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Abstract From humble beginnings over 25 years ago as a lipid kinase activity
associated with certain oncoproteins, PI3K (phosphoinositide 3-kinase) has been
catapulted to the forefront of drug development in cancer, immunity and thrombosis,
with the first clinical trials of PI3K pathway inhibitors now in progress. Here, we
give a brief overview of some key discoveries in the PI3K area and their impact, and
include thoughts on the current state of the field, and where it could go from here.

PI3K has become a very intense area of research, with over 2,000 publications
on PI3K in PubMed for 2009 alone. The expectations for a therapeutic impact of
intervention with PI3K activity are high, and progress in the clinical arena is being
monitored by many. However, targeted therapies almost invariably encounter road-
blocks, often exposing unresolved questions in the basic understanding of the
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2 B. Vanhaesebroeck et al.

target. PI3K will most likely be no exception. Below, we describe some of these
early “surprises” and how these inform and shape basic science investigations.

1 The Discovery of the PI3K Signalling Pathway
and Its Potential as a Therapeutic Target

Early work showed that a phosphatidylinositol kinase activity co-purified with
various viral oncoproteins expressed in mammalian cells (Macara et al. 1984;
Sugimoto et al. 1984) and that cellular transformation mediated by such oncopro-
teins was to some extent dependent on the association with this lipid kinase activity
(Whitman et al. 1985). This oncoprotein-associated lipid kinase could phosphory-
late phosphatidylinositol on the 3-OH position of the inositol ring, hereby generat-
ing PI3P, a novel type of phosphoinositide (Whitman et al. 1988). This finding was
followed by the discovery of PI(3,4,5)P5 (phosphatidylinositol(3,4,5)trisphosphate;
PIP;) in GPCR-stimulated neutrophils (Traynor-Kaplan et al. 1988, 1989) and upon
acute stimulation with tyrosine kinase agonists (Auger et al. 1989; Hawkins et al.
1992; Jackson et al. 1992). It was not known at the time that agonist-stimulated
PI3K is a heterodimer made up of a p110 catalytic subunit and a regulatory subunit,
namely p85 in the case of class IA PI3Ks and p101 in the case of the class IB p110y.
Early studies very much focused on a tyrosine-phosphorylated 85 kD protein found
in PDGF-stimulated or polyoma middle T-transformed cells which associated with
PI3K activity (Courtneidge and Heber 1987; Kaplan et al. 1987). This protein
turned out to be the p85 regulatory subunit of PI3K, and its cDNA was cloned by
several groups (Escobedo et al. 1991; Otsu et al. 1991; Skolnik et al. 1991). Several
teams also purified the PI3K enzyme activity biochemically from various tissues
(Carpenter et al. 1990; Fry et al. 1992; Morgan et al. 1990; Shibasaki et al. 1991;
Stephens et al. 1994). Protein microsequencing allowed the design of oligonu-
cleotide probes to isolate the first cDNA of a PI3K catalytic subunit, namely
pl10a (Hiles et al. 1992). This work revealed that the sequence of pl110 was
closely homologous to that of the product of vps34, a S. cerevisiae gene involved
in endosomal sorting of proteins towards the vacuole, the yeast equivalent of
the mammalian lysosome (Herman and Emr 1990). Follow-up work revealed that
vps34 indeed had PI3K activity, but with a substrate specificity that was different
from p110a, in that it can only phosphorylate PI (phosphatidylinositol) but not PI
(4,5)P, (phosphatidylinositol(4,5)bisphosphate) (Schu et al. 1993).

A concerted effort of many laboratories, using various techniques, including
biochemical purification and degenerate PCR approaches, revealed the existence of
multiple PI3K isoforms in mammals (Arcaro et al. 1998; Brown et al. 1997,
Chantry et al. 1997; Domin et al. 1997; Hu et al. 1993; Misawa et al. 1998; Ono
et al. 1998; Stephens et al. 1997; Stoyanov et al. 1995; Vanhaesebroeck et al.
1997b; Virbasius et al. 1996), but also in D. melanogaster (MacDougall et al.
1995), C. elegans (Morris et al. 1996), Dictyostelium (Zhou et al. 1995) and other
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species, even in plants. These findings led to the realisation that PI3Ks are an
evolutionarily conserved family of enzymes which on the basis of structural and
biochemical characteristics was divided into three classes (Vanhaesebroeck et al.
1997a; Zvelebil et al. 1996). Mammals have eight isoforms of PI3K (class IA:
p110a, p110B, p1109; class IB: p110y; class II: PI3K-C2a, PI3K-C2f, PI3K-Cy,
and class III: vps34p). A single representative of each of the three PI3K classes is
present in C. elegans and D. melanogaster. In yeast, only a class III PI3K is found
(reviewed in Vanhaesebroeck et al. 2001).

The analysis of PI3K functions in the cell was greatly aided by two small
molecule inhibitors, wortmannin and LY294002. Wortmannin was identified as a
PI3K inhibitor in 1993 (Arcaro and Wymann 1993; Okada et al. 1994; Powis et al.
1994; Yano et al. 1993), and in 1994, Lilly laboratories published the LY294002
inhibitor (Vlahos et al. 1994). Interestingly, all these papers almost exclusively
focused on probing the immunological aspects of PI3K function using these
compounds. LY294002 and wortmannin have undoubtedly been instrumental in
providing first insights into the cell biology of PI3Ks but may also have generated
some false expectations due to lack of specificity (see below).

Concurrent with the isolation of the genes for the different PI3Ks was the
realisation that the 3-phosphoinositides could selectively bind to defined target
modules in proteins, thereby altering the localisation of such proteins and their
conformation and activity. Among numerous protein domains that were defined
during this time was the PH (pleckstrin homology) domain, a module that occurs in
many proteins (Haslam et al. 1993; Mayer et al. 1993). A major discovery was that
some PH domains could bind phosphoinositides (Harlan et al. 1994). The char-
acterisation of other 3-phosphoinositide binding domains soon followed, including
the FYVE (Fab 1, YOTB, Vac 1, EEA1) domain (Gaullier et al. 1998; Mu et al.
1995; Stenmark et al. 1996) and PX (Phox) domain (Cheever et al. 2001; Ellson
etal. 2001; Kanai et al. 2001; Song et al. 2001; Xu et al. 2001) which both bind PI3P
(phosphatidylinositol 3-phosphate).

One of the proteins that was reported (Haslam et al. 1993; Mayer et al. 1993) to
have a PH domain was the Ser/Thr kinase Akt, which is the mammalian cellular
homologue of the retroviral transforming gene v-Akt (Bellacosa et al. 1991). Akt
was also independently cloned as a protein kinase related to PKA and PKC, hence
its alternative names PKB (Coffer and Woodgett 1991) and Rac (related to A and C
kinases) (Jones et al. 1991). Akt was subsequently confirmed as a PI3K target in
cells stimulated with tyrosine kinase agonists, including PDGF and insulin (Burgering
and Coffer 1995; Franke et al. 1995), and through its PH domain shown to bind PIP;
and PI(3,4)P, with high specificity and affinity (Andjelkovic et al. 1997; Frech et al.
1997; Stokoe et al. 1997). An intact PH domain in Akt is crucial for its function
(Stocker et al. 2002).

The regulation of Akt itself turned out to be rather complex. The PH domain
recruits Akt to PIP; and PI(3,4)P, and the plasma membrane, where it becomes a
substrate for the membrane-bound PDK1 kinase, which phosphorylates Akt on
Thr308 (Alessi et al. 1997a, b; Stephens et al. 1998; Stokoe et al. 1997). Very early
on, it was documented that Akt is also phosphorylated on Ser473 (Alessi et al. 1996),
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but it took more than a decade to identify the kinase that performs this phosphory-
lation. It turned out to be mMTOR complexed with the Rictor protein, also referred to
as mTORC2 (Sarbassov et al. 2005) (as opposed to mTORCI, the “classical”
mTOR in complex with Raptor).

A next step was to identify downstream substrates of Akt protein kinase activity.
Akt was found to control other protein kinases either directly, such as GSKf (Cross
et al. 1995) or indirectly, such as p70 S6 kinase (Burgering and Coffer 1995). One
of the Akt substrates turned out to be the pro-apoptotic protein BAD, which is
inhibited in its apoptotic function upon phosphorylation by Akt (Datta et al. 1997;
del Peso et al. 1997). Given that wortmannin and LY294002 had previously been
shown to be able to induce cell death (Yao and Cooper 1995), these observations
suggested the existence of a PI3K-Akt cell survival pathway.

It is often overlooked that studies in D. melanogaster and especially in
C. elegans have been instrumental in delineating the generic layout of the PI3K
pathway and key aspects of its biology. For example, studies in C. elegans uncov-
ered the link between the insulin-receptor, PI3K and the FOXO transcription factors
(Ogg et al. 1997), and between Akt and FOXO (Paradis and Ruvkun 1998). FOXO
transcription factors were later shown to be a target for direct phosphorylation by
Akt in mammalian cells (Brunet et al. 1999; Kops et al. 1999). Further seminal
work in model organisms included the identification of AGE-1 as the C. elegans
p110 paralog with a key function in the control of lifespan (Morris et al. 1996) and
the identification of PI3K in Drosophila as an important determinant in the regula-
tion of cell growth and size (Leevers et al. 1996).

Work from many groups further uncovered new elements of PI3K signalling,
revealing the involvement of other PH domain-containing proteins, including
regulators of small GTPases (GEFs and GAPs) (Klarlund et al. 1997; Krugmann
et al. 2002; Welch et al. 2002) and various scaffolding and adaptor proteins (such as
Gabl, Bam32, DAPP1) (Isakoff et al. 1998). These pathways have received much
less attention over the years than Akt, and this may have had the effect of under-
estimating the importance of Akt-independent biology in PI3K action.

2 PI3K and Human Disease

Although the link between oncoproteins, growth factors and PI3K signalling,
including the identification of PI3K as a Ras effector (Rodriguez-Viciana et al.
1994; Sjolander et al. 1991) and the demonstration that PI3K could act as a
retroviral oncogene (Chang et al. 1997), provided some circumstantial evidence
for a role of PI3K in cancer, genetic evidence from human cancer emerged only
relatively late. An important breakthrough was the identification of the PTEN
tumour suppressor as a PIP;-phosphatase (Maehama and Dixon 1998). The fre-
quently occurring inactivation of PTEN in cancer leads to constitutive activation of
the PI3K pathway. It was not until 2004, however, that cancer-specific activating
mutations were reported in PIK3CA, which encodes the p110a isoform of PI3K
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(Campbell et al. 2004; Samuels et al. 2004). Surprisingly, no mutations in non-
p110a isoforms have been detected thus far (Parsons et al. 2008; Samuels et al.
2004; TGCA 2008; Thomas et al. 2007; Wood et al. 2007). Mutations in the
regulatory subunit, p85a, encoded by PIK3R1, have been also discovered, although
they occur at low frequency (Jaiswal et al. 2009; Philp et al. 2001; TGCA 2008).
Interestingly, these mutations can also activate pl10B and p110d, possibly
providing a broader activation of the class IA PI3K pathway than PIK3CA muta-
tions (Jaiswal et al. 2009). The sheer number of mutations directed to PI3K
signalling in PTEN, PIK3CA, PIK3RI1 and several upstream receptor tyrosine
kinases makes this pathway one of the most deregulated and druggable biochemical
activities in human cancer.

Since the mid-1990s, evidence for non-redundant functions of the class IAPI3K
isoforms began to emerge (Hill et al. 2000; Roche et al. 1994, 1998; Vanhaesebroeck
et al. 1999). Isoform-specific functions were exemplified by mice with inactivated
p110y (Hirsch et al. 2000; Li et al. 2000; Sasaki et al. 2000) or p1103 (Clayton et al.
2002; Jou et al. 2002; Okkenhaug et al. 2002), PI3K isoforms that are preferentially
expressed in leukocytes. These mice are viable and fertile but show largely non-
overlapping immune phenotypes. The phenotypes of these genetically modified
mice identified p110y and p1109 as targets in immunity and inflammation (Rommel
et al. 2007; Ruckle et al. 2006; Soond et al. 2010).

Another area of isoform-specific function and possible therapeutic intervention
is represented by the role of p110p in platelet biology and thrombosis (Jackson et al.
2005). The p110p isoform plays a key role in regulating the formation and stability
of integrin/adhesion bonds, necessary for shear activation of platelets (Jackson et al.
2005). An isoform-selective p110f inhibitor eliminates occlusive thrombus forma-
tion but does not prolong bleeding time in vivo (Jackson et al. 2005). These studies
defined p110f as a new target for antithrombotic therapy.

3 The Development of PI3K Inhibitors for Human
Disease Starts to Inform Basic Science

In 2003, the first isoform-selective inhibitor, IC87114, which has high selectivity
for p1103, was published (Sadhu et al. 2003). Over the last decade, ever increasing
efforts were made to create both isoform-selective and pan-PI3K inhibitors for
therapeutic use, efforts aided by the first crystal structure of a PI3K, that of p110y
(Walker et al. 1999).

Isoform-selective inhibitors for p1106 (CAL101/hematologic malignancies)
and pl110B (AZD6482/thrombosis) have recently entered early clinical evalua-
tion. Compounds that are effective against all class I PI3K isoforms, including
sometimes mTOR, are currently being advanced into cancer patients with solid
tumours. PI3K inhibitors have not yet been tested in allergy, inflammation and
autoimmunity.
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Several PI3K drug candidates have started to raise questions that impact on basic
research, especially in the regulation of cell survival by PI3K. Indeed, inhibition of
class I PI3K activity with pan-class I PI3K inhibitor compounds does not efficiently
induce apoptosis, but rather lead to a GO/G1 cell cycle arrest (Dan et al. 2009; Fan
et al. 2007; Guillard et al. 2009; Raynaud et al. 2007). In other words, inhibition of
class I PI3K activity appears to be better at slowing down cell proliferation than at
killing cells. This observation is reminiscent of what has been found in flies and
worms, where inactivation of class I PI3K activity inhibits cell growth but does not
induce cell death (Leevers et al. 1996; Morris et al. 1996). Mammalian cells have
recently been shown to be able to survive and proliferate normally with extremely
reduced levels of class I PI3K activity (Foukas et al. 2010).

Looking back, it is clear that the effect on cell survival has been most promi-
nently associated with PI3K action. It is becoming increasingly clear that while
PI3K and Akt are effective modulators of anti-apoptotic signalling, in many
systems, they are neither necessary nor sufficient to protect against cell death
(reviewed in Vanhaesebroeck et al. 2001), These data suggest that the role of
PI3K, and especially of Akt, in the control of cell survival and apoptosis may
have been overestimated.

It is possible that the apoptosis-inducing activity of the pan-PI3K inhibitor
LY294002, seen in some but not all cells, may be due to off-target effects. It is
even more likely that cellular stress may have played a role in the outcome of
some of the early studies on LY294002, for example, when tested on explanted
cells such as neurons which are undergoing tissue culture stress (Yao and Cooper
1995). An option for increasing therapeutic effectiveness of PI3K inhibitors in
cancer could be to broaden the PI3K target spectrum to include class II and class
IIT PI3Ks whose potential role in cancer is largely unexplored. It might also be of
interest to target PI3K-C2a. Indeed, in a recent study, RNAi targeted to this
isoform of PI3K led to cell death in half of the panel of cancer cells tested
(Elis et al. 2008). PI3K-C2q is relatively resistant to LY294002 (Domin et al.
1997; Virbasius et al. 1996) and might not have been inhibited by the doses of
LY294002 that allowed cells to survive in the presence of this compound. The
class III PI3K, vps34, may also be an important cancer target, given that it has
been implicated in autophagy, a response to which cells under stress can resort to
overcome adverse conditions.

From in vitro studies in large panels of cancer cell lines, it is becoming clear that
there is no significant correlation between PTEN status and growth inhibition by
class I PI3K inhibitors (Edgar et al. 2010; O’Brien et al. 2010). It is possible that in
cancer patients, however, PTEN status could still be a predictor of responsiveness
to PI3K pathway inhibition (Cloughesy et al. 2008). Interestingly, cells can be
sensitive to the growth-inhibitory effect of class I PI3K inhibitors without having
mutations in PTEN or PIK3CA, indicating that the PI3K pathway in these cells
could be switched on by alternative mechanisms, such as amplification of HER2
(O’Brien et al. 2010), expression of oncogenic Ras or other mechanisms. In a panel
of breast cancer cell lines, the presence of PIK3CA mutations seems to provide
some enhanced sensitivity to class I PI3K inhibitors (O’Brien et al. 2010). However,
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while this difference is statistically significant, it is small in absolute terms (less than
2-fold overall) and it remains to be seen if such small differences will make an
impact in a clinical context. Taken together, these observations indicate that patient
selection solely on the basis of PIK3CA/PTEN mutational status may not be as
straightforward as originally hoped for and that more work is needed to define the
molecular parameters that predict cancer cell sensitivity to PI3K inhibition, efforts
which are under way (O’Brien et al. 2010).

New evidence also shows that in cancer cell lines, there is no good correlation
between the presence of PIK3CA mutations and the steady state or growth factor-
stimulated activity of PI3K and Akt (Morrow et al. 2005; Stemke-Hale et al. 2008;
Vasudevan et al. 2009). This is in contrast to engineered cell model systems where
gain-of-function mutations in PIK3CA are linked to increased PI3K signalling. It is
likely that in cancer cells, other signalling networks come into play and that
regulatory feedback loops affect the status of the PI3K activities. Interestingly,
some cells with mutant PIK3CA show a dependency on the PDK1 and SGK3
protein kinases (Vasudevan et al. 2009), and it will be important to determine the
genes and signalling pathways that might modulate the sensitivity of PI3K mutant
cells to PI3K inhibitors.

If (class I) PI3K inhibition alone does not induce cancer cell death, the question
arises what are the cancer-cell intrinsic effects of such inhibition that could be
exploited for therapy. A cancer-specific role of PI3K signalling in intracellular
nutrient sensing and control of metabolic pathways needs to be considered (Coloff
and Rathmell 2006; Foukas et al. 2006; Jones and Thompson 2009; Plas and
Thompson 2005). Such a role is also supported by the phenotypes of PI3K inacti-
vation in flies and worms (Leevers et al. 1996; Morris et al. 1996). Inhibition of
PI3K in vivo has been documented to have a major impact on glucose uptake in
tumour cells, as measured by '*fluoro deoxyglucose PET scans (Engelman et al.
2008). Other areas of cell-intrinsic impact of PI3K inhibition such as cell migration,
invasion and metastasis also need to be examined.

It is most likely that class I PI3K inhibitors will be clinically effective only in
combination with other interventions, such as targeted therapies against the EGF-R
or MAPK pathways (Engelman et al. 2008; Faber et al. 2009; Sos et al. 2009), or
more generic approaches such as chemo- and radiotherapy. One of the challenges
for the future will be to delineate cancer types that might benefit from such
combined therapies. An early example of such effective combination strategies is
emerging in breast cancer where PI3K inhibitors can overcome resistance to EGF-
R-directed therapy (Sergina et al. 2007).

It is important to keep in mind that most of the data on the impact of PI3K
inhibition in cancer come from studies with cultured cell lines and xenografts.
These conditions may affect the requirement for PI3K which may then differ
significantly from the roles of PI3K in an autochthonous tumour growing in vivo.
Indeed, the impact of PI3K inhibition on the stroma, including immune cells,
fibroblasts and endothelial cells, could be substantial but remains largely unex-
plored. A role of PI3K in developmental angiogenesis has recently been established
(Graupera et al. 2008), but the functions of PI3K in tumour angiogenesis are not
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defined. An indirect role of PI3K blockade may also underpin the promising results
of the phase I trials with the p110d inhibitor CAL-101, which induced disease
stabilisation in a substantial number of patients with B-cell lymphoma (Flinn et al.
2009). The direct impact of pl104-centred inhibitors on the proliferation and
survival of haematological cancer cells is modest, and it is possible that indirect
actions of PI3K inhibitors come to play in this clinical setting.

4 Some Outstanding Questions in PI3K Biology and Signalling

While Akt has been the most studied target of PI3K, many questions on its
regulation and function remain unanswered. Indeed, we still do not have a full
understanding of its activation by PDK1 and mTORC2, of its inactivation and of the
many feedback loops that control this kinase. We are largely ignorant of the
mechanisms by which Akt regulates its cellular location and affects its many
targets, notably those in the nucleus. We also have little definitive understanding
of the specific, non-redundant functions of the three Akt isoforms. As aptly cap-
tured by Brian Hemmings when reviewing the field ten years after the molecular
cloning of Akt, this is still “a hard Akt to follow” (Brazil and Hemmings 2001).
It will also be important to re-evaluate the pro-survival and growth-promoting role
of Akt and to define the signalling context that would make it a potentially
exploitable therapeutic target.

