new therapies and mini-
mize needless patient exposure. Further, an ability to
pre-select patients who are likely to respond, and to
identify patients not responding at an early point dur-
ing treatment and triage them to alternative therapies,
will greatly increase the likelihood of demonstrating
efficacy and decrease the size, cost and duration of
clinical trials while concurrently protecting patent life,
an approach favoured by drug companies and recently
the FDA. Once a targeted therapeutic is approved for
use in a selected population of patients, post-market-
ing studies can be used to identify the spectrum of
diseases and combination therapies most effective.
This approach was highly successful with imatinib
mesylate (Gleevec; Novartis), which was developed
for treatment of chronic myeloid leukaemia (CML)
based on CML being almost exclusively defined by
the BCR-ABL fusion oncogene. Imatinib was subse-
quently found to be highly effective in targeting genetic

aberrations in other diseases, such as mutational activa-
tion of c-Kit in gastrointestinal stromal tumours (GIST)
or the PDGFR in dermatofibrosarcoma protuberans
and hypereosinophilic syndrome.

The PISK/AKT pathway: overview
PI3Ks. The PI3K family constitutes a large family of
lipid and serine/threonine kinases, which includes a
number of phosphatidylinositol kinases, as well as the
related DNA-dependent protein, ataxia telangiectasia-
mutated (ATM) and ataxia telangiectasia and Rad3
related (ATR) kinases'™. Class 1A PI3Ks are composed
of heterodimers of an inhibitory adaptor/regulatory
(p85) and a catalytic (p110) subunit. p85 binds and
integrates signals from various cellular proteins, includ-
ing transmembrane tyrosine kinase-linked receptors
and intracellular proteins such as protein kinase C
(PKC), SHPI, Rac, Rho, hormonal receptors, mutated
Ras and Src, providing an integration point for activa-
tion of p110 and downstream molecules (FIG. 1). The
SH2 domain of p85 has two major divergent functional
activities: activation of small G-proteins and relief of
trans-inhibition of p110.

Upon activation, PI3Ks phosphorylate phospha-
tidylinositol-4,5-bisphosphate (PtdIns(4,5)P ; FIG. 2)
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probe the function of PI3K: wortmannin, a fungal
metabolite that irreversibly inhibits p110 by reacting
covalently with the catalytic site®, and the flavenoid
derivative LY294002, a reversible inhibitor which,
° like wortmannin, inhibits all class I PI3Ks. However,
both inhibitors have off-target activity. As a result,
the effects of these inhibitors might not solely be a
I consequence of PI3K inhibition. Many inhibitors with
° greater selectivity are under development, providing

Figure 2 | The structure of phosphatidylinositol. The free hydroxyls are at positions 2-6 of higher—quality chemical probes with which to study

the inositol head.

to produce PtdIns(3,4,5)P3, a second messenger
that binds a subset of pleckstrin-homology (PH),
FYVE, Phox (PX), C1, C2 and other lipid-binding
domains in downstream targets to recruit them to the
activation nidus at the membrane. The PH domain
is the predominant domain involved in this interac-
tion although only a subset of PH domains bind to
PtdIns(3,4,5)P,, providing one level of specificity to the
interaction. Genetic screens in model organisms have
identified AKT as the primary downstream mediator
of the effects of PI3K; however, the presence of a large
number of proteins with FYVE, PH and other lipid-
binding domains that interact with PtdIns(.’>,4,5)P3
suggest additional crucial targets. PtdIns(3,4,5)P, is
subsequently metabolized by SHIP-1 and -2 to gen-
erate PtdIns(3,4)P,, which regulates a separate sub-
set of PH domains and thus downstream signalling
molecules'*. PTEN dephosphorylates the 3’OH group
phosphorylated by PI3K, acting as the ‘yin’ tumour
suppressor to the ‘yang’ oncogene, PI3K.

There are three known isoforms of Class IA p110
(p1100/p110B/p1108), which contain an amino-termi-
nal p85/p55-interacting region, a domain that binds to
Ras, a PIK domain’ homologous to other phosphoinosit-
ide kinases, and a carboxy-terminal catalytic domain.
There are seven known p85/p55 subunits generated by
alternative splicing of three genes (p850/p8503/p55Y); all
can bind p110a/B/8". Biochemical and gene knockout
studies suggest that the different isoforms of p110 and
P85 preferentially mediate specific signalling processes,
with, however, a degree of redundancy. TABLE 2 lists some
differential functions associated with p110 isoforms’2".
Only p110c. and p850. have been found to be mutated
and p85a. to be translocated in tumours (see below).
Further, insulin and some growth factors preferentially
signal through p110f. This suggests that it might be
necessary to develop isoform-specific inhibitors to
decrease toxicity or pan inhibitors to increase efficacy.
The balance between efficacy and toxicity (therapeutic
index) can only be defined empirically using chemical
or functional genomics.

Class 1B PI3Ks consist of p110y and a regula-
tory subunit, p101, and are activated directly by
G-protein-coupled receptors and indirectly by other
receptors. All class I PI3Ks possess intrinsic pro-
tein kinase activity; p110 autophosphorylation and
phosphorylation of p85 downregulate activity of the
complex. Two chemical inhibitors have been used to

the function of the PI3K pathway and to explore the
potential therapeutic indices of novel inhibitors.

Class II PI3Ks are monomeric, lack adapter sub-
units and preferentially use PtdIns and PtdIns(4)P as
substrates®. Three mammalian class II isoforms have
been identified: the ubiquitously expressed PI3K-C2a
and PI3K-C2p, and liver-specific PI3K-C2y. Class III
PI3Ks are heterodimeric enzymes consisting of adap-
tor (p150) and catalytic (Vps34, 100 kDa) subunits;
the latter produce only PtdIns(3)P, are thought to be
central to vesicle trafficking and lack a Ras-binding
domain. Intriguingly, class III PI3K has been implicated
in regulation of autophagy, a phylogenetically con-
served process that enables survival under conditions
of cell stress.