PI3K effectors other than Akt also deserve more attention and scrutiny. Indeed,
other than Akt, PI3K regulates other tyrosine kinases (such as Btk) and affects
adaptor proteins (such as Gab2) and a plethora of GEFs and GAPs for monomeric
GTPases of the Rac, Ras and Arf families (Vanhaesebroeck et al. 2001). The
regulation of these GEFs and GAPs is complex and difficult to track experimen-
tally, but some of these proteins could play important roles in PI3K signalling
pathways. This is illustrated by P-REX2a, which activates the small GTPase Rac
and is regulated by both PIP; and the Gg, subunits of heterotrimeric G proteins, and
which has recently been shown to interact with PTEN, inhibiting PTEN function
(Fine et al. 2009).

The roles of the PI3K isoforms in human disease need to be further delineated.
In a non-cancer context, class I PI3K isoforms have highly non-redundant func-
tions, but it is not clear at this point how such specificity is achieved, as all PI3K
isoforms activate Akt indiscriminately. It is possible that PI3K isoforms produce
PIP; in different cellular compartments, and they could also differentially regulate
small GTPases such as RhoA (Papakonstanti et al. 2007, 2008). In cancer, some of
this non-redundancy is lost, possibly because the pathways upstream of the PI3K
isoforms have been deregulated (Vanhaesebroeck et al. 2010).

Powerful tools to address some of these questions now available. These include
isoform-specific inhibitors for p110f, p110y and p110d as well as an array of
mutant and transgenic mice. The differential roles of pl110 isoforms in cancer
remain an important topic. It is not clear why the gene encoding pl110a is so
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selectively mutated in cancer. These mutations increase the activity of pl110a
by enhanced association with the plasma membrane (Gymnopoulos et al. 2007;
Mandelker et al. 2009), or by release from a p85-mediated inhibition (Miled et al.
2007), but the detailed molecular mechanisms of increased downstream signalling
remain to be determined. There is suggestive evidence that different mutations can
have a differential biological output such as in breast cancer cells, where the E545K
mutation of PIK3CA appears to be associated with an enhanced metastatic pheno-
type compared to the H1047R mutation (Pang et al. 2009).

Thus far, the focus of the field has been on class I PI3Ks and their action through
the PH-domain-mediated binding of key effectors to PIP; and PI(3,4)P,. Relatively
little attention has been paid to class II and III PI3Ks, their physiological roles and
possible involvement in disease. These PI3Ks operate through PI3P and its effector
proteins which bind this lipid with their PX or FYVE domains. While PH domains
are more abundant than PX and FYVE domains, only a very small subset of PH
domains binds PIP; or PI(3,4)P, (Lemmon 2008). In contrast, all PX and FYVE
domains bind to PI3P. Therefore, PI3P has many more effectors than PIP; and PI
(3,4)P,. These effectors are very diverse and include p40 and p47 subunits of
NADPH oxidase and proteins with sorting and scaffolding functions in membrane
transport such as early endosome antigen-1 (EEA1), Hrs/vps27, ESCRT compo-
nents, Alfy, kinesins and sorting nexin family members. PI3P-binding proteins also
include the lipid kinase Fabl/PIKfyve (which converts PI3P to PI(3,5)P,), the
protein kinase SGK3 and additional GAPs (such as RGS-PX1) (reviewed in Birkeland
and Stenmark 2004; Di Paolo and De Camilli 2006; Hurley 2006; Lemmon 2008;
Vanhaesebroeck et al. 2010).

A key question is whether PI3P is involved in acute signalling and to what extent
it influences signalling by extracellular agonists. Class II PI3K isoforms have been
reported to generate PI3P in an agonist-dependent manner (reviewed in Falasca and
Maffucci 2009; Vanhaesebroeck et al. 2010) and vps34 has been shown to control
amino acid-dependent activation of S6 kinase-1 through unknown intermediates
(Byfield et al. 2005; Nobukuni et al. 2005). At present there are no small molecule
inhibitors of class II and III PI3Ks in the public domain (Shuttleworth et al. 2009).
The importance of PI3P in disease is underscored by the observation that germline
inactivation of PI3P-phosphatases of the myotubularin family in humans can lead to
neuropathies and myopathy (Nicot and Laporte 2008).

Last but not least, we know very little about the production of the PI3K lipids
themselves, their levels in disease, their subcellular localisation and their
dynamic interconversion to other phosphoinositides. The frequent loss of the
tumour suppressor PTEN in cancer demonstrates the importance of 3-phosphoi-
nositide turnover. More recent observations assign important roles to 5-phospha-
tases of PIP;, including IPP5SE, whose inactivation is involved in ciliopathies
(Bielas et al. 2009; Jacoby et al. 2009), and SHIP2, which has been implicated
in insulin signalling and glucose homeostasis (Ooms et al. 2009). INPP4 is a
4-phosphatase of PI(3,4)P,; its INPP4B isoform is a tumour suppressor that
inhibits PI3K signalling (Gewinner et al. 2009). PI3P turnover is regulated by
myotubularin phosphatases, some of which have been implicated in myopathies
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and neuropathies (Nicot and Laporte 2008). These data show that it will be
essential to monitor the levels and species of phosphoinositides in disease, in
combination with proteomic and lipidomic profiling. Although it is now possible
to monitor the subcellular distribution of 3-phosphoinositides with labelled lipid-
binding domains, no progress has been made in the quantification of 3-phosphoi-
nositides. Indeed, over the last decade, the entire field has almost exclusively
relied on proxy readouts such as the phosphorylation of Akt. The disconnects
between PI3K pathway activation and Akt phosphorylation that starts to surface
(Vasudevan et al. 2009) make it imperative to develop new methods for monitor-
ing 3-phosphoinositides in cells.

5 Concluding Remarks

Remarkable progress has been made over the last two decades in our knowledge of
PI3K biology and signalling. PI3Ks have been identified as powerful signalling
enzymes that respond to diverse upstream inputs and feed into complex down-
stream networks. Class I PI3Ks generate the tightly regulated second messenger
PIP; signalling platform. At the level of cellular signalling, the four PI3K isoforms
of class I, despite their identical lipid kinase activities, carry out largely non-
redundant tasks, and recent evidence suggests that different isoforms can cooperate
in achieving specific effects. The molecular basis for these distinctions and com-
plementations is not understood. The extent to which different isoforms can substi-
tute for each other is also not known.

High points in PI3K studies include genetically engineered mice, high resolution
crystal structures, biochemical and cellular high throughput assays, cell-based and
in vivo imaging assays, human genetics and isoform-selective inhibitors. There is an
active debate in the field about selectively targeting single isoforms of PI3K versus a
broader, pan-PI3K directed approach. First generation drugs against class I PI3K
isoforms have entered clinical testing. Several other drugs targeting alternative
components of the PI3K signalling network are at a similar stage of development.
Despite many open questions, there is hope that an understanding of the genetic
signatures that mark a role for PI3K in disease will translate into therapeutic benefits.
First generation drugs are often “learning tools” that will be outperformed by better
drugs and knowledge. Clinical experience, basic science and drug development are
poised to interdigitate and to complement each other as the PI3K field evolves from a
cellular signalling specialty to an area of broad medical significance and impact.
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Abstract The involvement of the PIK3CA gene product pl110a, the catalytic
subunit of phosphatidylinositol 3-kinase (PI3K), in human cancer has been sug-
gested for over 15 years, and support for this proposal had been provided by both
genetic and functional studies, including most recently the discovery of common
activating missense mutations of PIK3CA in a wide variety of common human
tumor types. This chapter will focus on the discovery of these mutations and
describes their relevance to a wide range of common human tumor types.

Of note, the identification and functional analysis of the PIK3CA gene are
reviewed in other chapters in this book. However, a brief mention will be made
here of its general properties as background to our focus on the discovery of its
cancer-specific mutations.
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1 Introduction

Phosphoinositide kinases (PIKs) are lipid kinases that phosphorylate the inositol
ring of phosphoinositides, thus acting as signal transducers. Depending on the
phosphorylation site on the carbohydrate, PIKs are categorized into three families:
phosphoinositide 3-kinases (PI3Ks), phosphoinositide 4-kinases (PIP4Ks) and
phosphoinositide 5-kinases (PIPSKs). PI3Ks are further grouped into classes I, II or
II1I, depending on their subunit structure, their regulation and their substrate selectivity.
Class I PI3Ks, are composed of two subgroups, IA and IB (Vanhaesebroeck and
Waterfield 1999). The class IA PI3K subgroup consists of three catalytic subunits:
pl10a, p110B, and p110d that form heterodimers with one of five regulatory
domains: p85a, p85P, p85y, pS0a, and pS55a. These PI3Ks are activated by cell-
surface receptor tyrosine kinases. PI3Ks IA and IB catalyze the formation of PtdIns
(3,4,5)P5 (PIP3), a process that is reversed by the action of the lipid phosphatase,
PTEN. PIP3 serves as an anchor for Pleckstrin homology (PH) domain-containing
proteins such as the serine/threonine kinases AKT1, AKT2, and AKT3, which,
once localized to the membrane, get activated by 3-phosphoinositide dependent
protein kinase-1 (PDK1). AKT has numerous protein targets, including mTor, Bad,
Caspase 9, Tuberin, GSK3f, and a subset of forkhead transcription factors. The
biological consequences of AKT activation are broad and can be subdivided into
regulation of cell proliferation, survival and motility (Cantley 2002; Katso et al.
2001; Vivanco and Sawyers 2002).

2 Links Between the PI3K Pathway and Cancer

The role of PI3Ks and specifically p110a in cancer was implicated when its kinase
activity was shown to be associated with viral oncoproteins (Cantley et al. 1991).
This was further substantiated by the discovery that some avian and murine retro-
viruses encode oncogenic derivatives of the cellular PIK3CA and Akt genes,
respectively (Bellacosa et al. 1991; Chang et al. 1997; Staal 1987).

Furthermore, PTEN (phosphatase and tensin homolog), which reverses the
reaction catalyzed by PI3Ks by dephosphorylating 3-position on inositol head
groups, was found to be a tumor suppressor gene commonly mutated in human
tumors (Li et al. 1997; Steck et al. 1997) resulting in constitutive activation of the
PI3K pathway.

Other investigations showed the amplification of genomic regions containing
AKT or PIK3CA genes (Actor et al. 2002; Bastian et al. 1998; Bellacosa et al. 1995;
Cheng et al. 1992, 1996; Knobbe and Reifenberger 2003; Shayesteh et al. 1999;
Staal 1987; Thompson et al. 1995) in various cancer types with the implication that
PI3K was functioning as an oncogene. In addition, mutations in p85, the regulatory
subunit of PI3K, in ovarian and colon tumors have been reported (Philp et al. 2001).
Furthermore, the fact that the downstream targets of AKT, such as the forkhead
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transcription factors FKHR and FKHRL1 have been shown to be translocated in
several tumor types (Barr et al. 1993) provides strong evidence that this pathway
plays a major role in neoplasia.

3 High Throughput Sequencing of Gene Families
in Human Cancer

These discoveries suggested that PI3K might be genetically altered in human
cancer. One way to definitely implicate a gene in human cancer is to discover
tumor-specific mutations in the gene and to evaluate the functional effects of those
mutations. This type of mutation search involves direct sequencing of gene(s) in a
panel of tumors to identify variations from a reference sequence. The patient’s
constitutional DNA is then analyzed to determine whether the variant arose specifi-
cally within the tumor, i.e., whether the change is somatic.

In the past, technical hurdles have limited the ability to perform mutational
analysis of candidate genes in a high throughput fashion. Several important
advances have aided the development of high throughput approaches for DNA
sequencing and mutation detection in human cancer. The first has been the collec-
tion and isolation of high-quality tumor tissue for these analyses, either through
generation of early passage tumor cell lines or through selective capture or micro-
dissection of neoplastic tissue. This has permitted the sensitive detection of somatic
mutations that would otherwise have been masked by contaminating normal tissue.
The second advance has been the delineation of the sequence of the human genome
coupled with progress in automated methods for large-scale sequence analysis of
specific loci. These methods have been optimized to provide rapid and robust
sequence analysis of nearly all exonic regions in the human genome (Jones et al.
2008; Parsons et al. 2008; Sjoblom et al. 2006; Wood et al. 2007). Finally, several
methods for automated mutation detection have been developed and applied for
analysis of somatic alterations in cancer (Bardelli et al. 2003; Stephens et al. 2006).
By direct comparison of sequence chromatograms from tumor and normal tissues,
these methods have allowed the sensitive identification of most types of somatic
sequence alterations. The combination of these advances has now created an
opportunity for systematically identifying somatic mutations in human cancers
and evaluating the roles of such mutated genes in tumorigenesis.

4 PIK3CA is Somatically Mutated in Colorectal Cancer

The clear link between the PI3K pathway and cancer noted above stimulated a
study to determine whether PI3K genes are genetically altered in human tumors. To
do this, a high throughput sequencing approach was used to sequence all of the
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PI3K genes in a panel of 35 colorectal cancers and corresponding normal tissues.
Sequencing of the exons encoding the kinase domain of all 16 members of the PI3K
family showed that PIK3CA was the only gene to harbor somatic (i.e., tumor
specific) mutations. Sequencing the rest of the gene in 199 additional colorectal
cancers revealed that PIK3CA is somatically mutated in 32% of cases (Samuels
et al. 2004). All but three of the alterations were heterozygous and no truncating
or nonsense alterations were observed, which is consistent with the mutational
signature of oncogenes. To determine at what stage of colorectal cancer PIK3CA
mutations occur, 76 premalignant colorectal tumors were also examined. This
identified only two mutations, both in advanced adenomas, suggesting that
PIK3CA mutations arise late in tumorigenesis, just before or concurrent with
invasion.

Importantly, over 80% of the somatic missense mutations were found in the
kinase and helical domains of the PIK3CA subunit. This discovery of “hotspot”
mutations is reminiscent of alterations in other oncogenes such as KRAS and BRAF
(Bos et al. 1987; Davies et al. 2002; Rajagopalan et al. 2002). Further evaluation of
PIK3CA mutational status in colon cancer has since been performed by several
other groups and is described in more detail later.

Indeed, this discovery was surprising because despite extensive characterization
of this pathway at the biochemical and biological levels, PIK3CA was not known to
be mutated in human cancer.

S PIK3CA is Mutated in a Wide Variety of Human
Tumor Types

The initial discovery of PIK3CA mutations in colon cancer led to the examination
of PIK3CA mutations in additional cancer types. These data and clinicopathologi-
cal correlations for a subset of the most common tumor types or those with common
mutations of PIK3CA are described below. Though amplifications of PIK3CA have
been identified in numerous tumor types as well, the description below focuses
virtually exclusively on studies that have evaluated mutations of PIK3CA. Of note,
the descriptions below include only published studies. However, the Sanger Insti-
tute Cancer Genome Project has sequenced PIK3CA in a large number of additional
samples. These data are continuously updated, publically available, and can be
accessed at http://www.sanger.ac.uk/genetics/CGP/cosmic.

Breast cancer. In the paper describing the initial discovery of PIK3CA mutations
in cancer, PIK3CA mutations were also identified in 1/12 breast cancers (Samuels
et al. 2004). However, due to the relatively small number of samples studied and the
fact that, despite years of effort, a commonly mutated breast cancer oncogene had
not yet been discovered, several groups immediately initiated more comprehensive
mutational analyses of PIK3CA in breast cancer (Bachman et al. 2004; Campbell
et al. 2004; Lee et al. 2005; Levine et al. 2005; Saal et al. 2005; Wu et al. 2005b).
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These efforts were immediately rewarded with very large number of mutations,
making it immediately clear that PIK3CA was the most commonly mutated onco-
gene yet discovered in breast cancer. It is now appreciated that mutations of
PIK3CA are found in 25-40% of all human breast cancers. This discovery was
particularly gratifying since it had long been known that the PI3K pathway was
often activated in breast cancer via phosphorylation of Akt (Page et al. 2000), yet in
the absence of frequent PTEN mutations, the mechanism for the activation of Akt
remained elusive. Therefore, the presence of PIK3CA mutations provided a molecular
explanation for this long-standing conundrum.

Since the initial discovery of PIK3CA mutations in breast cancer, substan-
tial effort has been expended in an attempt to correlate PIK3CA mutations in
breast cancer with clinicopathological parameters such as estrogen receptor (ER)/
progesterone receptor (PR) positivity, the presence of lymph node metastases,
and response to therapy. These relationships are summarized below; however,
it is worth noting that there are conflicting data on many of these proposed
relationships.

Saal et al. were the first group to propose definitive clinicopathological corre-
lates to PIK3CA mutations in breast cancer (Saal et al. 2005). Their data indicated
that PIK3CA mutations were most often present in tumors with intact, expressed
PTEN genes; in tumors that had metastasized to lymph nodes; and in tumors with
expression of the ER, PR, and ERBB2. Data from Stemke-Hale et al. also demon-
strated that PIK3CA mutations were more common in hormone receptor positive
and HER2-positive breast cancers (Stemke-Hale et al. 2008). Li et al. confirmed
and extended several of these relationships, demonstrating that PIK3CA mutation
correlated with worse survival and that mutations were more commonly found in
larger tumors with ER and PR expression (Li et al. 2006). Lerma et al. and Lai et al.
also confirmed the association between PIK3CA mutation and poorer survival
(Lai et al. 2008; Lerma et al. 2008). However, these data correlating PIK3CA
mutation with poorer survival are controversial, as Barbareschi et al. suggested
that whereas exon 9 mutations are associated with poor prognosis, exon 20
mutations are associated with better prognosis (Barbareschi et al. 2007). Further-
more, Maruyama et al. and Perez-Tenorio suggested that PIK3CA mutations are
actually associated with better survival (Maruyama et al. 2007; Perez-Tenorio
et al. 2007).

Buttita et al. provided another potentially important clinicopathological correlate —
that PIK3CA mutations were more commonly found in lobular breast cancers than
in ductal breast cancers (Buttitta et al. 2006). Barbareschi et al. found a similar
correlation, but suggested that it was specific to samples with mutations in exon 9
(Barbareschi et al. 2007).

PIK3CA mutational status has also been correlated with response to therapy in
breast cancer. For example, Berns et al. have suggested that oncogenic mutations of
PIK3CA may render breast cancers more resistant to treatment with the antibody-
based therapeutic trastuzumab (Berns et al. 2007), and Eichhorn et al. have shown
that mutational activation of PIK3CA similarly render cells more resistant to
the anti-HER2 agent Lapatinib (Eichhorn et al. 2008). In contrast, Liedtke et al.
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demonstrated no relationship between PIK3CA mutational status and sensitivity to
standard regimens of anthracyline and paclitaxel-based chemotherapy (Liedtke
et al. 2008).

Colon cancer. The initial paper describing the novel discovery of PIK3CA
mutations reported the sequence of the entire coding region of the gene in 234
colon tumors and identified a mutation frequency of 32% (Samuels et al. 2004).
This remains the most comprehensive mutational analysis of PIK3CA mutations in
colon cancer because of the large number of samples studied and the fact that all 20
exons were sequenced in every sample. Interestingly, in this study mutations were
twice as common in tumors with microsatellite instability (RER+) than in tumors
that were proficient for DNA repair (RER—).

There is some disagreement in the literature as to whether PIK3CA mutational
status correlates with RER status. Whereas Abubaker et al. confirmed the work of
Samuels et al. by demonstrating a clear relationship between PIK3CA mutation and
microsatellite instability (Abubaker et al. 2008a), Velho et al. disagreed, suggesting
that PIK3CA mutations occur at roughly equivalent frequencies in RER+ and
RER— tumors (Velho et al. 2005). However, Velho et al. reported an unusually
low PIK3CA mutation frequency in their samples (14%).

In addition to RER status, several studies have correlated PIK3CA mutation
status to other pathological parameters. For example, Mikami et al. performed an
interesting study demonstrating that while PIK3CA mutations were frequently
found in the common “protruded-type” of colon cancer, they were very uncommon
in the rare “flat-type” colon cancers (Mikami et al. 2006). Miyaki et al. asked
whether PIK3CA mutations were found at different frequencies in sporadic colon
cancers and those from patients with inherited colon cancer predisposition (Miyaki
et al. 2007). They concluded that PIK3CA mutations occurred at similar frequency
in sporadic and inherited tumors, but that mutations in patients with inherited
predisposition occurred predominantly in the kinase domain whereas mutations in
sporadic cases occurred predominantly in the helical domain. This group also
confirmed the work of Samuels et al. demonstrating that preinvasive colon tumors
generally harbor wild-type PIK3CA genes. Finally, Benvenuti et al. showed that
PIK3CA mutations are more prevalent in colorectal cancers from women than from
men (Benvenuti et al. 2008).