AKT (protein kinase B). AKT, the human homologue
of the viral oncogene v-akt, is related to protein
kinases A (PKA) and C (PKC) in humans*=%, The
three known AKT isoforms are derived from distinct
genes (AKT1/PKBo, AKT2/PKBf and AKT3/PKBy).
The PH domain in the N-terminal region of AKT
interacts with 3’-phosphoinositides, contributing
to recruitment of AKT to the plasma membrane.
However, our recent studies suggest that the PH
domain is not sufficient for recruitment to the mem-
brane and that AKT interaction partners also have
a crucial role. Recruitment to the membrane results
in a conformational change that exposes two crucial
amino acids that are phosphorylated and necessary for
activation: one in the kinase domain (threonine 308
in AKT1) is phosphorylated by constitutively active
phosphoinositide-dependent kinase 1 (PDK1), stabi-
lizing the activation loop, whereas phosphorylation
of the other in the hydrophobic C-terminal domain
(serine 473 in AKT1) by PDK2 is necessary for full
activation®?. Several different potential PDK2s have
been identified, including the mTOR rictor complex
(but not the mTOR raptor complex inhibited by
rapamycin and its analogues), integrin-linked kinase
(ILK), PKCBIT and even AKT itself, thereby allowing
the pathway potential for feedback control”-*. How
these potential PDK2s interact to regulate AKT is not
yet understood. The relative roles of AKT signalling
at the membrane, the cytosol and the nucleus also
remain to be determined.

Isoforms of AKT have been implicated in specific
functions in cancer (AKT2 in motility/invasion and
AKT3 in hormone independence)®. In knockout
mice, elimination of different isoforms leads to
different developmental defects and alterations in
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Table 2 | Differential functions associated with p110 isoforms of PISK

Isoform Function

p110a
death at 10 days’

Deletion associated with defective mouse embryonic proliferation and

Mutated/amplified in human cancer. Constitutively active cardiac-specific
isoform leads to cardiomyopathy in mice®

p110B  Insulin signalling®

Lysophosphatidic acid signalling®

Cancer-cell motility!*

Vascular smooth-muscle cell chemotaxis!®

Phagocytosis by macrophages'®

Deletion associated with profound mouse embryonic proliferation
reduction and death at 3-7 days

Platelet thrombus formation®

p1108
signalling’

B-cell development and function and B- and T-cell antigen receptor

IL-4 receptor signalling™®

Artery smooth-muscle tone and hypertension'!

Neutrophil migration and primed neutrophil burst (phase II)*?

Cell proliferation in acute myeloid leukaemia®?

Expressed in endothelial cells'®

In mice, expressed predominantly in leukocytes®

Mouse kinase inactive knockin mutant impairs immunity?

p110y

Primed neutrophil burst (phase 1)*2

Pathological responses of pancreatic acinar cell'”

Speculated involvement in pancreatitis

Embryonic mice knockout models viable with increased myocardial

contractility

Might play a detrimental role in heart failure®

IL-4, interleukin-4; PI3K, phosphatidylinositol-3-kinase.

HAMARTOMAS

Abnormal growth of mature
normal cells and tissues in an
organ composed of identical
elements.

insulin sensitivity*-**. AKT2 is genomically ampli-
fied in pancreatic, breast and ovarian tumours, and
AKTS3 is overexpressed by an unknown mechanism
in hormone-insensitive breast and prostate cancers*.
Aberrations in AKT1 are much less frequent. AKT2
and AKT3 might therefore fulfil different functions,
resulting in selective pressure for aberrations dur-
ing tumorigenesis. As with PI3K, isoform-selective
inhibitors might be needed for optimal efficacy with
acceptable toxicity.

PISBK/AKT-regulated downstream cellular events
PI3K in cell survival and apoptosis inhibition.
Previous reviews have provided depth and focus on
the role of the PI3K/AKT pathway in cell proliferation
and survival*>*. We will therefore review only a few
salient points with applicability to drug development.
AKT signalling inactivates several proapoptotic fac-
tors (FIG. 1), These include BAD, procaspase-9 and
Forkhead (FKHR) transcription factors. AKT also
activates transcription factors that upregulate anti-
apoptotic genes, including cyclic-AMP response

element-binding protein (CREB), and activates
IxB kinase (IKK) to phosphorylate IxB (inhibitor
of NF-xB), leading to its proteasomal degradation
and NF-kB nuclear localization. AKT can inactivate
p53 through mdm?2, contributing to centrosome
hyperamplification and chromosome instability in
cancer®*'. AKT phosphorylation of many effectors
regulates their localization, and thereby activity, by
generating binding sites for 14-3-3 proteins, which
are important in regulating cellular location and
degradation of various molecules>*.

PI3K in cell growth, metabolism, translation and
proliferation. The PI3K pathway bifurcates at many
points, resulting in diverse functional outcomes. The
panoply of functional responses probably represents
the effects of the spectrum, level and duration of acti-
vation of particular components of the PI3K pathway.
However, different nodes in the pathway have been
implicated as playing a dominant role in particular
outcomes (FIG. 1). AKT-mediated activation of mTOR
is important in stimulating cell proliferation*. mTOR
regulates translation in response to nutrients/growth
factors by phosphorylating components of the pro-
tein synthesis machinery, including the ribosomal
protein S6 kinases (p70%) and 4E-binding protein
(4E-BP), the latter resulting in release of the transla-
tion initiation factor eIF4E, which is known to have
transforming and anti-apoptotic activities in vitro*.
Intriguingly, rapamycin and its analogues selectively
inhibit the effects of mMTOR on p70%* while sparing
4E-BP phosphorylation. The tuberous sclerosis com-
plex-1 (TSC1):TSC2 complex opposes these effects by
inhibiting p70%¥ and activating 4E-BP1 to sequester
eIF4E*-*". However, AKT also phosphorylates and
inhibits TSC2, and so this pathway is controlled by
complicated interactions and feedback loops. The
TSC/Rheb/mTOR/S6K cascade also regulates insu-
lin receptor substrate (IRS) 1/2 and PDGFR, which
potentially comprises an additional important feed-
back loop®*. Indeed, mTOR inhibition by rapamycin
or rapamycin analogues can activate upstream pro-
teins including AKT, which is probably a result of loss
of feedback inhibition****. Activated AKT, in part via
elF4E, can then attenuate growth inhibition associated
with rapamycin and its analogues. Targeting the PI3K
pathway at multiple sites might therefore be required
to interrupt feedback loops to achieve optimal out-
comes. Indeed, combining rapamycin with LY294002
or with inhibitors of cell-surface tyrosine kinases
enhances growth inhibitory activity in vitro, warrant-
ing the evaluation of combinatorial therapy in animal
models and, eventually, patients.

In addition, the PI3K/AKT pathway interacts with
molecular mechanisms controlling cellular energy
control and glucose metabolism. LKB1 (STK11)-
mediated activation of AMP-activated protein kinase
(AMPK), an evolutionarily conserved sensor of the
cellular ATP/ADP ratio, leads to inhibition of mTOR
through TSC2 in response to energy depletion,
thereby allowing energy conservation®**’. Germline
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Figure 3 | Clinical syndromes associated with altered PI3K pathway signalling
resulting from mutations in four tumour-suppressor genes. The tumour-suppressor

genes LKB1 (STK11), PTEN, NF1 (neurofibromatosis 1), and tuberous sclerosis complex (TSC)
1/2 all exert interacting inhibitory effects on signalling through the phosphatidylinositol-3-kinase

(PIBK)/AKT pathway through the TSC complex that converts Rheb-GTP, which activates

mTOR, to inactive Rheb-GDP. When each is ‘knocked out’ by germline mutation, the result is

a clinically manifest syndrome characterized by an increased risk of malignancy. ERK,
extracellular signal regulated kinase; GAP, GTPase activating protein; mTOR, mammalian

target of rapamycin; Rheb, atypical member of the Ras family with an unusually low intrinsic

GTPase activity; VEGF, vascular endothelial growth factor.

mutations in genes encoding PTEN, TSC2 and LKB1
all result in similar clinical syndromes that are char-
acterized by the presence of HamartoMas at different
sites and an increased risk of specific malignancies,
providing evidence that deregulation of the PI3K/
AKT pathway by inactivation of these crucial genes
causes loss of cellular growth regulation (FIG. 3)*. AKT
phosphorylates both cyclin-dependent kinase (CDK)
inhibitors p21<"VWAFt and p275™!, This results in their
exclusion from the nucleus and subsequent cytoplas-
mic sequestration/degradation®-*'. This increases
cellular proliferation due to decreased inhibition of
cyclins and also likely due to novel cytosolic functions

of the CDK inhibitors.

AKT, directly or indirectly, phosphorylates and
inhibits glycogen synthase kinase-3 (GSK3), phospho-
diesterase-3B, protein phosphatase 2A and possibly

Rafl, creating a complex intracellular network. GSK3
inhibition prevents phosphorylation of B-catenin,
thereby impeding its degradation and resulting in its
translocation to the nucleus to stimulate transcription
of target genes including c-JUN and the homeobox
gene CDX1. In addition, cyclin D1 phosphorylation
by GSK3 results in its destabilization®.

PI3K signalling also controls angiogenesis, growth,
proliferation, senescence and other processes through
mechanisms including vascular endothelial growth
factor (VEGF) transcriptional activation and induced
hypoxia inducible factor-1o. (HIF10) expression®-*.
The von Hippel Lindau (vVHL) tumour-suppressor pro-
tein, through its oxygen-dependent polyubiquitylation
of HIF1o leading to HIF1 ot degradation, has a central
role in the mammalian oxygen-sensing pathway by
opposing the effects of the PI3K pathway.

Role of the PI3K/AKT pathway in therapy resistance.
Inhibition of components of the PI3K pathway can
synergize with, or overcome resistance to, chemo-
therapy, radiation therapy, hormone therapy and
targeted agents in cancer®7?. Potential mechanisms
for this synergy include potentiation of apoptosis.
However, most of these studies have been performed
with relatively nonspecific compounds and could
reflect inhibition of PI3K-like kinases activated by
DNA damage/radiation (for example, DNA-acti-
vated protein kinase (DNA-PK), ATM and ATR) by
drugs such as LY294002 or wortmannin. In breast
cancer, there are important interactions between the
genomic and non-genomic effects of the oestrogen
receptor and cytoplasmic/membrane kinases, includ-
ing members of the PI3K pathway that play a role
in anti-oestrogen resistance’*”>. PTEN activity con-
tributes to the efficacy of trastuzumab (Herceptin;
Genentech) and radiation therapy”®. The activation
state of the PI3K pathway therefore contributes to
tumour resistance to targeted therapeutics as well as
to chemo/radiation therapy.

PI3K pathway genetic aberrations in cancer

Abnormalities in the PI3K pathway are common in
cancer and have a role in neoplastic transformation
(TABLE 3)”. PI3K itself is a frequent target of muta-
tional activation’®*’. The most frequent genetic
aberrations in breast cancer are somatic missense
mutations in the gene encoding p110a (PIK3CA);
these mutations occur most frequently in HER2-
amplified and hormone-receptor-positive breast
cancers. Amplification or mutation of the PIK3CA
gene also commonly occur in bowel cancer, ovarian
cancer (mutations in endometrioid and clear-cell
subtypes and amplification in serous tumours), head
and neck and cervical squamous cancers, gastric and
lung cancers, anaplastic oligodendrogliomas, ana-
plastic astrocytomas, glioblastoma multiforme and
medulloblastomas®-*. Although p850. mutations and
translocations are rare, they serve to emphasize the
importance of the pathway¥. AKT and PTEN are also
targets of frequent genomic and epigenetic changes
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Table 3 | Abnormalities in the PISBK/AKT signalling pathway in cancer

Molecule Alteration in tumours  Frequency
PTEN Mutations (somatic) >50%
PTEN Decreased expression >50%
Methylation
Loss of heterozygosity
PTEN Germline mutations 80% of
Cowden’s
disease
p85 Activating mutations Rare
p85 Fusion Very rare
p55y (isoform  Deletion mutations Unknown
of p85)
PIK3CA Amplification Up to 50%
Rare
PIKSCA Activating mutation >50%
>25%
AKTA Amplification Low
AKT2 Amplification Low
AKT2 Mutation Low
AKT3 Overexpression Low
PDK1 Mutation Low
p70% kinase  Amplification 30%
TSC1/2 Mutation >50%
Forkhead Translocations >50%
family Low
TCLA Rearrangement Unclear

Tumour lineage

Glioma, melanoma, prostate cancer
Endometrial cancer, endometrioid ovarian cancer
Variable in sporadic breast cancers (2-30%)

Breast, melanoma, prostate

Microsatellite instability-high colorectal cancer
Endometrial cancer

Leukaemia

High risk of breast, thyroid and endometrial carcinomas

Ovary, colon, glioma, lymphoma cell line (CO)
Lymphoma
Lung cancer cell line (HCC15)

Ovary, cervix, lung
Breast (BRCA1 associated?)