Several groups have also attempted to correlate PIK3CA mutation status with
survival and response to therapy. Several groups have clearly shown that PIK3CA
mutation is correlated with poor prognosis, even in patients whose tumor had been
completely resected (Barault et al. 2008; Kato et al. 2007; Ogino et al. 2009). Ogino
et al. further demonstrated that this effect was dependent on K-Ras mutational
status; the presence of PIK3CA mutation conferred no significant effect on mortal-
ity among patients with tumors harboring K-Ras mutations. As such, they suggested
that clinical trials of PI3K inhibitors may need to be stratified by K-Ras mutational
status to accurately assess the efficacy of the inhibitors. Finally, both Jhawer et al.
and Sartore-Bianchi et al. showed that colon cancer cells with mutant PIK3CA
genes tended to be resistant to therapeutic anti-EGFR antibodies (Jhawer et al.
2008; Sartore-Bianchi et al. 2009).
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Endometrial cancer. Endometrial cancer has proven to be one of the most
interesting tumor types for the identification and study of PIK3CA mutations,
both because of the high frequency of mutations and the novel finding that
PIK3CA mutations are often coincident with PTEN mutations in this tumor type.
Oda et al. reported a high frequency of mutations of PIK3CA in uterine endome-
trioid cancer (36%), which is all the more remarkable because they sequenced only
the exons containing mutational hotspots, so the actual mutation frequency is likely
to be somewhat higher (Oda et al. 2005) And, despite initial reports that PIK3CA
activation and PTEN inactivation were mutually exclusive, this group identified
coincident mutations of PIK3CA and PTEN in 26% of samples. Remarkably,
PIK3CA mutations were actually more common in tumors with mutant PTEN
genes than in tumors with wild-type PTEN genes. This study was the first study
to suggest that hyperactivation of PI3K signaling by coincident mutations in two
members of the pathway could be conducive to tumorigenesis. This was especially
intriguing because of the widespread belief that hyperactivation of oncogenic
signaling pathways such as PI3K can thwart cancer pathogenesis by inducing
p53-dependent senescence (Chen et al. 2005; Kim et al. 2007). These data reporting
coincident mutations in PIK3CA and PTEN were then supported by three additional
groups (Hayes et al. 2006; Kang et al. 2008; Velasco et al. 2006). Of note, one group
has reported a somewhat lower frequency of PIK3CA mutation in endometrial
cancer (10%) (Miyake et al. 2008).

In contrast to the data with PTEN, mutations in PIK3CA do appear to be
mutually exclusive with mutations of K-Ras in endometrial cancer (Kang et al.
2008; Velasco et al. 2006). However, it is worth noting that this reported mutual
exclusivity with oncogenic K-Ras is somewhat controversial (Ollikainen et al.
2007).

Catasus has demonstrated that the presence of PIK3CA mutations is correlated
with various clinicopathological factors such as invasion of the myometrium, high
grade tumors, deeply invasive tumors that exhibit lymphovascular invasion (Catasus
et al. 2008). Most recently, PIK3CA mutations have also been demonstrated in 15%
of uterine serous carcinoma, a less common form of endometrial cancer (Hayes
et al. 2009).

Brain tumors. In the initial report, Samuels et al. sequenced PIK3CA in 15
glioblastoma multiformes (GBMs) and identified four mutations, a 27% mutation
frequency. This was particularly exciting to brain tumor researchers since it impli-
cated PI3K activation in the majority of malignant gliomas, as PTEN was already
known to be mutated in a substantial fraction of malignant gliomas. This report was
immediately followed up by Broderick et al. who sequenced the catalytic and
helical domain of PIK3CA in a large number of different brain tumor types and
identified mutations in 14% of anaplastic oligodendrogliomas, 5% of GBMs, 5% of
medulloblastomas, and 3% of anaplastic astrocytomas. No mutations were identi-
fied in low grade astrocytomas or ependymomas (Broderick et al. 2004).

Hartman et al., Knobbe et al., and Kita et al., also sequenced PIK3CA in GBMs
and all reported a mutation rate of ~5% (Hartmann et al. 2005; Kita et al. 2007;
Knobbe et al. 2005). Gallia et al. identified mutations of PIK3CA in 15% of GBMs,
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and demonstrated that the frequency of mutation was roughly equivalent among
cell lines, xenografts, and primary tumors (Gallia et al. 2006). They further demon-
strated an equivalent frequency of mutation between pediatric and adult GBMs.
Hartmann et al. have sequenced PIK3CA in oligodendrogliomas and identified a
mutation frequency of ~2% (Hartmann et al. 2006).

In contrast, Mueller et al. sequenced PIK3CA in 30 primary GBMs but were
unable to identify any mutations (Mueller et al. 2005), and suggested that PIK3CA
mutations could be more common in GBM cell lines than in primary GBMs.
However, this group studied a relatively small number of samples that were
intentionally biased toward samples with wild-type PTEN genes. In light of
subsequent studies in endometrial cancer demonstrating that PIK3CA mutations
can actually occur preferentially in tumors with mutant PTEN genes, it is possible
that the sample set used by these investigators could have led to a reduced apparent
frequency of PIK3CA mutations in GBM. Finally, Pang et al. have sequenced
PIK3CA in meningiomas and identified a low mutation frequency of 1% (Pang
et al. 2006).

Skin cancer. Perhaps one of the most interesting and surprising recent findings in
the PIK3CA field was the recent report of common hotspot mutations of PIK3CA in
two benign skin lesions — epidermal nevi and seborrheic keratoses (SK), two
noninvasive keratinocyte-derived skin tumors. Epidermal nevi are congenital
lesions that are either present at birth or develop during early childhood, whereras
SK are similar lesions that are associated with the aging process. Hafner et al.
sequenced the hotspot exons of PIK3CA in these tumors and demonstrated that
27% of EN and 16% of SK harbor PIK3CA mutations (Hafner et al. 2007, 2008),
and further demonstrated that PIK3CA mutations are present in solar lentigo,
thought to be a precursor lesion for SK (Hafner et al. 2009). These intriguing
findings challenge the idea that PIK3CA mutations are associated with tumor cell
invasion (Samuels et al. 2004). Additionally, they are reminiscent of previous
findings in colon cancer demonstrating that if K-Ras mutations occur in the early
stages of tumorigenesis, they lead to the formation of a benign lesion known as an
aberrant crypt focus instead of frank cancer (Jen et al. 1994). The finding of
PIK3CA mutations in these benign skin tumors also raises the possibility that
mutational activation of PIK3CA may be causing oncogene-induced senescence
in human keratinocytes, as mutational activation of PIK3CA genes has been shown
to lead to senescent-like features in several human cell types (Kim et al. 2007).

In contrast to the frequent mutations of PIK3CA in these benign skin tumors,
mutations of PIK3CA are relatively rare in malignant melanoma (~3%), which was
surprising given the prominent role of PTEN inactivation in this tumor type
(Ombholt et al. 20006).

Ovarian cancer. Even before the identification of PIK3CA mutations, it was
widely appreciated that amplification and overexpression of PIK3CA was found in
a substantial number of ovarian cancers (Shayesteh et al. 1999; Zhang et al. 2003).
As such, after the initial report of PIK3CA mutations, several groups immediately
sequenced the gene in ovarian cancer and identified a mutation frequency of 4—12%
(Campbell et al. 2004; Levine et al. 2005; Wang et al. 2005). Campbell et al. and
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Wang et al. also clearly demonstrated a substantial histological subtype bias, in that
mutations were much more common in the relatively rare endometrioid, clear cell,
and mucinous types; whereas they were fairly rare in the most common serous
type tumors. The fact that these mutations were rare in serous tumors was also
confirmed by Nakayama et al. (2006). Most recently, Kolasa et al. demonstrated
that mutant PIK3CA correlates with low FIGO stage, lower tumor grade, and early
age at diagnosis (Kolasa et al. 2009).

Gastric cancer. Even before the work of Samuels et al. PIK3CA had been impli-
cated in the pathogenesis of gastric cancer by the identification of genomic ampli-
fications (Byun et al. 2003). Then, in their initial study, Samuels et al. identified
PIK3CA mutations in 25% gastric cancers (3/12) (Samuels et al. 2004). Subsequent
studies reported somewhat lower mutation frequencies of 4 and 11% (Li et al. 2005;
Velho et al. 2005). However, little additional work has been performed on clinico-
pathological correlates of PIK3CA in this tumor type.

Lung cancer. Amplifications of PIK3CA in lung cancer were reported by
Massion et al. (2004). That same year, Samuels et al. reported a low (4%) frequency
of PIK3CA mutations in lung cancer (Samuels et al. 2004). Kawano et al. then
confirmed this low frequency in a larger sample set (Kawano et al. 2006). Of note,
they demonstrated that PIK3CA mutation occurs more commonly in squamous cell
carcinoma (7%) than in adenocarcinoma (2%). Okudela et al. similarly identified
mutations of PIK3CA in 4% of lung cancers (Okudela et al. 2007). Finally, in the
largest lung cancer study performed to date, Yamamoto et al. studied >700 lung
cancer samples and identified PIK3CA mutations in 2% of all major histology types
(Yamamoto et al. 2008).

Interestingly, Kawano et al. were the first (and as yet only) to demonstrate that
mutant alleles of PIK3CA are occasionally amplified in cancer cells (Kawano et al.
2007). This finding is strikingly reminiscent of the well-described amplification of
mutant alleles of EGFR that also occurs in lung cancer (Sharma et al. 2007).

Thyroid cancer. There is some disagreement in the literature regarding the role
of PIK3CA mutation in the pathogenesis of thyroid cancer, perhaps in part due to
the wide variety of different pathological types of this disease. However, when
taken together, the studies suggest that PIK3CA mutations are more important in
the pathogenesis of anaplastic thyroid cancer and follicular thyroid cancer than in
the pathogenesis of papillary carcinoma of the thyroid.

In the initial, very large study, Garcia-Rostan identified PIK3CA mutations in
16% of anaplastic thyroid carcinomas, 8% of follicular thyroid carcinomas, and
2% of papillary thyroid carcinomas (Garcia-Rostan et al. 2005). However,
that same year Wu et al. suggested that PIK3CA mutations rarely occurred in
these tumor types (Wu et al. 2005a). In a subsequent study, Wang et al. reported
PIK3CA mutations in 13% of follicular thyroid carcinomas and 1% of papillary
thyroid carcinomas (Wang et al. 2007). Abubaker et al. then specifically focused
on papillary thyroid carcinoma and identified mutations in 2% of 499 cases studied
(Abubaker et al. 2008b). Similarly, Santarpia et al. focused exclusively on ana-
plastic thyroid cancer and identified mutations in 14% of 36 cases (Santarpia
et al. 2008).
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Head and neck cancer. A large number of studies have examined the role of
PIK3CA mutation in the pathogenesis of head and neck cancer. Qiu et al. evaluated
PIK3CA mutational status in 38 squamous cell carcinomas and identified four
samples with mutations (11%). Interestingly, in three of the four cases with muta-
tions were derived from pharyngeal cancer samples (Qiu et al. 2006). Later, this
group used a more sensitive mutation detection method that made it possible to
identify mutations in tumors of mixed origin and found the mutation rate to be
significantly higher than previously reported (21%) (Qiu et al. 2008). Kozaki et al.
sequenced PIK3CA in oral squamous cell carcinomas and identified mutations in
21% of cell lines and 17% of primary tumors (Kozaki et al. 2006). Yan Yan et al.
were unable to identify mutations of PIK3CA in pharyngeal cancer samples (Or
et al. 2006). Liu et al. identified mutations of PIK3CA in 4% of nasopharyngeal
carcinomas (Liu et al. 2007). Fenic et al. were unable to identify any mutations of
PIK3CA in a series of 33 squamous cell carcinomas (Fenic et al. 2007). Chou et al.
identified PIK3CA mutations in 10% of nasopharyngeal carcinomas, and demon-
strated that there was no significant relationship to clinicopathological character-
istics of the tumors (Chou et al. 2008). Murugan et al. identified mutations in 30%
of head and neck cancer cell lines, 11% in primary tumors from patients in India,
and no tumors from Vietnam (Murugan et al. 2008).

Cervical cancer. It was appreciated that amplification and overexpression of
PIK3CA played an important role in the pathogenesis of cervical cancer, even before
the identification of PIK3CA mutations (Ma et al. 2000). Then, Miyake et al. identi-
fied mutations of PIK3CA in 3 of 22 cases (14%) (Miyake et al. 2008) and Cui et al.
identified mutations in 15/184 invasive cervical carcinomas (8%) (Cui et al. 2009).

Pancreatic cancer. Schonleben et al. identified PIK3CA in 11% of intraductal
papillary mucinous carcinoma of the pancreas (Schonleben et al. 2006).

Esophageal cancer. Phillips et al. identified PIK3CA mutations in 12% of
squamous cell carcinomas of the esophagus, and 6% of adenocarcinomas of the
esophagus (Phillips et al. 2006). Mori et al. identified mutations in 2/88 (2%) of
esophageal squamous cell carcinomas (Mori et al. 2008). In contrast, Akagi et al.
did not identify any PIK3CA mutations in esophageal squamous cell carcinoma
(Akagi et al. 2009).

Liver/biliary tract cancer. Riener et al. evaluated both liver and biliary tract
tumors for PIK3CA mutations and identified mutations in 1/45 cholangiocarcino-
mas (2%), 1/23 gallbladder carcinomas (4%), and 1/50 hepatocellular carcinomas
(2%) (Riener et al. 2008). Tanaka et al. were unable to identify any mutations of
PIK3CA in 47 hepatocellular cancers from Japanese patients (Tanaka et al. 2006).

Pituitary tumors. Lin et. evaluated 353 pituitary tumors and identified PIK3CA
mutations in 8/91 invasive pituitary tumors (9%) but not in any of 262 noninvasive
pituitary tumors (Lin et al. 2009). Of note, these data are consistent with the idea
initially expressed by Samuels et al. that mutation of PIK3CA correlates with
invasiveness.

Urological tumors. Andersson et al. identified mutations of PIK3CA in 8/28
penile tumors (29%) (Andersson et al. 2008). Lopez-Knowles identified PIK3CA
mutations in 11/87 (13%) of bladder cancers (Lopez-Knowles et al. 2006).
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Leukemia/lymphoma. PIK3CA mutations were identified in 17/215 diffuse large
B cell lymphomas (Abubaker et al. 2007). Muller et al. did not identify any
mutations of PIK3CA in acute myeloid leukemia, myelodysplastic syndromes, or
non-Hodgkin lymphomas (Muller et al. 2007). Similarly, Hummerdal wa unable to
identify PIK3CA in acute myeloid leukemia (Hummerdal et al. 2006).

Neuroblastoma. Dam et al. were unable to identify PIK3CA mutations in any of
69 neuroblastomas (Dam et al. 2006).

These mutation frequencies indicate that PIK3CA is one of the two most
commonly mutated genes identified in human cancers (the other being KRAS).
Taken together, the genetic alterations described above suggested that mutant
PIK3CA is an oncogene for the following reasons: (a) the high mutation frequency,
(b) the vast majority of mutations are heterozygous missense changes, (c) many
of the mutations affect highly conserved residues, and (d) more than 80% of the
mutations in PIK3CA cluster in two regions, within the helical (exon 9) and
catalytic (exon 20) domains. These characteristics suggested that these genetic
alterations may be kinase activating, similar to oncogenic mutations found in other
oncogenes such as BRAF (Davies et al. 2002; Rajagopalan et al. 2002). Indeed,
follow-up functional analyses of the PIK3CA mutations confirmed them to be
constitutively kinase activating and oncogenic (Bader et al. 2006; Kang et al.
2005; Samuels et al. 2004, 2005; Zhao and Vogt 2008).

6 Somatic Mutations in the PI3K Pathway Typically Occur
in a Mutually Exclusive Fashion

The significance of the PI3K pathway in human cancer was further emphasized by
additional mutational analyses of other genes involved in PI3K signaling. If two
genes are mutated in a mutually exclusive fashion in a single tumor type, it is likely
that they provide the same selective pressure for clonal expansion. This concept has
been demonstrated by the mutual exclusivity found between APC and beta-catenin
mutations (Morin et al. 1997; Sparks et al. 1998) or KRAS and BRAF mutations
(Davies et al. 2002; Rajagopalan et al. 2002). The work of Saal et al. indicates that
this notion is also true for the PI3K pathway (Saal et al. 2005). In this study, the
PIK3CA mutation status of a panel of breast tumors which had lost PTEN expres-
sion was compared with a matched control set that had retained PTEN expression.
A highly significant association between PIK3CA mutations and retention of wild-
type PTEN protein expression was observed. However, conflicting data on this
point has also been published (Saal et al. 2007).

Another genetic study aimed at testing the involvement of additional members
of the PI3K pathway in colorectal cancer evaluated 146 colorectal cancers for
somatic mutations in this pathway. Somatic mutations were identified in PDK1
(3/146), p21-activated kinase 4 (PAK4) (2/146), AKT2 (2/146), insulin-related
receptor INSRR (1/146), v-Erb-B erythroblastic leukemia viral oncogene homolog
ERBB4 (1/146), PTEN (7/146), as well as amplification of the insulin receptor
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substrate IRS2 (3/146). When these same tumor panel was analyzed for PIK3CA
mutations, 37 mutations were found. Thus, a total of 58 alterations were found in
the PI3K pathway, yet only two of the tumors had alterations in two genes in the
PI3K pathway, making this mutual exclusivity statistically significant (p < 0.02,
chi-square test) (Parsons et al. 2005).

Similarly, AKT1 was found to be somatically mutated in 8% breast, 6% colo-
rectal and 2% ovarian cancers (Carpten et al. 2007). The AKT1 mutation was found
to be mutually exclusive of PIK3CA and complete loss of PTEN protein expression.
Although the sample size was insufficient to document statistical significance,
the lack of coincidence of these mutations indicates that the AKT1 mutation was
sufficient for pathological activation of the PI3K/AKT pathway (Carpten et al.
2007). A similar study by Bleeker et al. showed that AKT1 was mutated in 5%
breast 1.1% colorectal and 0.6% lung cancers. Within the neoplasms of breast
origin, the AKT1 mutation was mutually exclusive with respect to the PIK3CA
mutations (Bleeker et al. 2008).

Strikingly, whole exome sequencing studies (Parsons et al. 2008; Wood et al.
2007) have also highlighted the importance of the PI3K pathway in cancer, as a
large portion of the genes found to be somatically mutated are involved in PI3K
signaling. In the breast cancer study, these genes included PIK3CA and previously
unreported mutations in PIK3R 1, PIK3R4, and RPS6KA3. In colorectal cancer the
PI3K pathway components found to be mutated differed from those in breast, with
mutations found in IRS2, IRS4, PIK3R5, PRKCZ, PTEN, RHEB, and RPS6KB1 in
addition to PIK3CA (Wood et al. 2007). Similarly, in the whole genome study of
glioblastoma tumors the PI3K genes PIK3CA, PIK3R1, PTEN, and IRS1 were
found to be altered in 50% of tumors and in all cases, mutations within each tumor
affected only a single member of the pathway in a mutually exclusive manner
(p < 0.05) (Parsons et al. 2008). The fact that all but one of the cancers with
mutations in members of the PI3K pathway did not have alterations in other
members of the same pathway again suggests that such alterations are functionally
equivalent in tumorigenesis.

However, as described in greater detail above, similar analyses of endometrial
cancer presented a different suggestion. As PTEN mutations occur at high fre-
quency in endometrial carcinoma, primary endometrial carcinomas were screened
for mutations in the helical and catalytic domains of PIK3CA and 36% of tumors
had mutations in this gene and coexistence of PIK3CA/PTEN mutations were
observed at high frequency (26%). Interestingly, PIK3CA mutations were more
common in tumors with PTEN mutations (46%) compared with those without
PTEN mutations (24%). Thus, a combination of PIK3CA/PTEN alterations might
play a role in development of certain tumors (Oda et al. 2005).

The emphasis of the importance of the PI3K pathway in cancer development fits
with the conclusions of recent mutation analyses in colorectal, breast, pancreatic
and glioblastoma cancers that have revealed two unifying features: (1) there are a
few major gene alterations that occur in the majority of cancers and a much larger
number of genes that are mutated at relatively low frequency. (2) While the number
of cancer causing genes has become larger and each cancer type has specific
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genomic alterations, the altered genes affect a limited number of cellular signaling
pathways (Cancer Genome Atlas Research Network 2008; Jones et al. 2008;
Parsons et al. 2008; Sjoblom et al. 2006; Wood et al. 2007).