Bowel
Breast

Gastric

Ovary (12-25%)
Pancreas (20%), breast (rare)

Colorectal

Hormone-resistant prostate and breast cancer
Colorectal

Breast

Tuberous sclerosis

Alveolar rhabdomyosarcoma
Acute leukaemia

T-cell leukaemia
Chronic lymphocytic leukaemia

EGFR, epidermal growth factor receptor; PI3K, phosphatidylinositol-3-kinase; PIKSCA, gene encoding the p110o. PI3K subunit;
PDK1, phosphoinositide-dependent kinase-1; TCL1, T-cell leukaemia 1; TSC, tuberous sclerosis complex.

in human cancers (TABLE 3)%-%. Recently, systematic,
large-scale gene sequencing of tyrosine kinases and
phosphatases by three academic groups (see Sanger
Centre Catalogue of Somatic Mutations in Cancer
in Further information) has proven informative®-1%2,
Although no frequent novel mutation was discovered
in the PI3K or other kinase pathways, previously
undescribed infrequent mutations were detected
— for example, in three genes encoding PI3K/AKT
pathway components (PDK1, AKT2 and p21-acti-
vated kinase-4 (PAK4)) in colorectal cancer. The
avian p110 catalytic subunit orthologue and mutant
P85 are directly transforming, and, in specific models,
AKT isoforms demonstrate transforming activity.
Abnormalities also commonly occur in related
molecules and signalling pathways in cancer
(TABLE 4)'*"'77_ In many cases, the oncogenic effects
of these abnormalities are mediated at least partly
through PI3K/AKT signalling. Ras mutations, which
activate PI3K, are common in pancreatic cancer'®-',
Modulation of the PI3K/AKT pathway is required for
HER2-mediated tumorigenesis in animal models and
for responses to trastuzumab'*-"2. The PI3K/AKT

pathway is also required for the oncogenic effects
of EGFR. Increased PI3K activity is associated with
transformation by SRC, polyoma middle T antigen,
ABL and Ros.

Drug development targeting PISK

Given the importance of the PI3K pathway, new
candidates join the panoply of drugs under evalua-
tion frequently. TABLE 1 shows a partial list of drugs in
development to exploit the PI3K and related signalling
pathways. The drugs fall into several classes. Many of the
candidates were first explored to target other molecules
or for uses other than cancer therapy. A number of the
candidates target all isoforms of a particular protein in
the PI3K pathway. A smaller number of isoform-selective
inhibitors have been identified. The inhibitors have been
derived from large-scale screens as well as from rational
drug design using known crystal structures. Further,
multiple different components of the pathway are being
explored as potential targets. The eventual success or
failure of these drugs will depend on their therapeutic
index as well as the ability to identify patients likely to
respond to particular therapeutics. The relative role of
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each potential target in the PI3K pathway will need to
be determined with high-quality drugs and might only
be applicable in particular populations of patients.
For example, a patient with a downstream-activating
mutation is unlikely to respond to a drug targeting an
upstream component of the pathway. Further, crucial
proximal nodes such as AKT might not be druggable
due to toxicity, whereas downstream targets such as
mTOR could fail to demonstrate sufficient efficacy. In
the absence of appropriate chemical probes, it is impos-
sible to predict the outcomes of pan-inhibitors compared
with isoform-specific inhibitors, particularly in terms
of therapeutic index. Although functional genomics
approaches, such as small interfering RNA (siRNA),
might provide clues about the effect of inhibitors of
specific isoforms of targets, it is likely that target knock-
down will show different functional outcomes than an
inhibited molecule that could act in a dominant negative
fashion or exhibit gain-of-function activities. Based on
the complexity of PI3K signalling, crosstalk with multi-
ple pathways, and the presence of potent feedback loops,
combined with its importance in multiple physiological
functions, combinations of targeted therapeutics might
be required for efficacy and safety.

PI3K inhibitors. Wortmannin and LY294002 have
antitumour activity in vitro and in vivo, and sensitize
tumour cells to other targeted therapeutics, chemo-
therapy and radiation''®-'?*. Stable water-soluble
conjugates of wortmannin are being developed to
improve its pharmacological characteristics. LY294002
has a very short half-life and is insoluble in aqueous
solutions. Novel LY294002 prodrugs are in develop-
ment. A number of companies and academic sites have
developed additional pan and isoform-selective PI3K
inhibitors'**7'?”. Although none of these inhibitors
have been evaluated in human trials, preclinical data
and animal models indicate that the new-generation
inhibitors have much better pharmacological charac-
teristics: greater water solubility, less protein binding,
better pharmacodynamics, as well as improved PI3K
selectivity. A number of isoform-specific inhibitors
are under evaluation but as yet have not demonstrated
superior activity or less toxicity than LY294002 or
wortmannin. With the advent of small interfering
RNA (siRNA) technologies and recent demonstration
of in vivo activity in several tumour models, it might
be possible to selectively target the p110 or p85 iso-
forms. Indeed, the selectivity of siRNA is such that it
could potentially target primarily the mutant allele in
tumours while having lesser effects on the normal allele.
These approaches will greatly improve our knowledge
of the degree of selectivity of inhibitors that is needed,
as well as the degree of knockdown of target activity
required. However, siRNA approaches to targeting
the PI3K pathway in vivo have not yet been reported.
Further, it is important to emphasize that knockdown
ofap110 or p85 isoform is likely to have very different
consequences from chemical inhibition of that same
isoform, because of the potential for compensation
(knockdown) and dominant negative activity (drug).

AKT. As with inhibitors of PI3K that target the apex of
the pathway, the theoretical advantage associated with
AKT inhibition compared with downstream inhibi-
tion (for example, at mTOR) is that the PI3K/AKT
pathway bifurcates and integrates with signals from
other pathways as the signal is propagated (FIG. 1); the
pathway can therefore be more globally and thereby
effectively inhibited when targeting AKT (or indeed
PI3K) directly. Theoretically, such inhibition might
also be less susceptible to the complicating and still
largely unknown effects of feedback loops than the
inhibition of single branches further downstream.
This efficacy is balanced by potential for toxicity and
a narrow therapeutic index'?®. This might be par-
ticularly apparent with catalytic-domain inhibitors
of AKT, which could demonstrate ‘gain of function’
activity. For this reason, a number of isoform-selec-
tive AKT catalytic-domain inhibitors, as well as
inhibitors of the PH domain, are currently under
development'?*-*!. Whether these more selective
inhibitors will demonstrate wider therapeutic indi-
ces is unknown. Recently, interest has focused on the
alkylphosphocholines — miltefosine and perifosine
— as AKT inhibitors that prevent membrane localiza-
tion, possibly by interacting with the PH domain®>'*.
The specificity of these two drugs to the multiple PH
domain-containing proteins is unknown at present
but we have demonstrated selectivity to different PH
domains. Whether this contributes to their apparently
better therapeutic indices than other AKT inhibitors
and relative lack of toxicity in ongoing clinical tri-
als is under evaluation. Topical miltefosine has been
approved for the treatment of cutaneous breast cancer
metastases in Europe but cannot be formulated for
parenteral use, and toxicity precludes oral use. In pre-
clinical and early clinical trials, perifosine displayed
antitumour activity'®. Indeed, our preliminary results
demonstrate a strong correlation between activity and
target inhibition in vivo in tumours with aberrations
in the PI3K pathway.

mTOR. The macrolide rapamycin, and its derivatives
CCI-779 and RADO001, inhibit mTOR by binding to
FK506-binding protein-12; however, they do not
inhibit all functions of mTOR, nor do they inhibit the
mTOR/RICTOR complex. These compounds have
cytostatic activity as single agents in vitro and in vivo
in animal models in haematological and solid tumours,
and synergize with conventional chemotherapy and
tamoxifen'**'¥. CCI-779 showed activity in Phase II
clinical studies in patients with renal cell carcinoma
and glioblastoma who have previously been treated
with current standard therapies, and is being evaluated
in combination with the aromatase inhibitor letrozole
in metastatic breast cancer in a Phase III study'*'*.
The frequency of objective clinical and radiologi-
cal tumour shrinkage is higher than expected from
animal models but only occurs in a small portion of
patients, emphasizing the need to develop approaches
to identify patients likely to respond before the opti-
mal utility of these drugs will be realized. In breast and
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other cancer models in vitro and in vivo, it has been ~ suggests that an optimal investigative strategy of the
shown that reduced PTEN expression or expression of ~ activity of these and other PI3K-pathway inhibitors
activated AKT confers susceptibility to inhibition of ~ in cancer might be to select patients whose tumours
the PI3K/AKT pathway with mTOR inhibitors, which ~ possess genomic anomalies resulting in PI3K-pathway
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Figure 4 | The application of mathematical modeling to the study of the phosphatidylinositol-3-kinase (PI3K)/AKT
pathway. Mathematical modeling allows detailed dissection of the interaction between individual pathway components and
between these and components of other pathways such as the Ras/Raf/MAPK pathway. The dotted line indicates the recent
demonstration that the mammalian target of rapamycin (MTOR)/RICTOR complex can phosphorylate AKT at serine 473 (that
is, having PDK2 activity). mTOR, which can also complex with raptor, activates translation of messenger ribonucleic acid
(mRNA) through a number of distinct mechanisms. 4E-BP1, 4E-binding protein 1; ASK1, apoptosis signal-regulating kinase 1;
elF4E, eukaryotic initiation factor 4E; FKHR, forkhead; GSK3, glycogen synthase kinase 3; IRS, insulin receptor substrate;
PKC-protein kinase C; JNK-c, Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; MKK, MAPK kinase; PDK,
phosphoinositide dependent kinase; PIP,, phosphatidylinositol-3,4-diphosphate; PIP,, phosphatidylinositol-3,4,5-triphosphate;
PP2A, protein phosphatase 2A; Rheb, atypical member of the Ras family with an unusually low intrinsic GTPase activity; RTK,
receptor tyrosine kinase.
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activation (such as PIK3CA mutation/amplification or
PTEN loss)""'*2, So far, however, the clinical develop-
ment of mMTOR inhibitors (and of perifosine) has lacked
this specificity for clear and valid targets.

Rather than the PI3K/AKT pathway mediating
single unidirectional regulation, the recent demon-
stration of the intricate role of mTOR in regulation of
PI3K/AKT demonstrates that a detailed understanding
of the PI3K pathway based on computational model-
ling will be necessary to determine the consequences
of inhibition of particular nodes in the pathway (FIG. 4).
We need to fully understand all activities of mTOR if
we are to understand its validity as a target, the poten-
tial effects of its inhibition, and how best to target it.
In addition, it is important to understand the specific
functions of mTOR that are inhibited by rapalogs.

Other PI3K/AKT pathway components. A number of
other targets in the PI3K pathway are under evaluation
in preclinical models by both academia and drug com-
panies (for example, ILK, PDK1, p70%%¥, in addition
to Forkhead/FOXO1 activators)'*. In addition, study
of mechanisms of action of other drugs, which, like
perifosine, were introduced without knowledge of their
effects on the PI3K pathway, could uncover inhibitory
activity; amiloride is a recent example'*!. Where these
drugs and targets will fit into our armamentarium
remains to be ascertained through preclinical studies
as well as ongoing clinical trials.

Lessons learned from drugs targeting the PI3K path-
way. Drugs targeted at molecules associated with PI3K
signalling, such as EGFR, are in more advanced stages
of development than direct inhibitors of the pathway.
Importantly, it has been shown that PI3K/AKT path-
way inhibition in response to targeting many of these
molecules is necessary for therapeutic efficacy. This
provides evidence of the central importance of the
PI3K pathway to the function of these oncoproteins,
and also that these validated targets signal through
pathways utilized by the wild-type proteins in normal
tissue. When developing these proteins as therapeutic
targets, it is therefore an essential part of evaluation to
monitor the activity of downstream PI3K/AKT-path-
way effectors in response to the targeted therapy, both
in terms of selecting patients likely to respond and also
for the rapid identification of non-responders to allow
triage to other therapeutic approaches. Trastuzumab,
a monoclonal HER2 antibody, has dramatic efficacy
in HER2-amplified breast cancer in the adjuvant and
metastatic settings, particularly when combined with
chemotherapy, and functional downregulation of PI3K/
AKT is essential to its activity'*®. Coordinate develop-
ment of trastuzumab with methods to identify patient
tumours most likely to respond resulted in its efficient
implementation into clinical practice. If the registration
trials had not been restricted to patients with high-level
expression of HER2, modelling approaches indicate
that responses would have been sufficiently diluted
to obscure trastuzumab activity, perhaps delaying or
precluding its approval. This clarified an important