In the case of colon cancer, it appears that the molecular explanation for activation
of PI3K signaling is generally now understood. However, there are many other tumor
types in which the gene causing PI3K activation has not yet been discovered. For
example, several studies have indicated that approximately sixty percent of melano-
mas contain activated AKT (most likely the Akt3 isoform) (Stahl et al. 2004; Bastian
et al. 1998). There are several known genetic events that explain a subset of these
cases. For example, somatic inactivation of PTEN is found in 10-30% of melanomas
(Birck et al. 2000; Chudnovsky et al. 2005; Guldberg et al. 1997; Robertson et al.
1998; Tsao et al. 1998; Zhou et al. 2000), and mutational activation of PIK3CA is
found in another ~3% (Board et al. 2008; Omholt et al. 2006). Amplification of the
Akt3 locus itself is also likely to be responsible for an additional small fraction of
cases with Akt activation (Bastian et al. 1998; Thompson et al. 1995). However, this
leaves >20% of melanoma cases with unexplained activation of Akt. As such, it is
likely that one or more other members of the PI3K pathway suffer somatic mutations
in this disease process and are responsible for AKT activation in the remaining
tumors. A mutational analysis of additional genes that lie in these two pathways
may identify novel somatic mutations in melanoma.

These types of additional sequencing studies are particularly exciting since they
have the potential to uncover additional mutations affecting the PI3K pathway and
provide a strong rationale for development of new therapeutic and diagnostic
approaches for the already sizable number of individuals who have mutations in
the PI3K pathway.

In addition to providing substantial insight into the basic biological mechanisms
that drive human cancer pathogenesis, the discovery of activating mutations in
PIK3CA has caused academic and industrial groups to redouble their efforts to
develop and test pharmacological inhibitors of PI3K, since mutations in the PI3K
signaling pathway are now known to occur at a frequency double what was
previously predicted. Numerous academic and industrial groups are currently
developing and testing novel pharmacological inhibitors of PI3K enzymes, and
this is discussed in much detail in other sections of this book. However, the
discovery of oncogenic mutations in PIK3CA itself has provided substantial impe-
tus to these efforts since it has dramatically emphasized the important role of PI3K
in cancer pathogenesis and made it possible to quickly and easily identify tumors
with activation of PI3K signaling by virtue of mutations in PIK3CA.

7 Conclusion

By combining the large amount of sequencing data over the past 5 years, we find
that PIK3CA is one of the most commonly mutated oncogenes in human cancers. In
all the tumor types examined to date, mutations cluster within two hotspots. It is
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now evident that cancers of the endometrium, breast, and colon, as well as benign
tumors of the skin are among the tumor types with the highest frequencies of
PIK3CA mutations. There is some inconsistency in the literature regarding the
frequency of PIK3CA mutations in individual tumor types; however, these discre-
pancies are likely due to a number of factors including the specific exons that were
sequenced, geographical variation, sample source preservation and methods used
for DNA isolation. However, despite these discrepancies, the high frequency of
PIK3CA mutation and the discovery of hotspot mutations have important clinical
implications for diagnosis, prognosis and therapy. Targeting this mutant protein
with novel therapeutics could have a substantial impact on eliminating the morbidity
and mortality of human cancer.
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Abstract Physiological activation of PI3Ka is brought about by the release of the
inhibition by p85 when the nSH2 binds the phosphorylated tyrosine of activated
receptors or their substrates. Oncogenic mutations of PI3Ka result in a constitu-
tively activated enzyme that triggers downstream pathways that increase tumor
aggressiveness and survival. Structural information suggests that some mutations
also activate the enzyme by releasing p85 inhibition. Other mutations work by
different mechanisms. For example, the most common mutation, His1047Arg,
causes a conformational change that increases membrane association resulting in
greater accessibility to the substrate, an integral membrane component. These
effects are examples of the subtle structural changes that result in increased activity.
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The structures of these and other mutants are providing the basis for the design of
isozyme-specific, mutation-specific inhibitors for individualized cancer therapies.

1 Introduction

In 2004, Samuels et al. reported the results of the analysis of the sequences of all
known lipid kinase genes in 35 colorectal cancers. PIK3CA, which encodes the
pl110a catalytic subunit of PI3Ka, was the only gene that showed somatic (i.e.,
tumor-specific) mutations (Samuels et al. 2004). Extension of this analysis to
PIK3CA in 199 additional colorectal cancers revealed mutations in 32% of the tumors
(74 out of 199 tumors). In contrast, in 76 premalignant colorectal tumors only two
mutations were found; both these tumors were very advanced tubulovillous adeno-
mas. These observations were interpreted as indicating that PIK3CA mutations
generally arise late in tumorigenesis, just before or coincident with invasion. In the
same study, mutations PIK3CA mutations were also identified in several other tumor
types, including those of the breast, brain, stomach, and lung. Subsequent studies
have identified similar mutations in these and many other tumor types (Parsons et al.
2008; T.C.G.A.R. 2008). Over 1,500 such mutations are now recorded in a cancer
mutation database (Wellcome Trust Sanger Institute 2009).

The PIK3CA gene codes for p110a, the major catalytic subunit of PI3Ka. This
subunit is composed of five domains: an adaptor-binding domain (ABD), a Ras-
binding domain (RBD), a C2 domain, a helical domain, and a kinase domain
(Cantley 2002; Vanhaesebroeck and Waterfield 1999; Huang et al. 2007; Amzel
et al. 2008). The complete enzyme also contains one of several regulatory subunits
of similar size and function. The regulatory subunits, such as p85a, also contain five
domains: an SH3 domain, a GAP domain, an N-terminal SH2 (nSH2) domain, an
inter-SH2 domain (iSH2), and a C-terminal SH2 domain (cSH2) (Escobedo et al.
1991; Otsu et al. 1991). The iSH2 domain is responsible, in part, for binding the
catalytic domain, while the nSH2 and c¢cSH2 domains mediate the interactions
between PI3Ka and the tyrosine kinase receptors that activate it.

Of the five p110a domains, mutations were initially found in the ABD, C2,
helical domain, and the kinase domain. No mutations were found in the Ras binding
domain. A large percentage of mutations (~75%) occurred in two clusters — one in
the helical domain and the other in the kinase domain (Samuels et al. 2004).
Mutations have since been identified in 140 of the 1068 residues of PIK3CA.
While some of these mutations are rare, others are commonly observed. The
residues with the highest number of observed mutations, so-called “hotspots” are
His1047 in the kinase domain (470 occurrences) and Glu545, Glu542 and GIn546
(362, 193, and 51 reported occurrences, respectively).

Samuels et al. also showed that the H1047R mutation resulted in a small but
significant increase in enzymatic activity with respect to the wild type (Samuels et al.
2004). Subsequently, it was determined that two additional high frequency mutations,
Glu542Lys and Glu545Lys, also increased enzymatic activity (Carson et al. 2008).
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The increase in activity produced by the mutations was similar in magnitude to the
increase that is observed when PI3Ka is activated by its physiological effectors,
including phosphorylated tyrosine kinase receptors and their substrates (Yu et al.
1998a). These data were interpreted as indicating that the observed mutations of
p110a result in a constitutively activated enzyme, which in turn regulates cellular
pathways that contribute to several aspects of tumor growth. These considerations
made PI3Ka an ideal target for the development of chemotherapeutic agents.

PI3Ka is only one of several PI3K enzymes that are central to numerous aspects
of metabolism and cell growth. Because of the potential toxicity associated with
such pleiotropic enzymes, chemotherapeutic agents that target PI3Ko must be at
least isoform-specific, preferentially inhibiting the PI3Ka isoform over the others.
The ideal agent would of course be one that inhibited mutant PI3Ka but not normal
(wild type or wt) forms of the enzyme. Structural information is crucial for this type
of development.

The structure of a major portion of the complete PI3Ka., determined by X-ray
diffraction, provided the first look at the overall subunit organization of the enzyme
as well as the positions of mutations within the three-dimensional structure (Huang
et al. 2007). This structure contains many of the portions of the enzyme most
important for the regulation of enzymatic activity and for understanding the effects
of common mutations: the complete pl10a and two domains of the regulatory
subunit p85, viz., nSH2 and iSH2. Of the four regions of p85, iSH2 is absolutely
required for binding to p110 and nSH2 is the domain most directly involved in PI3K
regulation (Yu et al. 1998b). The iSH2 domain is a long coiled-coil that protects the
large subunit from degradation by cellular proteases (Fu et al. 2004). The nSH2
domain has an inhibitory effect on the kinase activity, but this inhibition is relieved
when the domain binds to a phosphorylated tyrosine from an activated upstream
protein (Yu et al. 1998a). In this regard, physiological activation of PI3Ka is, in
reality, removal of the inhibition by nSH2.

In addition, the same portion of the oncogenic HI047R mutant of PI3Ka was
determined as the free enzyme and in complex with the covalent inhibitor wort-
mannin (Mandelker et al. 2009).

2 Description of the Structure

The p1100/niSH2 complex (Huang et al. 2007) is a large sail-boat shaped molecule
with a narrow cross section (~80 A Fig. 1) (Huang et al. 2007). The base is
approximately 100 A and its height 100 A. The pl10 portion forms the “sail”
while the iSH2 of p85 constitutes the “hull” (Fig. 1a). Four of the p110 domains
are arranged roughly along the top edge of p85, with the RBD at the top of the
molecule. The base of the p110 subunit has the ABD at one end and the kinase
domain at the other but permits a direct interaction between these two domains.
The helical and C2 domain are closer to the center of the structure, at one side of
the kinase domain along the narrow thickness of the subunit.
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Fig. 1 Structure of the p1100/niSH2 heterodimer. (a) Ribbon diagram of the pl10a/niSH2
heterodimer. For pl110a, ABD is colored navy blue, RBD is turquoise, C2 is green, helical
is red and kinase is purple. p85a iSH2 is yellow; all linkers are colored gray. (b) View of the
p110a/niSH2 heterodimer highlighting the iSH2-ABD and iSH2-C2 contacts. The nSH2 domain
is modeled in a light blue surface. In this orientation of the p1100/niSH2 heterodimer, the kinase,
C2 and iSH2 domains are in contact with the membrane. (¢) View of p1100/niSH2 at 90° from
(a) that highlights its shape and dimensions

The ABD (residues 1-108) and the RBD (residues 191-291) domains interact
with the kinase domain over a large surface area. They both fold with o/ topolo-
gies and are connected to each other by an 81-residue linker (109—-190) that contains
two helices.

A short helix and a long coil (residues 292-329) connects the RBD to the C2
domain (residues 330-480), which folds as a B-sandwich composed of 2 four-
stranded antiparallel B-sheets. C2 interacts not only with the helical and kinase
p110 domains but also with the iSH2 domain of p85: H-bonds between Asp560 and
Asn564 of iSH2 to Asn345 of C2 form the major interaction sites. The topology of
the C2 domain of the p110 domains in class I PI3K enzymes appears to be highly
conserved despite the fact that this domain has lower sequence homology than the
other four domains (27% identity between o and ). The differences between the C2
domains of p110a and p110y are concentrated in the loops connecting the -strands
and include insertions/deletions: the loop spanning residues 406—424, for example,
is ten residues shorter in p110a than in p110y (Fig. 2). Differences in conformation
between the loops of the two isoforms may be a consequence of the interaction of
the C2 domain of p110a with the iSH2 domain of the regulatory subunit p85 (p85 is
not the regulatory subunit of p110y). Importantly, the conformation that the loops
adopt in p110y makes it impossible for the iSH2 coiled-coil to fit in a position
equivalent to that of the p110a/niSH2 complex.

The helical domain is connected through a linker (residues 481-524) to the C2
domain and through another linker (residues 525-696) to the kinase domain
(Fig. 1). The kinase domain (residues 696—1068) folds as an /[ structure composed
of two subdomains separated by a cleft that harbors the catalytic site of the enzyme,
in an arrangement reminiscent of other kinases. This similarity allows assignment
of the catalytic and the activation loops of p110a to residues 912-920 and 933-957.
The structure of this domain is conserved among Class I PI3Ks (rmsd between
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Fig. 2 Structural alignment and overlap of human p1100/niSH2 heterodimer (PDB id 2RD0) and
wild boar p110y (PDB id 1E8X) in relationship to the iSH2 domain of p110a. (a) Ribbon diagram
of the p1100/niSH2 C2 (green) and p110y C2 (lavender) domains showing the differences in loops
and CRB2. (b) Structural overlap of the kinase domains of structure 2RDO (purple) and 1E8X
(green). Helices that show the largest differences as well as the ATP are shown. Observed
C-terminal residues in both structures are also shown (1050 and 1092)

p110a and p110y for 288 Co atoms is 1.8 10\), especially for residues surrounding
the binding pocket. The largest differences occur in the helices spanning residues
856-865, a region that lines the ATP binding site, as well as in residues 1032—-1048
(rmsd 3.2 A), a region that contains two positions that are mutated with high
frequency in cancers (Fig. 2b).

The ATP binding site was identified by aligning the structure of the kinase
domain of pl110a with that of the same domain in the structure of the complex of
p110y with ATP. The high degree of similarity between the two structures in this
region allowed an unambiguous localization of the ATP.

3 Association with the Lipid Membrane

Although PI3Ks are not integral membrane proteins, their substrate, PIP, is mainly
found as a plasma membrane component. To gain access to their substrates, PI3Ks
must be recruited to the plasma membrane. The C2 domain within the p110
sequence is thought to provide a locus for the association of PI3Ks with mem-
branes. In PI3Ka, iSH2 binds between the C2 domain and the rest of the p110 in
such a way that if C2 and the kinase domain interact with the membrane, iISH2 must
also interact (Fig. 3). In this arrangement, iSH2 would provide a large contact
surface lined with positively charged residues lysines 447, 448, 480, 530, 532, 551,
and 561, and arginines 461, 465, 472, 480, 523, 534, 543, and 544 (Fig. 3c).
Residues 723-729 and 863-867 of the kinase domain, which includes positively
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Fig. 3 Model of the association of the pl10o/niSH2 heterodimer with the lipid membrane.
(a) Model of the lipid membrane with a ribbon diagram of the p110a/niSH2 structure. A black
box highlights the loops that move in the mutant structure. (b) Model of the lipid membrane with a
ribbon diagram of the pl10a H1047R/niSH2. A black box highlights the loops that change
conformation (residues 864—874 and 1050-1062). (¢) Face of the p1100/niSH2 heterodimer that
interacts with the membrane; the iSH2 is shown as yellow ribbons. Positively charged residues,
such as lysines and arginines, are shown in black as ball and stick representations

charged residues Lys723, Lys729, Lys863, and Lys867 complete this surface.
Arg349, Lys410, Arg412, Lys413, and Lys416 of the C2 domain of p110 may
also interact with the membrane.

4 Cancer-Specific Mutations

The cancer-associated mutations that have been identified in the ABD, C2, helical,
and kinase domains of p110a were believed to act through unrelated mechanisms
(Zhao and Vogt 2008a,b) but these hypotheses were difficult to interpret in the
absence of structural information. The structure of the pl110o/niSH2 suggests
specific mechanisms through which these mutations increase kinase activity
(Huang et al. 2007, 2008; Vogt et al. 2007).

As the ABD domain was known to interact with p85, ABD mutations Arg38Clys,
Arg38His, and Arg88GIn were initially thought to disrupt the interaction between
ABD and iSH2. However, the structure of the complex between ABD and iSH2
showed that these mutations are not located at the interface between the two
domains (Miled et al. 2007). In the structure of the p110a/niSH2 heterodimer,
Arg38 and Arg88 are located at a contact surface between the ABD and the kinase
domains, at hydrogen bonding distance (<3.2 A) of GIn738, Asp743, and Asp746
of the N-terminal lobe of the kinase domain (Fig. 4a, b). Thus, mutations of Arg38
and Arg88 are likely to disrupt these interactions, resulting in a conformational
change of the kinase domain that alters enzymatic activity.

Before the determination of the structure of the p110a/niSH2 complex, the C2
domain was considered to be the main locus of interaction of PI3K with the
membrane. Not surprisingly, mutations in the C2 domain were thought to change
the affinity of p110a for the lipid membrane (Vogt et al. 2007). In the structure of
the complex, however, Asn345, which is mutated to Lys in some cancers, is within
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Fig. 4 Somatic mutations of p110a identified in human cancers localize to domain interfaces.
(a) Location of representative mutations within p110a and niSH2. Amino acids mutated in cancers
are shown as CPK models and framed with a black box. (b) ABD Arg38 and Arg88 mutations at
the interface of the ABD and kinase domains. (¢) C2 Asn345 mutation at the interface with iSH2.
The C378R mutation is also shown. (d) C2 E453N mutation at the interface of C2 with iSH2 on
one side and modeled nSH2 on the other side. (¢) Mutations in the helical domain (Glu542,
Glu545, and Gln 546) are located at the interface with nSH2 (light blue surface). (f) Helical
GIn661 mutation is located across from kinase domain residue His701, which also is indepen-
dently mutated. (g) Kinase Met1043 and His1047 located near the C-terminal end of the protein,
shown in relationship to the helical domain (red), the iSH2 domain (yellow) as observed in the
pl110o H1047R/niSH2 structure

hydrogen bonding distance (2.8 A and 3.0 A) of Asn564 and Asp560 of iSH2,
suggesting that mutation of Asn345 would disrupt the interaction of the C2 domain
with iSH2 (Fig. 4a, c). This mutation may alter the regulatory effect of p85 on
pl10a rather than disrupt the interaction between pl110o with the membrane.
Another mutation identified in cancers, Glu453Gln, is also located at the interface
between C2 and iSH2 (Fig. 4d). A recently identified mutation (Cys378Arg) most
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likely increases the positive charge of the surface proposed to interact with the
membrane, as it is contiguous with the surface of the iSH2 domain (Fig. 4c, d).

The two residues of the helical domain that are most frequently mutated in
cancers are Glu542 and Glu545 (Fig. 4e). In the majority of cases, these two
residues are mutated to Lys, causing a charge reversal. These residues as well as
the less frequently mutated GIn546 are located on an exposed region of the helical
domain (Fig. 4e). Biochemical studies suggested that they interact with Lys379
and Arg340 of the p85 nSH2 domain and that this interaction inhibited the activity
of the catalytic subunit (Miled et al. 2007). Though nSH2 was included in the wild
type pl10o/niSH2 protein complex, it was not highly ordered in the crystal.
However, in the crystal structure of the same construct carrying the His1047Arg
mutation, the nSH2 domain was clearly visible (Mandelker et al. 2009). In this
structure, the nSH2 is located close to the interface between the kinase and the
helical domain, in a manner that allows it to interact with both domains as well
with the C2 domain of p110a. Biochemical experiments showed that mutations at
residues 542, 545, and 546 abrogate the inhibitory effect of nSH2 (Miled et al.
2007). The structure suggests a mechanism through which the mutations may have
this effect: they could modify the interaction of nSH2 with the helical and the
kinase domains in a manner similar to that achieved by binding of the phosphotyr-
osine residue of physiological activators to nSH2. Other examples of somatic
mutations at the interface between domains are provided by those at His701 of
the kinase domain and GIn661 at the helical domain (Fig. 4f).

His1047 in the kinase domain is another hot spot for somatic mutations in cancer
and is associated with an unfavorable clinical prognosis breast cancers (Lai et al.
2008; Lerma et al. 2008; Kalinsky et al. 2009). It is interesting that His1047 is
mutated to Arg in the majority of cases, yet arginine is normally present at the
homologous position in human p110y (Fig. 4g). In the structure of the p110a/niSH2
p85 complex of the wild type enzyme, His1047 is located within a helix of the
C-terminal lobe of the kinase domain and is close to the C-terminal end of the
activation loop, making a hydrogen bond with the main chain carbonyl of Leu956
within the activation loop. In the structure of the His1047Arg mutant with and
without wortmannin (Mandelker et al. 2009) (Fig. 5), the orientation of the arginine
side chain of residue 1047 is perpendicular to that of the histidine residue in the wild
type. In this orientation, Argl047 occupies a crevice in the kinase domain and
points toward the membrane (Fig. 4g). Additional effects of this mutation include
ordering of the C-terminal residues of p110a 1050-1062, which were disordered in
the wild type (Fig. 3a). The new orientation of this loop places some of its residues
directly on the surface that was proposed to interact with the membrane (Fig. 3b).
The conformation of another loop (residues 864—874) that also interacts with the
membrane assumes different conformations in the wild type and the mutant
(Fig. 3a, b). Taken together, these changes suggest that the gain of function that
results from the His1047Arg is a result of stronger interaction of the mutant with the
membrane that, in turn, provides increased accessibility to the PIP, substrate. This
mode of increasing enzymatic activity is compatible with the observation that
binding to a cognate phosporylated peptide further increases the activity of this
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Fig. 5 Wortmannin bound to the p110a H1047R/niSH2. The kinase domain is shown as purple
ribbons with the wortmaninn carbons in ye/low. The covalent bond between K802 and wormannin

is shown as a thicker line to distinguish it from other bonds. Residues at hydrogen bonding distance
Q859, Y836, V851 are shown in turquoise

mutant (Carson et al. 2008). Another less frequently observed mutation, Met1043Ile,
is located on the same helix and may exert its effect through changes in the activation
loop (Fig. 4g).