paradigm for the development of targeted therapeutics:
to coordinate validation of targets and drug develop-
ment with implementation of molecular markers. This
is now demonstrating importance in other diseases,
with potential to triage CML and GIST patients to
treatment with imatinib mesylate or related inhibitors
based on the presence of a specific mutation, or the
demonstration that the effects of erlotinib (Tarceva;
Genentech) and gefitinib (Iressa; AstraZeneca) are most
clearly manifest in lung cancer patients with mutations
and/or amplification of EGFR resulting in downstream
AKT phosphorylation (indicating functional activity of
the genomic aberration). The role of assessment of PI3K-
pathway activity might vary across tumour lineages, as
it has been demonstrated that low baseline activity of
AKT is associated with tumour responses to erlotinib
in human glioblastoma'¢'*%, In general, however, it
seems that the identification of membrane receptor or
other genomic anomalies of genes encoding tyrosine
kinases associated with downstream AKT activation
identifies tumours with a degree of ‘oncogene addic-
tion’ that results in sensitivity to inhibition by kinase
inhibitors or monoclonal antibodies; logically, then,
downregulation of this AKT activation seems to paral-
le] targeted therapy efficacy. AKT (re)activation in the
face of a targeted therapy should therefore be evaluated
to determine whether it signifies baseline or emergent
resistance and should initiate the evaluation of combi-
nation therapy targeting the PI3K pathway as well as a
search for mechanisms leading to target-independent
activation of the PI3K pathway.

The failure of gefitinib, a small molecule with clear
activity against a proportion of lung cancers with
genomic anomalies of the EGFR, to demonstrate a
survival advantage in unselected lung cancer patients
stands in marked contrast to the novel paradigm of
therapy development established by the introduction
of trastuzumab, and reinforces the urgent need for
target identification and development of molecular
markers of drug efficacy'**-'*!. Equally, although
erlotinib has had somewhat more success recently
in lung cancer, demonstration of the statistically sig-
nificant though clinically modest benefit associated
with its addition to gemcitabine (Gemzar; Lilly) for
unselected patients with advanced pancreatic cancer
has further underlined the need to identify accurate
molecular markers to select patients likely to respond
as well as indicators of efficacy of targeted therapies
in specific cancer patients'#>!%.

PI3K target identification and validation

PI3K/AKT anomalies in cancer constitute optimal tar-
gets for molecular therapeutics as they are common and
dominantly dysregulate this oncogenic pathway'>*'*".
However, improved understanding of this signalling
network is necessary for efficient development and
implementation of targeting strategies. Feedback loops
must be comprehensively mapped to avoid unexpected
effects of inhibition; secondary genomic changes (for
example, with c-Kit in GIST tumours in response to
imatinib) and ‘nonspecific stress-induced mechanisms
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Figure 5 | The role of AKT and mammalian target of rapamycin (mTOR) in glucose

homeostasis. AKT and mTOR are activated by membrane receptors and stimulate glycolysis
in part by AKT-induced localization of the glucose transporters, including GLUT1 and GLUTS,
to the cell surface, and maintenance of hexokinase function in the absence of extrinsic factors
with resultant glucose production. PI3K, phosphatidylinositol-3-kinase.

triggered by pathway inhibitors must also be studied
as potential mechanisms of resistance'. Targets must
be identified and validated in clinical samples before
investing time and money in developing a drug; in vitro
and animal models provide useful information, but this
information could prove misleading in terms of effi-
cacy and toxicity, as well as the selection of important
signalling nodes. Indeed, in the case of highly validated
signalling nodes, human trials might be warranted
even when modest or no activity is seen in animal
models. For example, animal studies suggested that
rapalogs would exhibit only cytostatic activity. Yet in a
small subset of patients rapalogs demonstrate objective
evidence of tumour shrinkage, suggesting that animal
models do not necessarily reflect efficacy in selected
human cancers.

In recent years, several groups have successfully
integrated computational and mathematical modelling
with experimental biology to identify systems proper-
ties of phosphoprotein signalling networks including
the PI3K/AKT network (FIG. 4)'**"'”. Networks can be
modelled at different levels, scales and detail using
nonlinear coupled ordinary differential equation
models, Bayesian networks, graph theory and re-write
logic models. We are currently using this approach
to allow the integration of knowledge of information
flow through the PI3K pathway and other networks
in normal and pathological states. Websites including
the Signalling Gateway and the Nucleic Acids Research
Database List (see Further information) use a similar

approach. It is hoped that these maps or ‘wiring dia-
grams’ will lead to robust computational models (FIG. 4)
of the pathway in normal and pathological states, and
allow determination of key nodes in the network whose
perturbation will have profound effects on signalling
and tumorigenesis, yet with minimal toxicity.

The ideal target in a network is a key node essential
to carcinogenesis (‘oncogene addiction’) but whose
disruption will be tolerated, at least temporarily, by
normal cells (‘context-driven therapeutic index’). For
example, significantly lower doses of imatinib mesylate
are required for cytotoxicity in cells with the BCR-ABL
translocation than in normal cells. However, key nodes
in normal cells might be more difficult to exploit with
an achievable therapeutic index (for example, AKT).
As such, with an upregulated but structurally nor-
mal PI3K/AKT pathway in cancer cells, choosing to
inhibit several peripheral targets might prove to be
more effective and specific, while minimizing toxic-
ity, than inhibiting a key central node. Nevertheless,
in animal models, inhibition of the PI3K pathway at
the peripheral site of mTOR with rapalogs has been
found to block tumorigenesis induced via activation
of multiple components of the pathway'®*-'7°. Each
component of the pathway will therefore need to be
assessed to evaluate its appropriateness as a target.

However, as evidenced by the efficacy of mTOR
inhibitors in PTEN-deficient cells'”!, of imatinib in
CML and GIST tumours'’>'”?, and of trastuzumab
in HER2-amplified breast cancer, the presence of a
genomically anomalous target resulting in activation
of the PI3K/AKT pathway at the proteomic level in
cancer cells indicates a likelihood that the tumour has
developed a degree of ‘oncogene addiction” and is in
part dependent on the pathway, which provides a good
starting point for drug development and PI3K/AKT
target exploitation.