In addition to mutations in p110c, mutations in p85a have been observed,
particularly in brain tumors (Parsons et al. 2008; T.C.G.A.R. 2008). Residues
Asn564 and Asp560 of iSH2, which make H-bonds with Asn345, were found to
be mutated. These iISH2 mutations probably affect PI3K activity by the same
mechanism proposed above for the Asn345 mutations, i.e., by disrupting the
interaction between the iSH2 and C2 domains.

Most other mutations in p85a have involved truncations or deletions starting at
or near residue 571 (Fig. 6). In particular, a truncation mutant known as p65, that
lacks all amino acids C-terminal to residue 571 leads to constitutively activated
PI3Ka activity (Jimenez et al. 1998). It is possible, that residues 581-593 constrain
the location of the inhibitory nSH2 domain and that the deletion removes this
constraint. Based on the crystal structure of p110/niSH2, however, an alternative
possibility appears more likely: truncation at residue 571 might destabilize the iISH2
coiled-coil around residues 560 and 564 that make an important contact with
Asn345 of the C2 domain (Fig. 6). Thus, the effect of this truncation may also be
equivalent to that of the Asn345 mutation discussed above.

Another intriguing mutation identified in p85a is Gly376Arg. Residue 376 is
within the nSH2 domain in a tightly packed volume at the interface between nSH2
and the C2 domain of p110a. It forms a close contact with Glu365 of C2 and
substitution of the glycine at residue 376 with a bulky positively, charged arginine
residue would disrupt this contact.

In sum, most of the p85a mutations described to date, whether they be subtle
point mutations or large deletions, appear to disrupt the interaction between nSH2
and iSH2 and the C2 domain of p110a, thereby relieving inhibition of the kinase
domain by nSH2. Others, such as His1047Arg may increase interaction with the
plasma membrane.
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G376RK D560Y

1 85 115 298 322 430 600 617 724
N
SH3 GAP nSH2 iSH2 cSH2

p65

Fig. 6 Somatic mutations of p850a identified in human cancers. (a) Modeled structure of nSH2
domain shown as a surface in relation to C2, iSH2 and helical domains. Single mutations observed
in the iISH2 are shown as stick and ball representations (Lys459, Asp464, Glu560, Asn564,
Trp583); the indel mutation is shown in turquoise (DKRMNS560del) and p65 (deletion
from 571) is shown in orange. (b) Location of mutations with respect to the indicated domains
with p85a

S Summary and Conclusions

PI3Ka is mutated in many cancers and biochemical analyses have shown that
they often result in constitutively activated enzymes. Some mutants, such as
His1047Arg, can be further activated by tyrosine phosphorylated peptides derived
from their physiological effectors. The increased PI3Ka activity of the mutants
activate downstream processes that control cell growth, survival, apoptosis, differ-
entiation, motility, migration, and adhesion. Structural information on PI3Ka has
provided an initial look at possible mechanisms through which the oncogenic
mutations may result in enzyme activation. Most commonly, mutations occur at
the interfaces between pl10a domains or between pl110a and p85 domains, dis-
rupting the negative regulatory influences that results from the interfacial contacts.
Other mutations, such as His1047Arg, may affect the activity of PI3Ko by changing
the interaction of the protein with the membrane.
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Abstract Phosphatidylinositol-3-kinases (PI3K) are a family of enzymes that act
downstream of cell surface receptors leading to activation of multiple signaling
pathways regulating cellular growth, proliferation, motility, and survival. To date,
most research efforts have focused on a group of PI3K-family enzymes termed
class I, of which the most studied member is PI3Ka. PI3Ka is an oncogene fre-
quently mutated in human cancer, as is the chief negative regulator of the pathway,
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the tumor suppressor PTEN. Recently, it has been suggested that tumors deficient
for PTEN might depend on the function of another class I member, PI3K, to
sustain their transformed phenotype. Taken together, these findings provide a
significant medical rationale to study the signaling cascades regulated by PI3Ka
and PI3Kp particularly in the context of their role in the development and mainte-
nance of human cancer. Here, we summarize the current understanding of the
upstream receptor regulation of the two PI3K isoforms and their roles in cancer
as well as their functional requirements in downstream signaling cascades.

1 Introduction

The phosphatidylinositol 3-kinases (PI3Ks) constitute a family of intracellular lipid
kinases, which phosphorylate the 3’-hydroxyl group (D-3) of phosphatidylinositol
lipids in cellular membranes either acting constitutively or in response to extracel-
lular stimuli such as growth factors and hormones. The D-3 phosphorylated phos-
phoinositides serve multiple functions in the cell, regulating cellular membrane
trafficking and acting as second messengers, which serve to attract cytosolic
signaling proteins containing pleckstrin-homology domains (PH-domains), unique
binding domains for these lipids. Once recruited to the membrane, these cytosolic
PH-domain containing signaling proteins activate diverse signal transduction path-
ways involved in the regulation of cellular growth, survival, metabolism, migration,
and vesicular trafficking (Cantley 2002; Engelman et al. 2006).

The PI3Ks are divided into three classes (I-III) based on their substrate prefer-
ences and subunit composition. In vivo class I PI3Ks utilize phosphatidylinositol-
4,5-bisphosphate (PI-4,5-P,) to generate phosphatidylinositol-3.4,5-trisphosphate
(PIP3), while class II members generate both phosphatidylinositol-3,4-bisphosphate
(PI-3,4-P,) from phosphatidylinositol-4-phosphate (PI-4-P) and PI-3-P from phospha-
tidylinositol (PI) (Engelman et al. 2006; Katso et al. 2001). Class III enzymes generate
only PI-3-P from PI (reviewed in Vanhaesebroeck et al. 2001; Fruman et al. 1998).

Notably, class I PI3Ks are activated by various cell surface receptors, leading to
further subdivision of this class into subfamilies IA and IB based on the classical
notion that the IA members are activated upon receptor tyrosine kinase (RTK)
stimulation, whereas IB are activated by G-protein coupled receptors (GPCRs)
(Engelman et al. 2006; Katso et al. 2001; Vanhaesebroeck et al. 2001). In addition,
the two classes exhibit structural differences: class IA members are heterodimers
consisting of a p110 catalytic subunit and a p85 regulatory subunit, whereas class
IB has only one member consisting of a pl10y catalytic subunit and a p101
regulatory subunit (Vanhaesebroeck et al. 2001). There are three class IA catalytic
subunit isoforms in mammals, encoded by three genes — PIK3CA (p110a), PIK3CB
(p110B), and PIK3CD (p110d). In addition, three genes — PIK3R1, PIK3R2,
and PIK3R3 encode the class IA regulatory subunits p85a, p85B, and p55y
(Vanhaesebroeck et al. 1997a).
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2 Class IA PI3Ks

Due to their causal involvement in the genesis of human disease, class IA has
attracted the most attention of all PI3Ks. Their p85/p55 regulatory subunits bind
tyrosine phosphorylated residues of activated receptor proteins or specific adaptor
molecules (Engelman et al. 2006; Vanhaesebroeck et al. 2001), and thereby
recruit the catalytic p110 subunits to the plasma membrane, where p110s then
phosphorylate available membrane lipid PI-4,5-P, substrates. Although p85/pS5
binding is required for recruitment of pl10s to the receptor, it is generally
considered that its binding has an inhibitory effect on the catalytic activity of
p110 in the cytoplasm, which is relieved upon membrane recruitment (Yu et al.
1998). Additionally, p110 can bind activated Ras and Ras family members,
allowing its localization to the membrane and activation of its lipid kinase
activity (Katso et al. 2001). As a signal attenuating mechanism, the reverse
dephosphorylation reaction converting PIP; to PI-4,5-P, is catalyzed by the
phosphatase PTEN (phosphatase and tensin homologue), a tumor suppressor
protein.

Among the three class IA catalytic subunits, p110a and p110p are ubiquitously
expressed among tissues, while p110d is found predominantly in leukocytes
(Vanhaesebroeck et al. 1997a,b; Chantry et al. 1997). Even though the primary
structures of p110f and p110d are more homologous to each other than to that
of pl10a, the overall domain structures of all three isoforms are quite similar
(Vanhaesebroeck and Waterfield 1999). Specifically, they all contain an N-terminal
adaptor binding domain (ABD), followed by a Ras-binding domain (RBD), a C2
domain, helical domain, and the catalytic kinase domain. In addition, all the
regulatory subunits contain two Src-homology 2 (SH2) domains, which bind the
tyrosine-phosphorylated receptors and adaptor molecules, and also an inter-SH2
domain, which is necessary for interaction with the catalytic p110 subunit. The
longer adapter isoform, p85, also contains an N-terminal Src-homology 3 (SH3)
domain and two proline-rich regions flanking a BCR homology domain, which is
thought to interact with proline rich proteins and small GTPases, respectively
(Engelman et al. 2006; Katso et al. 2001).

3 Mechanisms of Activation of Class IA p110 Isoforms

3.1 Early Studies on In Vitro pl10a/f3 Activation

Due to the structural and catalytic similarities among the class IA members, there
has been considerable interest in elucidating any differences in their regulation
and function, particularly with regard to the two ubiquitously expressed isoforms
p110a and p110p. Although the primary structures of p110a and p110p are highly
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homologous, the divergence among them is found in the Ras-binding domain,
which has suggested altered specificities towards different small GTP-binding
proteins (Deora et al. 1998). While it remains unclear whether the non-redundant
functions of these isoforms can solely be explained by differential preferences
towards various Ras-family members, there are several lines of evidence indicating
that the two isoforms are differentially regulated by membrane receptors (Fig. 1).
Classically, both p110a and p110f were thought to respond to RTK activation and a
plethora of work has shown that p110a and p110B can indeed be recruited by
various RTKs in response to numerous ligands including insulin (InsR), EGF
(EGFR), and PDGF (PDGFR) (Roche et al. 1998; Hooshmand-Rad et al. 2000;
Park et al. 2003). Notably, there have been indications of differential preference
between the two isoforms by particular RTKs and to that end, in vitro experiments
utilizing neutralizing anti-p110a and -p1 10 antibodies have suggested that p110a
is more important for PDGF-signaling than p110p, whereas the opposite has been
demonstrated for insulin-induced actin reorganization and signaling, suggesting a
potential role for p110p in RTK signaling (Roche et al. 1998; Hooshmand-Rad
et al. 2000; Asano et al. 2000). On the other hand, additional in vitro work
suggested that both p110a and p110f are required for insulin response (Roche
et al. 1998).

Early studies suggested that, while p110p (like pl110a) can be activated by a
synthetic phosphotyrosyl peptide (containing the YMXM motif found in RTKs), it
could also be activated by the By subunit of G-proteins, thus indicating an addi-
tional mechanism of activation by GPCRs (Kurosu et al. 1997; Maier et al. 1999;
Hazeki et al. 1998). Consistent with this notion, injection of p110B-specific neu-
tralizing antibodies into fibroblasts inhibited DNA synthesis induced by lysopho-
sphatidic acid (LPA), a GPCR ligand, but did not significantly affect PDGFR
signaling (Roche et al. 1998). On the other hand, pl10a-specific neutralizing
antibodies did not significantly affect LPA-signaling, but did inhibit PDGFR
signaling (Roche et al. 1994, 1998). Additional in vitro work also suggested that
in contrast to p110f, p110a could not be activated by GPCR ligands (LPA and
bombesin) (Roche et al. 1994, 1998; Murga et al. 2000) and a recent study using
small-molecule inhibitors of p110f showed that it is not a major effector down-
stream of RTKSs, but rather couples to GPCRs (Guillermet-Guibert et al. 2008).
Here, inhibition of p110f did not block downstream signaling in response to RTK
ligands — PDGF, insulin, and IGF-1, but did affect signaling stimulated by GPCR-
ligands — stromal cell-derived factor (SDF-1a), sphingosine-1-phosphate (S1P),
and LPA (Table 1).

With the development of pharmacological inhibitors of PI3K, the use of iso-
form-specific inhibitors suggests, in contrast to earlier studies (Roche et al. 1998;
Hooshmand-Rad et al. 2000), that p110f only plays a minor role in insulin signaling
(Foukas et al. 2006). Similarly, a pharmacological study utilizing a panel of
isoform-specific inhibitors indicated that p110a is the primary insulin-responsive
isoform in culture (in adipocytes and myotubes), whereas p110f remained dispens-
able under these conditions (Knight et al. 2006).
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Table 1 p110 isoform requirements for receptor signaling
pl110a pl110B
In vitro Invivo Invitro Invivo

RTK activation by:

Insulin Insulin Insulin Insulin (+/-)
PDGF (+/-) Leptin
IGF-1
EGF
FGFR
GPCR activation by:
LPA
S1P
SDF-1a
Bombesin

3.2 Studies on pl110 Activation Using Engineered Mice

Gene-targeting experiments of the PI3K catalytic subunits in mice have shed
additional light on upstream ligand and receptor activation requirements for p110c
and p110pB. Homozygous deletion of p110a is embryonic lethal between E9.5 and
E10.5 as a result of severe proliferative defects, and Pik3ca-nullizygous embryonic
mouse fibroblasts fail to proliferate in culture even in the presence of growth factors
(Bi et al. 1999; Foukas and Okkenhaug 2003). Similarly, mice carrying a kinase-
dead knock-in mutation in p110a (D933 A) die early in embryonic development, but
mice heterozygous for this allele are fertile and viable, although smaller than their
wild type siblings (Foukas et al. 2006). In the heterozygous mice (p110a°?*3WT)
the relative insulin-stimulated PI3K activity (associated with the InsR and IRS-1/2
in skeletal muscle, liver, and fat tissue) is reduced by approximately 50% (as well as
phosphorylation of Akt upon insulin stimulation), suggesting a critical role of p110a
in insulin signaling in vivo. Notably, these effects on insulin signaling are measur-
able despite the fact that the expression of insulin receptor (InsR) and its associated
adaptor molecules IRS-1 and IRS-2, as well as the recruitment of p85 to the receptor
complex remain unchanged. Similarly, in the central nervous system, specifically
the hypothalamus, heterozygosity for the p110a(D933A) allele resulted in markedly
reduced IRS-1/2-associated PI3K activity in response to both insulin and leptin
treatment. Importantly, insulin stimulation seemed to significantly enrich the IRS-
1/2 complexes with p110a compared to p110p, thus resulting in the majority of the
total PI3K activity at these complexes being contributed by p110c. To bypass the
issue of embryonic lethality of systemic p110a loss-of-function, mice with a condi-
tionally targeted Pik3ca allele have been generated (Zhao et al. 2006). Here, ablation
of p110a in MEFs severely reduced the response to insulin and insulin-like growth
factor (IGF-1), as well as the epidermal growth factor (EGF). However, signaling
response to PDGF was more moderately affected, and only at later time points than
for the other RTK-ligands tested (Table 1).
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Similarly, p110f knock-out mice have also been generated, and the homozygous
embryos were found to die early in embryonic development, like p110a knockouts,
while the heterozygous counterparts were viable (Bi et al. 2002; Brachmann et al.
2005). More recently, mice carrying a conditional Pik3cb allele were generated (Jia
et al. 2008). Here, as in the p110a conditional mouse knock-in study (Foukas et al.
2006) and the pharmacological studies (Knight et al. 2006), p110 loss did not seem
to have a major effect on signaling downstream of the InsR in the liver or in the
isolated mouse embryonic fibroblasts (MEFs). Nevertheless, these animals dis-
played signs of impaired insulin metabolism demonstrated as increased levels of
blood insulin, lower tolerance of glucose, and lower sensitivity to insulin as
compared to control animals. In agreement with earlier in vitro work, deletion of
p110P had no negative effect on PDGF or EGF response, but did block the response
to LPA stimulation (Roche et al. 1998). Knock-in mice expressing a catalytically
inactive Pik3cb(K805R) allele (Ciraolo et al. 2008), also exhibited mild insulin
resistance and partially impaired Akt activation, but showed no impairment of
signaling downstream of RTK ligands (insulin, IGF-1, EGF, or PDGF) in vitro.
In agreement with preceding work (Maier et al. 1999; Guillermet-Guibert et al.
2008; Knight et al. 2006; Jia et al. 2008), this study also demonstrated a requirement
for p110B for signaling downstream of GPCRs for LPA and S1P in vitro (Table 1).

While heterozygous loss of either p110a or p110p had no effect on insulin
sensitivity, the double-heterozygous loss caused a significant impairment in the
glucose tolerance test, which suggests that both p110a and p110f contribute to
insulin response in vivo (Brachmann et al. 2005). However, the interpretation of
these results is made difficult by the fact that the levels of the p85 regulatory subunit
change dramatically in this setting, which may significantly affect insulin signaling
(Ueki et al. 2003; Terauchi et al. 1999).

3.3 Unresolved Issues

Various studies to date have shown convincing evidence that pl10f mediates
signaling through GPCRs (Roche et al. 1994, 1998; Kurosu et al. 1997; Maier
et al. 1999; Hazeki et al. 1998; Murga et al. 2000; Guillermet-Guibert et al. 2008;
Jia et al. 2008; Ciraolo et al. 2008), the precise mechanism of which still remains
unclear. Since free p110 catalytic subunits have not been detected (Geering et al.
2007), it is likely that the p85 regulatory subunit participates in the heterodimer
recruitment to the receptor complex. Analogous to class IB PI3K, which has
previously been shown to medicate GPCR-signaling in leukocytes (Brock et al.
2003; al-Aoukaty et al. 1999; Naccache et al. 2000; Stoyanov et al. 1995; Stephens
et al. 1997), it is conceivable that the regulatory subunit p85 mediates the interac-
tion with the receptor complex by direct binding to the intracellular receptor
domains. However, due to the poor homology between the class IA PI3K regulatory
subunit (p85) and the class IB regulatory subunit (p101), this model seems less
likely. The affinity of p85 for tyrosine-phosphorylated residues provides the
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attractive alternative explanation that a cellular tyrosine-kinase mediates this inter-
action by providing tyrosine-phosphorylated residues that could serve as docking
motifs for the regulatory subunit p85. Indeed, several members of the Src family of
nonreceptor tyrosine kinases have been shown to localize to and become activated
by GPCR-complexes, including receptors for LPA and bombesin (Luttrell et al.
1996; Rodriguez-Fernandez and Rozengurt 1996). Several mechanisms have been
suggested as to how the Src family may be activated by GPCRs, including direct
interaction of the intracellular SH3-domain binding motifs of the GPCRs with the
SH3 domain of Src itself (Liu et al. 2004). Since p85 can directly interact with Src
(Gentili et al. 2002; Burnham et al. 1999), this is a potential explanation of how
p110p is recruited to the GPCR complex. Additionally, Src has been shown to
associate with GPCRs via its interaction with Go subunits of heteromeric G
proteins (Ma et al. 2000), which Src can directly phosphorylate (Hausdorff et al.
1992), suggesting another possible mechanism of p85-p110p recruitment to these
receptors. It has also been shown that Src can directly bind B-arrestins, molecules
associated with GPCRs that are involved in attenuation of the signal from the
receptor and targeting it to clathrin-coated pits (Krupnick and Benovic 1998;
Luttrell et al. 1999), providing yet another explanation of how p1103 may be
recruited to the GPCR complex by p85-Src interaction.

Meanwhile, it remains puzzling why p110f is found in RTK-complexes, when
its ablation does not seem to significantly affect the downstream signaling
(Guillermet-Guibert et al. 2008; Foukas et al. 2006; Knight et al. 2006; Jia et al.
2008; Ciraolo et al. 2008). One potential explanation is that in RTK-complexes this
isoform only plays a scaffolding function. In this regard, it is worth noting,
however, that three independent studies have reported that p110f loss does impair
insulin metabolism on the organismal level, even though Akt phosphorylation
downstream of InsR does not seem to be affected (Brachmann et al. 2005;
Jia et al. 2008; Ciraolo et al. 2008).

In addition, assuming that p110a is the predominant isoform signaling down-
stream of RTKs, it is unclear why its ablation does not seem to significantly affect
signaling downstream of particular RTKs, such as PDGFR (Zhao et al. 2006) or
colony-stimulating growth factor receptor (CSF-1R, closely related to PDGFR)
(Roche et al. 1994). Interestingly, it has been reported that pl110f can also be
recruited to PDGFR (Roche et al. 1998; Hooshmand-Rad et al. 2000), where (unlike
pl10a) it does not seem to affect actin reorganization upon PDGF stimulation
(Roche et al. 1998; Hooshmand-Rad et al. 2000; Park et al. 2003). Several possible
explanations present themselves for this apparent paradox, perhaps the simplest
being that in the absence of p110a, p110f plays a compensatory signaling role on
the level of PDGFR by taking over the signaling. This scenario could occur if
approximately equal amounts of p110a and p110p bound to a given RTK. In this
case, most of the PIP; would be produced by p110a, which has a roughly tenfold
higher specific activity than p110f, and deletion of p110f would have little effect
on receptor signaling. Consequently, in the absence of p110a, signaling through
p110B would be relatively weak for non-abundant receptors such as EGFR present
in MEFs, while for abundant receptors such as PDGFR, the amount of p110f bound
might still be adequate to saturate downstream signaling.
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4 Downstream Signaling: Acting Out Through AKT and PDK1

Signaling downstream of p110a and p110p involves recruitment of proteins that
bind PIP3, the shared second messenger of both isoforms. The current consensus is
that proteins containing pleckstrin-homology (PH) domains directly bind PIP;
generated in the membrane at the sites of PI3K activation. Here, the most well
known of the PH-domain proteins are the serine-threonine kinases AKT (also
known as protein kinase B (PKB)) and phosphoinositide-dependent protein kinase
(PDK1) (Bellacosa et al. 1993; Coffer and Woodgett 1991; Jones et al. 1991)
(Fig. 1). It is thought that binding of AKT and PDKI1 to PIP; brings the two in
close proximity to each other and allows for activating phosphorylation of AKT by
PDK1 (Vanhaesebroeck and Alessi 2000; Alessi et al. 1997; Toker and Newton
2000). Subsequently AKT is phosphorylated by a second activating kinase termed
PDK2, now believed to be a complex of mTOR (mammalian target of rapamycin)
and RICTOR (TORC?2 complex) (Sarbassov et al. 2005a). Activated AKT as well
as PDK1 can phosphorylate a wide range of proteins, which impact cellular growth,
proliferation, motility, and survival. PDK1 serves as the master regulator of the
AGC-family of kinases, most of which require an additional phosphorylation event
for complete activation through a parallel-acting pathway (reviewed in Mora et al.
2004; Bayascas 2008).

4.1 AKT Signaling

PI3K signaling via AKT controls the initiation of protein translation by regulating
the mTOR signaling pathway. This protein signaling cascade proceeds through the
tuberous sclerosis complex (TSC), which AKT inhibits via phosphorylation, fol-
lowed by the continuation of signal transduction through the small G protein RheB
(Ras homolog enriched in brain), and mMTOR/RAPTOR (Regulatory associated
protein of mMTOR) complex (TORC1). The two critical downstream effectors of
the mTOR pathway are S6K (p70 S6 kinase) and 4EBP (eukaryotic initiation factor
4E-binding protein), both of which when phosphorylated can promote protein
synthesis and increase in cell volume (Zhao and Vogt 2008; Inoki et al. 2002,
2003; Garami et al. 2003; Tee et al. 2003; Zhang et al. 2003; Sarbassov et al. 2005b;
Hanrahan and Blenis 2006; Fingar and Blenis 2004). There is also a negative
feedback loop via which mTOR can attenuate the PI3K activity by phosphorylation
of IRS1 (insulin-receptor substrate) by S6K (Manning 2004; Harrington et al.
2005). On the other hand, in a positive feedback loop, mTOR in a complex with
RICTOR (rapamycin-insensitive companion of TOR) protein additionally activates
AKT (Sarbassov et al. 2005a).

Another important target of AKT is glycogen synthase kinase 3 (GSK3) through
which AKT regulates a range of different transcription factors and cell cycle entry.
The phosphorylation of a constitutively active kinase GSK3 by AKT has also an
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inhibitory effect. When active, GSK3 phosphorylates many transcription factors,
including Myc and Jun, as well as cell cycle regulators, among which are cyclin D
and p21, thereby keeping them in inactive states or promoting their proteasomal
degradation (Rossig et al. 2002; Nikolakaki et al. 1993; de Groot et al. 1993; Sears
et al. 2000; Gregory et al. 2003; Wei et al. 2005). However, when GSK3 activity is
suppressed by AKT function, these downstream pathways are activated, under-
scored by their causal involvement as oncogenes.

Additionally, AKT can suppress apoptosis, working via inhibitory phosphoryla-
tion of its target, the FOXO (forkhead box O transcription factor) family of
transcription factors, thereby mediating their retention in the cytosol by a formation
of a complex with the 14-3-3 family of proteins and inhibiting transcription of anti-
apoptotic genes normally stimulated by FOXOs, such as p27 and p21 (Brunet et al.
1999, 2001; Biggs et al. 1999; Kops et al. 1999; Takaishi et al. 1999; Tang et al.
1999; Medema et al. 2000; Seoane et al. 2004). Similarly, AKT negatively regulates
the pro-apoptotic protein BAD (BCL2-antagonist of death) by generating a binding
site for 14-3-3 proteins, thus barring BAD from an inhibitory interaction with BCL2
family members and allowing them to proceed with a cell survival response (Brunet
et al. 2001; Zha et al. 1996; Franke and Cantley 1997).

Finally, signaling by PI3K is attenuated by dephosphorylation of PIP; by at least
two types of phosphatases — the Src-homology 2 (SH2)-containing phosphatases
(SHIP) and PTEN. Notably, these two classes of phosphatases differ by the position
of the phosphate on the inositol ring that they can remove. SHIP1 and SHIP2
dephosphorylate the 5 position of PIP;, thus generating PI-3,4-P,; in contrast,
PTEN dephosphorylates the 3 position to generate PI-4,5-P, (Clement et al. 2001;
Lee et al. 1999; Maehama and Dixon 1999), which is the substrate for PI3K.

Since different isoforms of PI3K mediate signaling downstream of RTKs or
GPCRs (or both, in case of p110p), it is intriguing to speculate that PI3K signaling
effectors downstream of different receptor types might also be differentially regu-
lated. Currently, there is almost no evidence available to suggest divergent signal-
ing; however, the majority of studies to date rely on phosphorylation of total AKT
as the major downstream read-out. Utilizing PIP; as a shared second messenger for
all PI3K isoforms, it is possible that many of the effectors are shared as well. On the
other hand, there are many PH-domain containing proteins including multiple AKT
isoforms which could potentially mediate differential signaling by colocalizing to
particular cellular microdomains with particular membrane receptors.

5 PI3K Isoforms in Cancer

Deregulation of the PI3K pathway is frequently found in human cancer where
components of this pathway are mutated, amplified, or deleted in various tumors
types. Importantly, PI3K itself frequently bears oncogenic mutations or amplifica-
tions. Specifically, the PIK3CA-gene, encoding pl10c, undergoes activating
mutations in breast (26%), endometrial (23%), ovarian (7%), urinary tract (17%),
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colorectal (14%), pancreatic (8%), stomach (8%), liver (6%), and lung (3%)
cancers (http://www.sanger.ac.uk/genetics/CGP/cosmic/). Here, the major mis-
sense mutations in PIK3CA are single point-mutations clustered in two regions of
the gene, corresponding to the helical (E5S42K and E545K) and the kinase
(H1047R) domain of the protein, all of which are thought to contribute to constitu-
tive lipid kinase activity of p110a (Samuels et al. 2004, 2005; Samuels and Ericson
2006; Ikenoue et al. 2005; Kang et al. 2005). In addition to point mutations,
amplification of the PIK3CA gene is found in a subset of head and neck, squamous
cell lung carcinoma, cervical and gastric cancers (Engelman et al. 2006).

Mutant pl110a expressed in cultured mammalian cells displays the oncogenic
potential inferred from patient tumor material, demonstrated as its ability to trans-
form primary cells as measured by anchorage-independent growth and tumor
formation in xenograft experiments (Ikenoue et al. 2005; Kang et al. 2005; Zhao
et al. 2005; Isakoff et al. 2005; Bader et al. 2006). Consistently, expression of
oncogenic pl10a in cells and tissues drives upregulation of signaling to many
downstream PI3K effectors, such as AKT, S6K, GSK, FOXOs, etc.

Notably p110f has not been found mutant in human cancer as yet, even though it
shares significant sequence homology and ubiquitous expression with p110a.
Nonetheless, its potential as an oncogene has been studied in cell culture (Zhao
et al. 2005; Kang et al. 2006). In immortalized human mammary epithelial cells
(HMECs), p110B with an amino-terminal myristylation signal (for constitutive
membrane localization) drives anchorage independent growth, xenograft tumor
growth, and induces potent activation of downstream AKT signaling (Zhao et al.
2005). Contrary to synthetic activation by myristylation, an engineered
pl10p—allele mutant at ES22K, the position analogous to E545K in p110a, fails
to induce strong AKT phosphorylation or to promote anchorage independent
growth in the same HMEC system (Zhao et al. 2005). In addition, when expressed
in chicken embryonic fibroblasts (CEFs), wild-type p110p induces transformation
which becomes more pronounced when a myristylation sequence is added; how-
ever, downstream AKT phosphorylation was only induced by myristylation but not
by overexpression alone (Kang et al. 2006; Denley et al. 2008). Interestingly, the
transforming potential of wild-type p110p is inhibited by a Ras-binding domain
mutation (K230E) or by pharmacological inhibition of the MAPK pathway, sug-
gesting the necessity of Ras binding and MAPK-activation for p110B-induced
transformation. Notably, addition of a myristylation sequence to p110p was able
to transform the cells even in the presence of the Ras-binding domain mutation
(Kang et al. 2006; Denley et al. 2008), suggesting that interaction with Ras or a Ras-
family member enables membrane recruitment.

5.1 Deregulated PI3K Pathway Components

In addition to p110a mutations, many other pathway components, both upstream
and downstream of PI3K, are altered in cancer. Among these are various upstream
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RTKSs necessary for PI3K membrane recruitment and activation. Some of the most
frequently deregulated RTKs are HER2, overexpressed or amplified in a large
fraction of breast and ovarian cancers; epidermal growth factor receptor (EGFR),
amplified or constitutively activated by mutation in gliomas and lung cancers; KIT
and PDGFRa, bearing activating mutations in GISTs (gastrointestinal stromal
tumors) (Yuan and Cantley 2008; Moasser 2007; Sauter et al. 1996; Narita et al.
2002; Arteaga 2006; Tornillo and Terracciano 2006). Notably, the most frequently
deregulated component of the pathway downstream of PI3K is the tumor suppressor
PTEN, which can be found inactivated either via point mutation or deleted in
human cancers (reviewed in Keniry and Parsons 2008). Loss of PTEN results in
constitutive activation of the PI3K axis due to the loss of one of its major suppres-
sors, an effect which is exacerbated by a gain of an activating mutation in an RTK
or pl110a with concomitant loss of PTEN.

5.2 Targeting PI3K in Cancer

Considering the frequent oncogenic alterations in various PI3K-pathway compo-
nents, this pathway has attracted substantial interest from pharmaceutical compa-
nies for therapeutic intervention with targeted therapy solutions. The rationale here
is that PI3K-signaling attenuation would result in a cytotoxic or at least cytostatic
effect on tumors that have acquired dependence on this pathway. Towards this goal,
several class I PI3K inhibitors have entered phase I clinical trials and, in addition,
compounds that exhibit isoform-specificity are emerging (reviewed in Garcia-
Echeverria and Sellers 2008). However, it is not clear which PI3K-pathway com-
ponent inhibition would give the most profound results when treating different
types of tumors. It is likely that tumors bearing oncogenic PIK3CA mutations
would indeed be sensitive to direct pl110o inhibition. Nonetheless, it is not yet
fully substantiated if p110a-specific inhibition would suppress tumors carrying
other genetic alterations in the pathway, such as PTEN tumor-suppressor loss or
conversely upstream RTK oncogene activation. To address these issues, several
recent genetic studies have shed some light onto the question of which PI3K
isoforms are responsible for driving several different tumor types.

5.3 pll0« as a Viable Tumor Target

Generation of conditional PIK3CA knock-out (Zhao et al. 2006) and kinase-dead
PIK3CA (D933A) knock-in mice (Foukas et al. 2006) has provided valuable
genetic tools for studying the role of p110a in many different genetic tumor con-
texts. In vitro studies of immortalized MEFs from conditional PIK3CA knock-out
mice suggest that p110a is necessary for transformation of cells driven by RTKs —
such as insulin-like growth factor 1 receptor (IGF-1R), EGFR, and HER2, but
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Table 2 p110 isoform ablation in cancer

Lesion\isoform pl110a pl110B

IGF-1R V/ (in vitro) Not tested

EGFR V/ (in vitro) / (in vitro, level dependent)
HER-2 / (in vitro) y/ (in vivo, kinase-dead)

vSRC X (in vitro) Not tested

HRAS Not tested y/ (in vitro, kinase independent)
PTEN—/— X (in vivo) V/ (in vivo)

KRAS +/ (in vivo, RBS* mutant) Not tested

’RBS RAS binding site

interestingly v-Src induced transformation was not affected (Zhao et al. 2006)
(Table 2). Although not yet corroborated in a genetic mouse model, this data
suggests that specific targeting of p110o with small molecules might be a therapeu-
tic choice for tumors with RTK alterations upstream of p110c.. However, when the
p110a knock-out mice were crossed to a prostate cancer-prone mouse model driven
by Pten loss (Jia et al. 2008), surprisingly tumor formation was found to be
independent of p110a function.

In certain tumor types, PIK3CA mutations are coexistent with RAS (KRAS in
particular) mutations, whereas in other types they have been suggested to be
mutually exclusive (reviewed in Yuan and Cantley 2008). As discussed earlier,
the p110 subunits of PI3K contain a RAS-binding domain and therefore, it is
important to determine if PI3K is necessary for RAS-induced tumorigenesis. To
this end, it would be beneficial to determine if PI3K-inhibition would be a suitable
therapy for RAS-driven tumors. To address the importance of RAS-PI3K molecular
interaction, knock-in mice were generated bearing two Pik3ca point mutations
(T280D and K227A) which prevent its interaction with endogenous RAS (Gupta
et al. 2007). The homozygous MEFs isolated from these mice had significantly
attenuated growth factor signaling towards the PI3K axis, particularly evident in
response to EGF and fibroblast growth factor 2 (FGF2) stimulation. Furthermore,
the mutant MEFs had a markedly decreased number of cells in S-phase, implying a
proliferative defect induced by the loss of PI3K-RAS interaction. In vitro, the MEFs
could not be efficiently transformed by oncogenic HRAS or EGFR, potentially
highlighting the necessity for pl110a inhibition in tumors driven by these onco-
genes. In addition, when these mice were crossed to mice expressing an oncogenic
Kras allele (which normally develop lung adenocarcinoma), tumor formation was
virtually completely abrogated, suggesting importance of this interaction for the
initiation of KRAS-induced tumorigenesis. As a complementary approach, it would
be interesting to investigate tumor formation in mice that co-express an oncogenic
allele of Pik3ca (E545K or H1047R) and the RAS-effector mutant that does not
interact with p110. Recently, the question of RAS-PI3K interaction in tumorigen-
esis was addressed by the use of a small molecule inhibitor NVP-BEZ235, a dual
pan-PI3K and mTOR inhibitor in clinical trials (Engelman et al. 2008). In this
study, a mouse model for lung adenocarcinoma was generated by expression of
Pik3ca(H1047R) in the lung. As expected, the mice that developed tumors
responded well to PI3K/mTOR inhibition, measured as very potent reduction in
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lung tumor burden. Strikingly, the lung-targeted oncogenic Kras mutant mice did
not show substantial tumor effects when treated with the PI3K/mTOR inhibitor.
However, significant tumor shrinkage could be achieved by the combination ther-
apy including the PI3K/mTOR inhibitor and a MEK inhibitor. Notably, the results
of this pharmacological study (in contrast to the previously discussed genetic study)
suggest that PI3K inhibition may not be sufficient for the treatment of KRAS tumors
once established, which in addition may require the inhibition of the RAS-RAF-
MAPK signaling pathway.

5.4 pll0B as a Drug Target

As most PI3K inhibitors which have therapeutic potential inhibit all class I PI3K
isoforms (and not p110a specifically) (Garcia-Echeverria and Sellers 2008), it has
become exceedingly important to investigate if inhibition of isoforms other that
p110a would be beneficial in cancer therapy (as these have not been found mutant
in human tumors). Since pl110p is the only other ubiquitously expressed class I
isoform, p110B mouse knock-out studies have provided useful clues towards
answering this question. Notably, in vitro results suggest that targeted knock-out
of p110B in MEFs prevents transformation driven by mutant HRAS and mutant
EGFR, suggesting necessity for p110p in this setting (Jia et al. 2008) (Table 2).
Surprisingly, molecular replacement with a kinase-dead allele of p110p rescued
most or all of the observed phenotypes by allowing for MEF transformation,
suggesting a potential scaffolding role for pl10p. A possible explanation for this
data is that lack of p110f makes cells sensitive to oncogene induced stress, a
condition that can largely be rescued by kinase dead allele of p110f. In the case
of the breast-targeted Her2 mouse model for breast cancer, mice with a knock-in of
a kinase dead allele of p110P showed slower tumor development than did controls
(Ciraolo et al. 2008). In addition, p110B-loss in the Pten-null tumor setting, in
contrast to pl10a-loss, seems to prevent tumor formation in the anterior prostate,
suggesting that specific inhibition of p110f would be a reasonable therapeutic
approach in PTEN-null prostate cancers (Jia et al. 2008) and that tumor formation
driven by PTEN in the prostate might depend on p110 and not p110a. Consistent
with this notion, it has been shown using shRNA approaches that knock-down of
pl110a does not affect growth and colony formation of three PTEN-null human
cancer cell lines (originating form prostate, brain, and breast tumors), whereas
knock-down of p110f profoundly affected their growth and signaling to the down-
stream AKT/mTOR pathway (Wee et al. 2008). Here, the growth retardation and
signaling could not be rescued by the expression of the kinase-inactive p1103
allele. Moreover, p110p also seemed to be required for tumor formation by these
cells in nude mice, thus highlighting the role of p110f in PTEN-deficient tumors.
Nonetheless, due to the limited number of cancer cell-lines used in this study and
our lack of understanding of all genetic lesions that these cancer cell lines bear, it
will be important to determine if p110p is important for tumorigenic state in all
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PTEN-null tumors, or only within a subset of them where PTEN-loss co-occurs
with particular other lesions. Collectively, this suggests that additional genetic
mouse models need to be generated in order to obtain more definitive data on the
role of p110f in tumor formation and maintenance.

5.5 What Are the Take-Home Messages from pl10-Isoform
Knock-Out Studies In Vivo?

As targeted therapies for various tumor lesions are developed, genetic knock-out
mouse models have become important tools in determining the use of these therapies
in particular cancer settings. Thus, as discussed above, genetic ablation of p110-
isoforms serves as a tool in helping to elucidate whether PI3K (and which particular
PI3K isoform) should be targeted in various tumor types. However, one issue with
these genetic approaches is that the ablation of p110-isoforms (i.e., conditional
tissue-specific knock-out) usually takes place before a tumor driven by gain of a
particular oncogene or loss of a tumor suppressor (e.g., gain of oncogenic Kras, loss
of Pten, etc.) is formed (Jia et al. 2008; Ciraolo et al. 2008; Gupta et al. 2007). Thus,
the question that can readily be answered from these types of studies is whether a
particular isoform is involved in the process of tumor nucleation or initiation. Based
on the in vivo studies available to date, it seems likely that one or both of the p110-
isoforms are required for tumor initiation. However, it remains unclear if ablation of
these isoforms in an already formed tumor would have an effect, or in other words, if
p110-isoforms are necessary for tumor maintenance. Currently, the way to answer
this question in vivo is either by using targeted therapies to treat the already formed
tumors (provided that these therapies are available, as described in Engelman et al.
(2008)) or by designing animal models where the expression of the Cre recombinase
used for p110 ablation can be regulated by use of externally administered chemicals
(such as doxycycline, Chin et al. 1999) independently from the mutation driving
tumor formation. In addition, in vitro studies utilizing cancer cell lines with isoform-
specific sShARNA knock-down (such as Wei et al. 2005) may provide significant
information as to which isoform should be inhibited in a particular setting of
tumor lesions. However, in order to obtain firm conclusions from these studies, it
is likely that large numbers of human cancer cell lines need to be used as this may
bypass the recurring issue of poor annotation of genetic lesions present in them and
provide significant statistical cohort analysis.