We will also need to combine assessment of clinical
outcomes with assessment of molecular markers as a
means of determining the degree and duration of target
‘knockdown’ that results in optimal clinical efficacy
— that is, the biologically relevant dose. The current
method of driving Phase I dose-finding trials to toxicity
— that is, maximum tolerated dose (MTD) — is likely
to be inappropriate with novel targeted therapies and
must be changed if we are to realize the full potential
of this approach. We feel that the ‘biologically relevant
dose’ should become the major driver of dose level and
schedule determination, and, indeed, of Phase I trials.
The currently used concept of ‘therapeutic index’ in
the clinical development of drugs at the MTD is more
suited to nonspecific cytotoxics than to ‘targeted thera-
peutics. As we develop molecular diagnostic technolo-
gies to find early biological correlates of the clinical
efficacy of a novel drug by studying the target, its
pathway and other related molecules, it might become
possible to use these correlates as an early surrogate
for clinical benefit and also to triage non-responders
to appropriate therapy earlier. With mTOR inhibitors,
we could assess activity in terms of downregulation
of phosphorylation of proteins, including p70%%, and
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REVERSE PHASE PROTEIN
ARRAY

An array that immobilizes the
whole repertoire of patient
proteins that represent the state
of individual tissue cell
populations undergoing disease
transitions.

functionally in terms of cell proliferation. Indeed,
several studies suggest that this can be extended to sur-
rogate tissues, with knockdown of mTOR signalling by
rapalogs in peripheral blood lymphocytes or inhibition
of EGFR and downstream target phosphorylation in
skin by EGFR inhibitors accurately reflecting target
knockdown in tumour. It is important to emphasize
that target knockdown, while required for efficacy, is
not sufficient for efficacy if a tumour is not ‘addicted’
to the targeted pathway or if a downstream activation
event bypasses the targeted therapeutic. Initially, it
will be necessary to correlate biological readouts with
antitumour activity to determine the appropriate mag-
nitude and duration of target inhibition and to validate
surrogate markers of efficacy.

The clinical development of inhibitors of the
PI3K/AKT pathway with rational targets in mind
(for example, activating genomic anomalies including
PTEN loss'”" and PIK3CA amplification/mutation'”*)
in combination with downstream molecular marker
evaluation is much more likely to yield success than
current approaches. There are, however, two other
possible approaches to the introduction of inhibitors
of the PI3K pathway into clinical trials. One is the
detection of activation of the PI3K pathway using
proteomic technologies such as western blotting or
REVERSE PHASE PROTEIN ARRAYS as a surrogate marker for
probable activating genomic anomalies, although this
is likely to be somewhat less specific to potential drug
efficacy than the identification of activating genomic
anomalies themselves. The other approach would be
inclusion of all patients in molecular marker-driven
trials with mandatory tissue biopsies and retrospective
determination of markers of early response by molecu-
lar study of responding tumours. In this case, careful
patient sample collection and analysis is essential, par-
ticularly in responders. This approach is probably most
appropriate with drugs when understanding of likely
markers of efficacy from preclinical studies is limited.

Even when a valid target is present, the tumour
might be resistant to therapy. If the targeted anomaly
(for example, activating mutation) is an early event,
other genetic changes can subsequently occur that
lessen or modulate a tumours reliance on the original
anomaly. Trastuzumab responses in HER2-amplified
breast cancers are generally under 50%, as the activity
of trastuzumab is modulated by PTEN, in turn regu-
lated by mediators such as SRC, insulin-like growth
factor (IGF)-I and potentially other molecules'”>'”®.
mTOR inhibition is now being explored in an
attempt to overcome trastuzumab resistance caused
by downregulated PTEN. However, this could, para-
doxically, activate PI3K and AKT. This emphasizes the
importance of fully understanding the ‘wiring’ of the
signalling pathway downstream from a target. High-
throughput proteomic technologies will help us vali-
date targets in a way not possible by looking only at the
genome. Further, as the study of secondary mutations
resulting in imatinib resistance has shown us, when
rational ‘driving’ oncogenic targets are exploited with
novel therapies, the emergence of resistance is likely

in many cases to be a relatively predictable event that
results from reactivating the same oncogenic pathway
that mediated the effects of the primary oncogenic
anomaly. The development or selection of these muta-
tions clearly validates the target and emphasizes the
need for the development of follow on’ drugs able to
target these selected or induced mutations.

Imaging the PISK pathway

Tumour biopsies from patients on therapy can be
difficult to obtain technically and ethically. Therefore
non- or minimally invasive approaches to determine
the effects of targeted therapeutics could have broad
utility. AKT is stimulated by the insulin receptor,
which is involved in regulation of glucose metabolism,
and might in part explain the Warburg effect (the
metabolic shift from oxidative to elevated anaerobic
glycolysis in cancer cells) (F1G. 5)'77'7%. AKT-induced
localization of glucose transporters, including GLUT1
and GLUTS3, to the cell surface and maintenance of
hexokinase function in the absence of extrinsic factors
might contribute to the increased ability of tumour
cells to utilize external nutrients'”. The shift to gly-
colytic metabolism after neoplastic transformation is
now exploited for fluorodeoxyglucose positron emis-
sion tomography (FDG-PET) imaging'®. Indeed,
changes in FDG-PET are predictive of response to
imatinib mesylate in GIST as early as 72 hours after
its initiation, long before other technologies such as
computed tomography can detect response. Whether
this reflects imatinib effects on tumour metabolism
in general or a more specific effect due to interactions
between BCR-ABL and the PI3K pathway remains to
be determined. As the PI3K pathway directly targets
glucose uptake and metabolism, FDG-PET is likely to
prove particularly useful in functional imaging of the
efficacy of inhibitors of the PI3K pathway. Based on
the importance of this pathway, a number of groups
are developing imaging agents designed to detect the
activation status of components of the PI3K pathway
such as p110 and AKT directly. Molecular imaging
therefore has the potential to demonstrate early tar-
get inhibition. This approach could achieve optimal
efficacy if combined with imaging of functional out-
comes, such as changes in cell proliferation, vascularity
or apoptosis, all of which could be useful as surrogates
of tumour response.

Conclusions

One major foreseen difficulty with the develop-
ment and implementation of targeted therapies is
the prevailing belief that most solid tumours do not
have single, dominant oncogenic abnormalities that
can be targeted with high efficiency. It has therefore
been theorized that the best we can achieve with most
targeted therapies alone in solid tumours are partial
responses or potentially stable disease. Opponents of
this theory point to GIST tumours, which acquire a
number of genetic abnormalities as they progress but
still retain sensitivity to imatinib mesylate, or to lung
cancer with multiple genetic aberrations that respond
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Box 1 | Considerations for development of PI3K inhibitors

New strategies need to be implemented to coordinate target validation, preclinical and early clinical evaluation for
the successful and timely development of phosphatidylinositol-3-kinase (PI3K) inhibitors (see figure).