5.6 Kinase-Independent Roles of pl110-Isoforms

Due to the suggested scaffolding (kinase-independent) role of p110p for transforma-
tion in vitro, it was of considerable interest to investigate the functions of kinase-dead
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alleles in vivo. Mice carrying a germline knock-in mutation of kinase-dead allele of
p110a (D933A) die during embryonic development (Foukas et al. 2006), thus no
in vivo studies using these animals have been possible. In contrast, mice bearing
kinase-inactive Pik3cb(K805R) allele survive to adulthood, however with growth
retardation features (Ciraolo et al. 2008). Since classical knockout of Pik3cb is early
embryonic lethal this data argues strongly for an important kinase-independent
function for p110B during development. When crossed to breast cancer prone Her2
knock-in mice, the compound homozygous mice develop breast tumors much more
slowly than control mice, implying that the kinase activity of p110f could be
functionally necessary downstream of HER2 in human breast cancer. However,
due to the lack of the corresponding p110a kinase-dead knock-in parallel experi-
ments (such as the model described in Foukas et al. 2006), it is yet uncertain if p110a
is necessary in Her2 tumorigenesis.

Correspondingly, it remains to be experimentally addressed if kinase activity of
p110pB contributes to Pten-induced transformation in vivo (Jia et al. 2008) or if
prostate neoplasia can be attributed to its scaffolding role alone. Since ablation of
p110PB blocked the appearance of phosphorylated Akt in the prostate, it is possible
that p110 kinase activity is required for tumorigenesis. In any event, it is currently
unclear how the inferred scaffolding function of p110p may be carried out at a
molecular level. One possible explanation is that pl10B functions as an adaptor
protein, serving to recruit a subset of signaling molecules to RTKs. Notably, p110
found in RTK-associated complexes exhibits low lipid kinase activity, measured as
its contribution relative to co-precipitating p110a (Guillermet-Guibert et al. 2008;
Foukas et al. 2006) and hence, it may be possible that its scaffolding function is
more significant than its inherent kinase function at these receptors. Results
showing that transformation of p110B-null MEFs by activated EGFR was rescued
by the exogenous expression of the kinase-dead allele of p110 despite its negligi-
ble contribution to Akt signaling downstream of EGFR are in line with this notion
(Jia et al. 2008). An alternative mechanism could be that the scaffolding role of
p110p is exhibited at the level of cellular endocytosis. Specifically, p85a-p1103
heterodimers have been found to directly bind the small GTPase Rab5 which
regulates docking and fusion of early clathrin-coated endosomes during endocyto-
sis (Christoforidis et al. 1999; Shin et al. 2005). In agreement, p110B-null MEFs
exhibit a defect in the uptake of transferrin (marker for receptor-mediated endocy-
tosis) which could be functionally rescued by overexpression of the kinase-dead
pl10p allele (Jia et al. 2008). Similarly, a defect in EGFR internalization and
formation of clathrin-coated vesicles beneath the plasma membrane observed in
knock-in MEFs expressing low levels of kinase-dead p110f allele was rescued by
high levels of expression of the same allele (Ciraolo et al. 2008), also suggesting a
scaffolding role during endocytosis. Although not yet studied in detail, it is possible
that p110P can exhibit its scaffolding function at the level of GPCRs as well. Most
studies to date have used phosphorylation of downstream AKT as a read-out of
GPCR stimulation by various ligands (Guillermet-Guibert et al. 2008; Jia et al.
2008; Ciraolo et al. 2008). Notably, this particular process seems to depend on the
lipid kinase activity of p110f. Nonetheless, it would be interesting to identify an
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alternative experimental read-out that could enable the assessment of p110f kinase-
independent role in GPCR-associated complexes.

6 Conclusions

Although PI3Ks are well studied enzymes, still many important questions remain to
be answered as we have tried to illustrate herein. The recent animal models (Foukas
et al. 2006; Jia et al. 2008; Ciraolo et al. 2008) and an ever-increasing number of
sophisticated and highly isoform-specific PI3K inhibitors will serve as invaluable
tools in the elucidation of the roles of PI3K isoforms during development and in
disease. Of central mechanistic importance, it remains unanswered whether differ-
ent PI3K isoforms (catalyzing the same chemical reaction) mediate differential
downstream signaling, to what extent this may be exhibited in the context of
different upstream receptor types (RTKs and GPCRs) and how signaling differs
between cell-types. Pertaining to human cancer, we await conclusive determination
of which PI3K isoforms are most valuable for therapeutic inhibition in different
stages and types of tumors. Moreover, particular genetic lesions (such as KRAS-
mutation or HER2-amplification) in combination with PI3K-mutation could lead to
oncogene-dependence (tumor cell-addiction) whereby pharmacological inhibition
would result in induction of apoptosis in the targeted tumor cells. Notably, several
recent studies have already begun to answer this question (Jia et al. 2008; Ciraolo
et al. 2008; Engelman et al. 2008; Wee et al. 2008), but still need to be comple-
mented by reciprocal studies with remaining isoforms and performed in additional
tumor genetic backgrounds relevant to human cancer.
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Abstract The catalytic and regulatory subunits of class I phosphoinositide 3-kinase
(PI3K) have oncogenic potential. The catalytic subunit p110a and the regulatory
subunit p85 undergo cancer-specific gain-of-function mutations that lead to enhanced
enzymatic activity, ability to signal constitutively, and oncogenicity. The f3, v,
and J isoforms of p110 are cell-transforming as overexpressed wild-type proteins.
Class I PI3Ks have the unique ability to generate phosphoinositide 3,4,5 trispho-
sphate (PIP3). Class II and class III PI3Ks lack this ability. Genetic and cell
biological evidence suggests that PIP; is essential for PI3K-mediated oncogenicity,
explaining why class II and class III enzymes have not been linked to cancer.
Mutational analysis reveals the existence of at least two distinct molecular mechan-
isms for the gain of function seen with cancer-specific mutations in p110a; one
causing independence from upstream receptor tyrosine kinases, the other inducing
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independence from Ras. An essential component of the oncogenic signal that is
initiated by PI3K is the TOR (target of rapamycin) kinase. TOR is an integrator of
growth and of metabolic inputs. In complex with the raptor protein (TORC1), it
controls cap-dependent translation, and this function is essential for PI3K-initiated
oncogenesis.

1 Phosphatidylinositol 3-Kinases and Cancer

The phosphatidylinositol 3-kinases (PI3Ks) are grouped into three classes (I-II)
which differ in structure and function (Fruman et al. 1998; Vanhaesebroeck et al.
1997; Vanhaesebroeck and Waterfield 1999). Class I enzymes have been intensely
studied and have emerged as promising drug targets in cancer and in immune
disorders (Brachmann et al. 2009; Ghigo and Hirsch 2008). They are heterodimeric
enzymes consisting of a catalytic subunit p110 that associates with a regulatory
subunit. The vertebrate genome codes for four isoforms of p110 (a~5). Several
regulatory subunits have been identified. For p110a, B, and §, the regulatory subunit
p85 is the most prevalent. pl110y associates with separate, specific regulatory
subunits of which p101 is the most common (Stephens et al. 1997). Class I PI3Ks
occur as obligatory dimers in the cell (Geering et al. 2007). Regulatory and catalytic
subunits show distinct structure-function domains that are illustrated in Fig. 1
(Amzel et al. 2008; Huang et al. 2007; Walker et al. 1999). Class I PI3Ks act on
three substrates, the nonphosphorylated phosphatidylinositol, PI, the inositol mono-
phosphate (PI(4)P) and the bisphosphate (P1(4,5)P,), to add a phosphate group in
the D-3 position of the inositol ring and generate PI(3)P, PI(3,4)P, and PI1(3,4,5)P3,
respectively (Carpenter et al. 1990). The latter, also referred to as PIP;, functions as
an important second messenger in the cell and is the predominant mediator of PI3K

p110a
\ \ ) ) )
N~ ABD ! ReD ! c2 ! HELICAL KINASE ¢
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Fig. 1 Domain structure of catalytic and regulatory subunits of PI3K. ABD adaptor-binding
domain; RBD RAS-binding domain; C2 C2 domain; HELICAL helical domain; KINASE kinase
domain; C-SH2 C-terminal SH2 domain; iSH2 inter-SH2 domain; N-SH2 N-terminal SH2 domain;
RhoGAP Rho GTPase-activating protein homology domain; SH3 SH3 domain
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activity. The phosphatase PTEN (phosphatase and tensin homolog deleted on
chromosome 10) removes the phosphate group from the D-3 position of phospha-
tidylinositol, acting as the direct catalytic antagonist of PI3K (Li et al. 1997,
Maehama and Dixon 1998).

Class I PI3Ks have a long history of association with cancer (Yuan and
Cantley 2008; Zhao and Roberts 2006; Zhao and Vogt 2008a). Extensive studies
in the 1980s have documented a tight link of PI3K activity with tyrosine kinase
oncoproteins and with the polyoma virus middle T oncoprotein (Sugimoto et al.
1984; Whitman et al. 1985). A representative interaction of this type is the
binding of middle T to the Src oncoprotein, leading to an activation of the Src
kinase which results in the phosphorylation of several tyrosine residues on
middle T and the subsequent recruitment and activation of the p85-p110a
dimer (Courtneidge and Smith 1984; Utermark et al. 2007). The cell-transform-
ing activity of tyrosine kinase oncoproteins is correlated with their ability to
associate with PI3K (Engelman et al. 2006; Kaplan et al. 1989; Schaffhausen and
Roberts 2009). In 1997, the gene encoding the p110a catalytic subunit of PI3K
was identified as the cell-derived oncogene in an avian retrovirus and shown to be
constitutively activated by N-terminal fusion to viral sequences (Chang et al.
1997; Aoki et al. 2000). The isolation of this avian retrovirus documented the
direct oncogenic potential of p110a.

2 Cancer-Specific Mutations in PI3K

In 2004, the discovery of cancer-specific mutations in PIK3CA, the gene encoding
the catalytic subunit p110 of PI3K, put PI3Ks in the limelight as clinically relevant
oncoproteins and as drug targets (Liu and Roberts 2006; Samuels and Velculescu
2004; Samuels et al. 2004; Stephens et al. 2005). Mutations have now been
identified in the genes coding for both subunits of PI3K, in PIK3CA and in
PIK3R1, the gene encoding p85 (Fig. 2) (Cancer Genome Atlas Research Network
2008; Samuels et al. 2004). These mutations occur at frequencies extending from
5 to 25% in several common cancers, including cancers of the breast, endometrium,
and the large intestine (http://www.sanger.ac.uk). The PI3K antagonist PTEN
functions as an important tumor suppressor and is frequently inactivated by muta-
tion or deletion in cancer (Di Cristofano and Pandolfi 2000).

The PIK3CA mutations are concentrated in three hot spots in the coding
sequence (Samuels et al. 2004). Two of these hot spots are located in the helical
domain of pl10a, and one is situated in the catalytic domain. These hot spot
mutations are single nucleotide substitutions that lead to the amino acid substitu-
tions: E542K, E545K and H1047R (Samuels et al. 2004). The preferential mapping
of cancer-specific mutations to hot spots suggested immediately a strong positive
selection for such mutations, possibly reflecting a powerful replicative advantage of
mutant-carrying cells. Studies of the mutant proteins rapidly revealed a mutation-
induced gain of function as compared to the wild-type enzyme. The PIP;-generating
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lipid kinase activity of the mutants is increased several fold (Carson et al. 2008;
Chaussade et al. 2009; Ikenoue et al. 2005; Kang et al. 2005; Sugita et al. 2008;
Zhao et al. 2005). Downstream signaling is no longer dependent on upstream
stimulation by growth factors. It is constitutive and operates in serum-starved
cells. This downstream signaling manifests itself in the phosphorylation of AKT
(murine thymoma viral oncoprotein homolog) at T308 and S473, of the eukaryotic
initiation factor 4E-binding protein (4E-BP) at T37 and T46 and of p70 S6 kinase
(S6K) at T389. The three hot spot mutations activate the oncogenic potential of
pl10a. Expression of wild-type pl10a does not detectably affect the growth
behavior and the morphology of the cell. In contrast, expression of the hot spot
mutants induces oncogenic transformation in avian and in mammalian cell culture
(Ikenoue et al. 2005; Isakoff et al. 2005; Kang et al. 2005; Zhang et al. 2008; Zhao
et al. 2005). The transformed cells are also tumorigenic in animal model systems
(Bader et al. 2006; Zhao et al. 2005). In a mouse model, transgenic expression of the
H1047R mutant p110a in the lung induces adenocarcinomas (Engelman et al.
2008). These data on enhanced enzymatic activity, constitutive downstream signal-
ing and oncogenic potency strongly suggest that the hot spot mutations function as
“drivers” in human cancer, responsible for at least part of the oncogenic phenotype
of the cancer cell.
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The hot spot mutations account for about 80% of the mutated PIK3CA genes in
cancer. But there are also numerous cancer-specific mutations that occur at lower
frequencies. Most of these are again single nucleotide substitutions, but recently
two in-frame deletions have also been identified (Cancer Genome Atlas Research
Network 2008). An investigation of seventeen rare point mutations led to the
surprising finding that most of these (16 out of 17) also show a gain of function
(Gymnopoulos et al. 2007). However, compared with the hot spot mutants, the rare
mutations induce smaller gains of function. The mutant proteins show lower
enzymatic activity, mediate lower levels of downstream phosphorylation and
induce decreased oncogenic transformation in cell culture as measured by the
number of transformed cell foci per ng of DNA. These lesser gains of function
may explain the low frequencies at which such mutants are found in cancer. The
broad distribution of rare, cancer-specific mutations over almost the entire coding
sequence of p110a, with the notable and so far unexplained exception of the RAS-
binding domain, raised the possibility that any random mutation may induce a gain
of function, perhaps by triggering a conformational change. However, several
random mutations introduced into PIK3CA had no phenotype, suggesting that
cancer-specific mutations, no matter how rare, are still the result of positive
selection (Gymnopoulos et al. 2007).

The mutations in PIK3RI are also clustered (Cancer Genome Atlas Research
Network 2008). Most occur within a stretch of six residues (560-565) located in
the inter-SH2 domain of p85 (Cancer Genome Atlas Research Network 2008).
This portion of p85 includes the contact points with residues in the C2 domain of
p110a. The mutations in PIK3RI interfere with the proper binding to p110a,
relieving an inhibitory interaction. Several of these mutations in the inter-SH2
domain of p85 have recently been shown to induce a gain of function in PI3K
including enhanced signaling to Akt, stimulation of cell replication and onco-
genic transformation (Jaiswal et al. 2009; Wu et al. 2009; Sun et al. 2010,
submitted). A cancer-derived PIK3RI mutation in the N-terminal SH2 domain
of p85 (G376R) may reduce the inhibitory interaction with the helical domain of
pl10a as is the case with the engineered p85 mutation K379E (Sun et al. 2010,
submitted). Thus, the mutations in the inter-SH2 domain of p85 may be func-
tionally equivalent to the mutations in the C2 domain of p110c, and the p85
mutations in the N-terminal SH2 domain may have the same effect as the helical
domain mutations in p110a.

The map of the gain-of-function mutations on the structure of p110a (Amzel
et al. 2008; Huang et al. 2007, 2008; Miled et al. 2007) reveals two properties
that are shared by several mutants: location on the surface of the protein and a
change from an acidic to a basic amino acid. This observation suggests that
many of the gain-of-function mutations change the surface properties of the
enzyme, probably affecting the interaction with other proteins or with mem-
branes. In fact, of three engineered mutants inducing an acidic to basic change
on the protein surface, two showed oncogenic activity (Gymnopoulos et al.
2007).
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3 Several Molecular Mechanisms Can Induce a Gain
of Function in p110

The occurrence of gain-of-function mutations distributed over several domains of
p110a raises the question of the molecular mechanism responsible for increased
activity. Do all these mutants operate by the same mechanism, or are there several
distinct ways of enhancing p110a function? The available evidence strongly favors
the existence of several molecular mechanisms leading to a gain of function.
The combination of two hot spot mutations, one from the helical and the other
from the kinase domain, in one protein has a strong synergistic effect on p110a
activity. In contrast, introducing both helical domain mutations into the same
molecule results in an only moderately additive effect (Zhao and Vogt 2008b).
These results suggest that helical and kinase domain mutations work by different
mechanisms that can cooperate. Several additional mutant combinations have been
studied. Combinations of mutations located in different domains of p110a often
show a synergistic effect, but combinations of mutations in the same domain are
merely additive. There is also one pair of mutations, ES45K/Y1021C, that shows
loss of function when introduced in the same molecule, indicating incompatibility
of the combined mutation-induced changes with pl110a function (Gymnopoulos
and Vogt 2009, to be submitted).

The distinction between helical and kinase domain mutations is further illumi-
nated by investigations that explore the interactions of the mutant proteins with the
p85 regulatory subunit and with RAS (Zhao and Vogt 2008b). An N-terminal
deletion of p110a that still permits expression of the protein but eliminates binding
to p85, has contrasting effects on helical and kinase domain mutants. The oncogenic
activity of the kinase domain mutant that lacks p85 binding is completely inacti-
vated, and its downstream signaling is greatly reduced. The two helical domain
mutants are much less affected by a lack of p85 binding. Their oncogenic activity in
cell culture is only moderately reduced, and the effect on signaling is also minor.
For wild-type p110a, deletion of the p85-binding domain has an activating effect,
resulting in constitutive signaling and oncogenicity (Zhao et al. 2005). This some-
what surprising observation is explained by the fact that in cells devoid of upstream
signaling, the p85-p110a interaction is both inhibitory and stabilizing for p110a.
Upon growth factor stimulation, the SH2 domains of p85 interact with phosphory-
lated tyrosine on upstream signaling molecules, relieving the inhibition on p110a.
Deletion of the p85-binding domain has a similar disinhibitory effect on p110c and
reveals its latent oncogenic activity and signaling potential.

A mutational inactivation of the ability of p110a to interact with RAS has the
opposite effect on the hot spot mutants. Interference with RAS binding decreases
the oncogenicity of the helical domain mutants and drastically diminishes their
downstream signaling. The kinase domain mutant is largely independent of RAS
binding. Its oncogenicity is preserved in the absence of RAS binding, and signaling
to AKT is only mildly affected. Complementary data have emerged from a study of
mutant enzyme kinetics (Chaussade et al. 2009). The V. values of the hot spot
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p110a mutants are significantly above that of the wild-type. Wild-type p110o can
be activated by a PDGFR (platelet-derived growth factor receptor)-derived dipho-
sphoryl peptide (Cuevas et al. 2001; Shekar et al. 2005). The phosphorylated
tyrosines of this peptide interact with the N-terminal SH2 domain of p85 and
thereby alleviate p85-mediated inhibition of p110a. Significantly, this PDGFR-
derived peptide has no effect on the activity of the helical domain mutants, but it
inhibits the kinase domain mutant (Chaussade et al. 2009). These data on the
functional differences between helical and kinase domain mutations suggest that
the kinase domain mutant is independent of activation by RAS; the mutation
appears to have induced the same or a similar activating change that in the wild-
type enzyme and in the helical domain mutants is achieved by the interaction with
RAS. However, the kinase domain mutant still remains critically dependent on an
interaction with p85, and this dependence requires further clarification. One possi-
bility is suggested the crystal structure of the p110a-p85 complex which reveals an
unexpected interaction between the p85-binding domain and the kinase domain
(Huang et al. 2007, 2008). This interaction might be important for the active
conformation induced by H1047R and could explain the sensitivity of HI047R to
a loss of p85 binding. Interactions between p85 and p110a that are relevant to the
properties of the mutant proteins are summarized in Fig. 3.

The kinase domain mutation H1047R maps to the hinge region of the activation
loop. It could affect the position and the mobility of the activation loop. RAS also
interacts with the kinase domain and could induce a change that is similar to the one
caused by the H1047R mutation. The helical domain mutants remain dependent
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Fig. 3 pl10a-p85 domain interactions of importance for gain-of-function mutations. Green
arrows mark interactions with the kinase domain that could explain why the H1047R mutant is
RAS-independent, but p85-dependent. The orange arrow signifies the inhibitory interaction
between the N-terminal SH2 domain of p85 and the helical domain of p110a that is released by
the helical domain mutation in pl110a and the N-terminal SH2 domain mutation in p85. The
orange and yellow arrows mark similar, probably inhibitory interactions between the inter-SH2
domain of p85 and the C2 or adaptor-binding domain of p110a, respectively. These interactions
may be modulated by mutations in the respective domains of p110a
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on binding to RAS, but are largely independent of p85-binding, probably because
they mimic the activating event that follows the growth factor-induced relief of
the helical domain-p85 interaction. The same effect of disrupting the helical
domain-p85 binding probably also results from the cancer-specific mutation in
the N-terminal SH2 domain of p85; it can also be achieved experimentally by
mutating critical helical domain-interacting residues R340E and K379E in the p85
which are postulated to interact with E542 and E545 residues of p110a (Miled et al.
2007). Overexpression of such experimentally mutated p85 induces oncogenic
transformation in cell culture (Sun et al. 2010, submitted).