First, following the identification of a valid high-quality target in cancer cells, tools such as chemical genomics or
small interfering RNA (siRNA) should be used concomitantly with high-throughput genomic and proteomic studies
to determine on- and off-target effects of inhibition and pathway crosstalk. Although siRNA target validation offers
specific and effective knockdown, this might not mimic the effects of drugs where the outcome is an inhibited
molecule with potential novel or other functions.

Second, methods to combine therapeutic approaches, including signal transduction inhibitors, radiation or
chemotherapy, should be sought earlier in development. As the PI3K pathway can mediate resistance to various
therapeutic agents and protects cells from the consequences of stress, combinations of PI3K inhibitors with other
therapies need exploration, particularly in the presence of activating PI3KCA or deleterious PTEN mutations.

Third, modulating tumour-specific targets or anomalies such as PI3KCA or PTEN mutations will probably minimize
the dose of drug required for molecular and antitumour efficacy with resultant minimal toxicity — a concept that can be
termed context-driven therapeutic index. However, current animal models might prove non-predictive of efficacy or
toxicity and the development of more appropriate tumour models driven by specific genetic aberrations will be
necessary. For very high-quality targets, evaluation in human patients without animal data might also be an option.

Fourth, mandated tumour biopsies in molecular-marker-driven trials will be necessary for the efficient evaluation
of novel targeted therapeutics. It will be crucial to distinguish on-target from off-target activity to prevent a good
target being discarded due to a bad drug. Moreover, biological effects must always be correlated with clinical efficacy.
To address this, we must begin to employ the concept of ‘biologically relevant dose’ rather than maximum tolerated
dose (MTD) to guide drug schedules; this might make it feasible to merge the different trial phases (I, IT and III) into
one continuous clinical-biological assessment of drug efficacy in patients. In particular, the goals of Phase I trials
will need to be revised if we are no longer conducting drug testing driven by MTD. Further, large, randomized Phase
III trials are probably only necessary when assessing drugs that benefit a small proportion of patients with a
particular cancer where no validated mechanism exists to separate potential responders from non-responders.

Finally, after approval, studies must continue to improve the identification of likely responders, to facilitate early
identification of patients who are not responding, to identify the spectrum of tumours and molecular aberrations
likely to benefit, and to monitor off-target effects of the drug. Emergent resistance in tumours possessing the
validated target(s) should initiate biological studies to determine molecular mechanism(s) likely to be predictable

secondary events in many cases.

Target or Target or Identification

to erlotinib and gefitinib. So despite the occurrence of
subsequent genetic events, solid tumours can retain
sensitivity (‘addiction’) to early abnormalities. In some
cases, later events can promote a growth advantage
only in the presence of initial changes and correction
of the latter might remove this growth advantage.
Tumours with p53 mutations tolerate retinoblas-
toma mutations, but restoration of wild-type p53
makes retinoblastoma mutations pro-apoptotic’®.
It is therefore important to understand the mecha-
nisms of carcinogenesis in specific tumours to iden-
tify potentially important early changes. Hereditary
cancers could also provide clues. Such knowledge is
now being exploited in renal cell carcinoma with early
somatic vHL gene changes'®.

Activating PI3K/AKT pathway anomalies, such as
PIK3CA mutations or PTEN loss/downregulation,

pathway pathway of lead
identification validation in cell compounds;
from tumour lines and need alternative
genomics cellular models to animal models

/
Post-approval:
further studies of
efficacy and ‘off-
target’ effects

\

\

Early clinical
proof-of-concept
using ‘biologically
relevant dose’ in
small patient sample

Targeted
PI3K
therapeutic

are likely to constitute an excellent mechanism to
identify patients likely to respond to PI3K pathway
inhibitors. The clinical development of PI3K/AKT
pathway inhibitors using such molecular mark-
ers is therefore much more likely to yield success
than current approaches. There is much evidence
that PI3K/AKT signalling mediates resistance to
both nonspecific and targeted cancer therapies.
There might therefore be benefits to combining
these therapies with PI3K inhibitors, particularly
in the presence of genomic anomalies that activate
the PI3K pathway. When incorporating inhibitors
of the PI3K/AKT pathway into studies to investi-
gate their potential clinical utility, the MTD-based
approach to drug development and the traditional
model of sequential Phase I, IT and III trials will prob-
ably not be appropriate and will delay the opportunity
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Table 4 | Abnormalities in pathways related to the PISBK/AKT signalling pathway in cancer

Molecule Alteration in tumours Frequency Tumour lineage
EGFRuvII Alternate splicing >80% Glioma
Deletion AA 6-273 >50% Breast
40% Non-small-cell lung cancer
EGFR Activating mutations 10% Lung cancer (Asian, women, non- smokers),
colorectal (rare)
EGFR Amplification Variable Breast, lung, colorectal, glioblastoma
HER2/neu Amplification 30% Breast cancer
8% Ovarian cancer
HER2/neu Mutation 10% Lung adenocarcinoma
BCR-ABL Translocation >90% CML
Kit Mutation >80% GIST
Ras Mutation >90% Pancreatic cancer
~30% Lung cancer and in surrounding ‘normal’ lung
epithelium in up to 30% of lung cancer patients
5% Breast
bRaf Mutation Variable Up to 66% of malignant melanomas
Less common in other tumours, for example, lung
PDGFR Mutation Rare GIST
>80% Dermatofibrosarcoma protuberans
Hypereosinophilic syndrome
ER Expression ~70% Breast
Src Mutation Unclear Bowel
Activation >50% Bowel
50% Breast
Integrins Increased expression Variable Multiple

CML, chronic myeloid leukaemia; EGFR, epidermal growth factor receptor; ER, oestrogen receptor; GIST, gastrointestinal stromal
tumour; PDGFR, platelet-derived growth factor receptor; PI3K, phosphatidylinositol-3-kinase.

to identify effective therapeutic approaches. BOX 1
details an emerging approach with strong support
from recent clinical trials, which could allow us to
better and more efficiently exploit the potential ben-
efits of targeted therapies. Finally, there is concern
regarding the lack of truly relevant and representa-
tive in vitro and animal models for predicting in vivo
toxicity and efficacy, and for validation of imag-
ing modalities. Cautious and intelligent selection

of animal models and interpretation of the data
they generate will be required. In an era of rapidly
emerging technologies with the capability of defining
tumours at a molecular level, perhaps it soon will be
the time, using available small molecules, antibodies
and RNA interference technology, to drive transla-
tion of approaches to human trials of biologically
relevant dose rather than MTD, therefore fulfilling
the promise of personalized molecular medicine.
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