The molecular mechanisms for the mutation-induced gain of function in helical
and in kinase domain mutations are complementary and reciprocal. The helical
domain mutations have gained activation through p85-independence, but still need
the interaction with RAS. The kinase domain mutation is in a state of constitutive
RAS activation, but still requires the interaction with p85. The helical-kinase
domain double mutant is both independent of RAS and of p85.

Since the hot spot mutations account for about 80% of all cancer-specific
mutations in p110q, inhibitors specific for these mutants could benefit the majority
of the affected patients. Mutant-specific inhibitors would not induce side effects
that can result from interfering with the life-sustaining functions of PI3K. The
identification of small molecules that discriminate between mutant and wild-type is
a challenging task for drug discovery. It would be greatly facilitated by structural
information that is specific for the mutants.

4 Non-alpha Isoforms of Class I PI3K in Cancer

There are four isoforms of the catalytic subunit of class I PI3Ks: p110a, p110p,
p110vy, and p1106 (Deane and Fruman 2004; Engelman et al. 2006; Fruman and
Bismuth 2009; Hawkins et al. 2006; Stephens et al. 1996; Vanhaesebroeck et al.
2001). They are encoded by different genes, but share a basic domain structure. The
o, B, and 6 isoforms use the same regulatory subunits. The o and 6 isoforms are
linked primarily to upstream receptor tyrosine kinases, the upstream activation of
p110B appears to be context-dependent, involving receptor tyrosine kinases and
G-protein-coupled receptors (Ciraolo et al. 2008; Guillermet-Guibert et al. 2008).
The p110y isoform interacts with separate distinct regulatory subunits and is linked
to G-protein-coupled receptors (Stoyanov et al. 1995; Yart et al. 2002). The o and 3
isoforms are expressed ubiquitously. Expression of y and & isoforms is restricted
mainly to lymphocytes. Genetic inactivation of the o and B isoforms causes early
embryonic lethality (Bi et al. 1999, 2002), whereas y and 6 knockouts are viable but
suffer from immune deficiencies (Ali et al. 2004; Cantley 2002; Clayton et al. 2002;
Hirsch et al. 2000; Ji et al. 2007; Jou et al. 2002; Laffargue et al. 2002; Okkenhaug
et al. 2002; Rodriguez-Borlado et al. 2003; Sasaki et al. 2000). The functions of the
p110 isoforms are overlapping, but they are clearly not redundant. Conditional and
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tissue-specific mutations have defined isoform-specific roles in cellular signaling.
The principal roles of p110y and p1109 are in the immune system (Alcazar et al.
2007; Ali et al. 2008; Ji et al. 2007; Okkenhaug et al. 2004; Patton et al. 2007), and
p110a and p110P have distinct, complementary, context-dependent and cell type-
dependent roles in the control of cell growth and metabolism (Graupera et al. 2008;
Marone et al. 2008; Vanhaesebroeck et al. 2005). The functions of specific p110
isoforms are explored in greater detail in other chapters of this volume.

The oncogenic potential of p110a is well documented in experimental systems;
the gain-of-function mutations in human cancer add significance to this activity
(Samuels et al. 2004). For the non-alpha isoforms of class I PI3K, the connection to
cancer is more tenuous. There are no cancer-specific mutations in these isoforms,
but differential expression is observed in several cancers. The pl110d isoform
is consistently overexpressed in acute myeloblastic leukemia, and inhibitors of
p1105 specifically interfere with the growth of these leukemic cells, suggesting
a role of p110d in leukemogenesis (Samuels et al. 2004; Sujobert et al. 2005).
Specific inhibitors of p110d are in clinical trials for hematopoietic malignancies
(http://clinicaltrials.gov/ct2/show/NCT00710528). Increased expression of p110y is
seen in chronic myeloid leukemia (Hickey and Cotter 2006; Knobbe et al. 2005).
There are also data that suggest involvement of non-alpha isoforms of class I PI3K
in solid tumors (Bénistant et al. 2000; Knobbe et al. 2005; Mizoguchi et al. 2004).
The wild-type non-alpha isoforms have the ability to induce oncogenic transforma-
tion when overexpressed in cell culture, whereas wild-type p110a lacks this ability
(Kang et al. 2006). The elevated expression of non-alpha isoforms in some cancers
may therefore be a determinant of the oncogenic cellular phenotype. The oncogenic
activity of wild-type non-alpha isoforms has so far been shown only in chicken
embryo fibroblasts which are exquisitely sensitive to transformation by single
oncoproteins. In this cell culture system, the various isoforms reveal distinctly
different characteristics in their signaling through AKT, their interactions with
RAS and sensitivity to inhibitors of the MAP kinase pathway (Denley et al.
2008). Overexpression of p110d induces strong phosphorylation of AKT at T308
and S473 and of the downstream targets S6K, 4E-BP and GSK3f (glycogen and
synthase kinase 3B). FOXO1 (forkhead box transcription factor O1) becomes
undetectable in these cells. This signaling pattern closely resembles that of the
p110a mutant H1047R. Expression of p110f and p110vy induces much lower levels
of phosphorylation of AKT, S6K, 4E-BP, and GSK3p. The levels of FOXO1 are not
significantly reduced in these cells. The contrasting properties of p1103 vs. p110f
and p110y are also seen in their responses to activation by RAS and to inhibition of
the MAP kinase pathway. Introducing point mutations into the RAS binding
domain that are designed to abolish RAS binding interferes with oncogenic trans-
formation and signaling induced by p110f and p110y, but does not affect p11003.
The activities of the mutated p110f and p110y proteins can be restored by adding a
myristylation signal to the N-terminus of the proteins, suggesting that the interac-
tion with RAS mediates recruitment to the plasma membrane. The apparent inde-
pendence of pl106 from RAS requires further examination and confirmation.
Although the mutated residue in the RAS-binding domain of p1109 is conserved
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among the isoforms and is known to control RAS binding in p110a and in p110y
(Pirola et al. 2001; Rodriguez-Viciana et al. 1996), the effect of this mutation in
p1106 on RAS binding has not been verified. Sensitivity to inhibitors also sets
pl10B and pl110y apart from p1105. The MEK1/2 inhibitor U0126 effectively
interferes with cellular transformation induced by p110f and p110y, but does not
affect the oncogenic activity of p110 and of the H1047R mutant of p110a. The
inhibitor of RAF, BAY 43-9006, shows a similar preferential effect on p110f and
p110y, but does not interfere with cellular transformation caused by p1103. These
observations single out p1109d as an exceptionally potent signaling protein, resistant
to MAP kinase inhibition and capable of functioning preferentially through
AKT. The similarities between p110B and p110y are unexpected because these
isoforms respond to different sets of upstream signaling: p110p has been linked to
receptor tyrosine kinases and G-protein coupled receptors and p110y exclusively to
G-protein coupled receptors (Roche et al. 1998; Guillermet-Guibert et al. 2008).
The similarities between p110 and p110y revealed by the studies on oncogenicity
and signaling in chicken embryo fibroblasts may extend to mammalian cells. An
important role of non-alpha isoforms of PI3K in cancer is also emerging from new
animal models and from studies in cell culture (Ciraolo et al. 2008; Jia et al. 2008;
Torbett et al. 2008; Wee et al. 2008). These reveal isoform-specific enzymatic
and nonenzymatic functions of pl10 and are discussed in other chapters of this
volume.

5 Class II and III PI3Ks

The family of PI3Ks encompasses three distinct classes that differ in structure and
function (Vanhaesebroeck et al. 1997; Vanhaesebroeck and Waterfield 1999). One
of the defining criteria for each class of PI3Ks is substrate recognition and hence the
spectrum of products. Class I PI3Ks can utilize the nonphosphorylated phosphati-
dylinositol (PI), the monophosphate (PI(4)P), and the bisphosphate (PI(4,5)P,)
phosphatidylinositols, giving rise to PI(3)P, PI(3,4)P, and PI(3,4,5)P;, also referred
to as PIP, PIP, and PIP;, respectively. Class II PI3Ks recognize PI and PI(4)P, but
not PI(4,5)P, as substrates to produce PIP and PIP,. Class III PI3Ks can use only PI
and convert it to PIP (Pirola et al. 2001). In addition, class I PI3Ks can function as
serine protein kinases (Dhand et al. 1994). One of the protein substrates of class I
PI3KSs is the regulatory subunit p85. This phosphorylation represents an autoregu-
latory mechanism (Foukas et al. 2004). The protein kinase activity of p110 is,
however, not sufficient for oncogenic transformation induced by class 1 p110
mutants and isoforms (Denley et al. 2009; Kang et al. 2006). In the canonical
PI3K signaling pathway, PIP, and PIP; are recognized by the pleckstrin homology
domains of PDK-1 (phosphoinositide-dependent kinase) and of AKT (Alessi et al.
1996a, b; Klippel et al. 1997; Nicholson and Anderson 2002). These interactions
recruit PDK-1 and AKT to the plasma membrane, resulting in the phosphorylation of
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AKT by PDK-1, catalytic activation of AKT, and phosphorylation of downstream
targets (Alessi et al. 1997; Currie et al. 1999; Filippa et al. 2000; McManus et al.
2004; Milburn et al. 2003; Vanhaesebroeck and Alessi 2000). The structure of the
AKT pleckstrin homology domain bound to IP,4, the headgroup of PIP;, shows
critical ionic interactions between basic pleckstrin homology domain residues and
the phosphates at the D-3 and D-4 positions of IP, (Milburn et al. 2003). The
phosphate at the D-5 position does not participate in the interaction with the AKT
pleckstrin homology domain. Hence, AKT has a lower affinity for PIP, (P1(4,5)P2)
than for PIPs.

So far, only class I PI3Ks have been firmly involved in cancer, although there are
some observations that suggest class Il may also play a role (Low et al. 2008). The
defining characteristic of class I PI3Ks is the generation of PIP; (Vanhaesebroeck
et al. 1997; Vanhaesebroeck and Waterfield 1999). This ability may therefore
constitute a prerequisite for the oncogenicity of lipid kinases. Emerging evidence
supports this suggestion. A short sequence in the activation loop of PI3Ks deter-
mines substrate recognition and product specificity (Bondeva et al. 1998; Pirola
et al. 2001). Substitution of this sequence in class I PI3K with the corresponding
sequence of class II or of class III generates enzymes that produce PIP and PI(3,4)P,
or PIP, respectively, but fail to make PIP;. These constructs do not induce onco-
genic transformation in cell culture and show greatly reduced signaling through
AKT. Expression of the wild-type or the myristylated form of hVps34 class III
PI3K fails to induce oncogenic transformation in cultures of chicken embryo
fibroblasts and does not increase the phosphorylation status of Akt, p70 S6 kinase,
4E-BP, and glycogen synthase kinase-3f or cause a change in the level of FoxO1
(Denley et al. 2009). The production of PIP; and PI3K signaling are reduced in
the presence of the PIPP phosphatase which removes the phosphate from the D-5
position of phosphatidylinositol. Expression of PIPP also interferes with onco-
genic transformation induced by the four isoforms of class I PI3K, reduces the
levels of AKT phosphorylation and attenuates the degradation of FOXO1 (Denley
et al. 2009). These observations support the conclusion that the ability to produce
PIP; is essential for the oncogenic activity of PI3K.

6 PI3K-Driven Oncogenic Transformation: Mechanistic
Considerations

PI3K signaling affects numerous downstream targets, not all will be essential for
oncogenic transformation. The canonical signaling cascade proceeds through AKT,
the TSC (tuberous sclerosis complex), RHEB (Ras homolog enriched in brain) to
TOR and from there to additional targets. In this pathway, two components stand
out as particularly significant for oncogenicity: AKT and TOR. AKT is an impor-
tant signal branching point that can direct PI3K signals into many different direc-
tions; TOR is of importance because it functions as integrator, receiving input from
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multiple sources. Thus, AKT and TOR link the canonical PI3K pathway to other
regulatory activities in the cell.

In the canonical pathway, AKT phosphorylates and thereby inhibits TSC2 (Dan
et al. 2002; Inoki et al. 2002; Manning et al. 2002). The TSC complex functions as
GTPase-activating protein for RHEB (Castro et al. 2003; Garami et al. 2003; Inoki
et al. 2003; Tee et al. 2003; Zhang et al. 2003b); reduction of GTPase activation by
AKT activates RHEB. The GTP-bound RHEB then directly interacts with TOR and
activates this target. AKT and RHEB are oncogenic when constitutively activated
(Ahmed et al. 1993; Aoki et al. 1998; Jiang and Vogt 2008). TOR is a PI 3-kinase
related protein kinase (PIKK) (Abraham 2004) that fulfills numerous tasks in cell
growth and metabolism.

TOR functions in two distinct multiprotein complexes, TORC1 and TORC2
(Jacinto et al. 2004). TORCI1 contains the proteins RAPTOR, LST8 and PRAS40
(Kim et al. 2002). TORC?2 consists of LST8, RICTOR and SIN1 (Sarbassov et al.
2004). TORC1 and TORC?2 are differentially regulated and have distinct functions.
TORCI can be activated by AKT-dependent and AKT-independent signals. AKT
stimulates TORC1 by inducing an inhibition of the GTPase-activating protein
activity of the TSC complex that targets RHEB and by phosphorylating and thereby
inactivating PRAS40, a negative regulator of TORC1. AKT-independent regulation
of TOR can also be mediated by the TSC complex. TSC is a sensor and integrator of
signals that originate from energy deprivation, hypoxia or stimulation of growth.
For instance, AMPK (AMP kinase), activated by an increase of cellular AMP,
activates TSC2 and thereby inhibits TOR. Rag (Ras-related small GTP-binding
proteins) activate TORC1 in response to the availability of amino acids (Sancak
et al. 2008). Another AKT-independent pathway to TORC1 has been identified in
glioblastoma and is mediated by PKCa (protein kinase Cat) (Fan et al. 2009). The
principal downstream targets of TORC1 are 4E-BP1 (eukaryotic initiation factor
4E-binding protein) and S6K1 (p70 ribosomal protein S6 kinase). They will be
considered below.

In contrast to the various AKT-dependent and AKT-independent ways that have
been identified for the regulation of TORC1 (Cheng et al. 2009; Memmott and
Dennis 2009; Vasudevan et al. 2009), the regulation of TORC2 is not fully
understood. A distinguishing mark of TORC2 activation is the requirement for an
active TSC complex, one that is not phosphorylated by AKT and opposite to the
requirement for TORC1 activation (Huang and Manning 2009). Several targets
have been identified for TORC2 (Huang et al. 2009). Among these, the phosphory-
lation of AKT at S473 appears potentially relevant to PI3K signaling (Sarbassov
et al. 2005). This phosphorylation event achieves maximal activation of AKT, and
it also expands the spectrum of AKT targets to include PRAS40 and FOXO
(Guertin et al. 2006). However, it is doubtful whether the additional targets that
can be addressed by the S473-phosphorylated AKT play an important role in
transformation (see below).

TOR is essential for the oncogenicity of PI3K and AKT (Jiang et al. 2000;
Neshat et al. 2001; Podsypanina et al. 2001). The TOR inhibitor rapamycin strongly
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and specifically interferes with PI3K- and AKT-induced cellular transformation;
yet it does not reduce transformation caused by 14 other oncogenes (Aoki et al.
2001). Exposure to resistance-inducing concentrations of rapamycin does not
significantly affect cell replication. Whereas short-term treatment with rapamycin
selectively inhibits TORCI, cells treated over prolonged periods of time (24 h or
more) also show inhibition of TORC2 (Sarbassov et al. 2006). Since interference
with oncogenic transformation by rapamycin results from long-term treatment with
the drug, both TORC1 and TORC2 would be affected and could play an essential
role in oncogenicity. However, at least one TORC?2 activity, the phosphorylation of
AKT on S473, appears to be dispensable for oncogenic transformation (Aoki et al.
1998).

The available data are compatible with the idea that TORC1, but not TORC?2,
plays the predominant role in oncogenesis (Guertin and Sabatini 2007). TORCI
functions as a positive regulator of protein synthesis. It phosphorylates and thereby
activates S6K. It also phosphorylates 4E-BP1, releasing eIFAE (eukaryotic initia-
tion factor 4E, the cap-binding protein) to become available for the assembly of the
translation initiation complex. The TOR-dependent stimulation of protein synthesis
preferentially affects mRNAs that have complex secondary structures in their 5’
untranslated regions (Culjkovic et al. 2005). These secondary structures require
unwinding performed by the elF4A (eukaryotic initiation factor 4A) helicase that
together with the eukaryotic initiation factors eIF4E and eIF4G forms the elF4F
initiation complex. Numerous mRNAs that encode growth-promoting proteins are
characterized by 5 untranslated sequences with complex secondary structures, and
their efficient translation is highly dependent on an abundance of eIFAE and the
elF4A helicase (Culjkovic et al. 2006). The enhancement of this activity by TORC1
could be a critical factor in the transformation process.

The importance of high efficiency translational initiation in PI3K- and AKT-
induced oncogenicity is also documented by the effects of the YB-1 (Y Box binding
protein) on the transformation process. The YB-1 protein is highly conserved in
evolution with close relatives throughout prokaryotic and eukaryotic forms of life.
It is abundantly and ubiquitously expressed, and with its cold shock domain, it binds
both DNA and RNA, affecting transcription and translation (Evdokimova et al.
2006a, 2009; Izumi et al. 2001; MacDonald et al. 1995; Mertens et al. 1997;
Zasedateleva et al. 2002). By binding to mRNA, YB-1 has the capacity to inhibit
translation (Evdokimova et al. 2006a). In cells transformed by PI3K or AKT, YB-1
is downregulated transcriptionally and posttranscriptionally (Bader et al. 2003;
Bader and Vogt 2005, 2008; Evdokimova et al. 2006b; Sutherland et al. 2005).
This downregulation appears to be a necessary facilitator of transformation,
because re-expression of YB-1 causes a strong and specific cellular resistance to
PI3K- and AKT-induced oncogenic transformation, yet does not interfere with
transformation induced by other oncogenes (Bader et al. 2003). These YB-1-
expressing cells do not show a detectable reduction in the rate of replication.
Phenotypically, YB-1 therefore acts like a rapamycin mimic, but it intervenes in
transformation downstream of TORC1, at a level of mRNA (Bader and Vogt 2008).
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Interference with transformation depends on cytoplasmic localization of YB-1 and
on the ability of YB-1 to bind to RNA (Bader and Vogt 2005). The interaction of
YB-1 with RNA is not sequence-specific, and YB-1 can bind to multiple sites on the
mRNA. However, for the inhibition of protein synthesis, binding at or near the cap
structure of mRNA is essential. According to a recent model, YB-1 then interferes
with binding of eIF4G (eukaryotic initiation factor 4G) to mRNA and thus com-
petes with the assembly of the eIF4F initiation complex on the mRNA (Svitkin et al.
2009).

The specific sensitivity of PI3K-induced transformation to rapamycin and to
expressed YB-1 supports the conclusion that the oncogenic effects of PI3K are
mediated by TORC]1 and that they involve stimulation of protein synthesis. This
activity of TOR appears necessary for transformation, but it is probably not
sufficient. A gain of function in TOR alone has so far not been found to transform
cells. Cells lacking TSC1 or TSC2 show constitutive activation of TOR, but are
not transformed (Kwiatkowski et al. 2002; Zhang et al. 2003a). Patients with
heritable loss of function in the TSC complex develop hamartomas, but aggressive
cancers are rare (Al-Saleem et al. 1998; Kwiatkowski and Manning 2005;
Marcotte and Crino 2006). However, in rodent model systems, inactivating
mutations of either TSC1 or TSC2 increases cancer incidence, possibly due to
secondary mutations (Everitt et al. 1992; Kobayashi et al. 1999; Kwiatkowski et al.
2002).

If gain of function in TOR is necessary but not sufficient for transformation,
what then are the other necessary, complementing oncogenic activities that origi-
nate with PI3K signaling? There likely will be several. A possible candidate is one
of the multiple targets of AKT: NFxB. The transcriptional activity of NFkB is
upregulated in AKT-transformed cells. This increased function is dependent on
AKT and is abolished by small molecule inhibitors of AKT and by a dominant
negative mutant of AKT (Bai et al. 2009). In AKT-transformed cells, the total
amount of IkB inhibitor protein is dramatically decreased. Blocking NFkB activity
with the super-repressor of NFkB (IkBSR) induces a cellular resistance that is
selective for PI3K- and AKT-induced transformation. Thus, NFxB activity is
essential for the oncogenicity of PI3K and AKT. Although there is no general
agreement on how AKT communicates with NFkB, the balance of the evidence
supports the idea of a phosphorylation cascade that connects the two proteins. AKT
can phosphorylate IKKa (IxB kinase) in vivo (Ozes et al. 1999), and the activated
IKK complex then phosphorylates the p65 subunit of NFxB (Sakurai et al. 1999),
enhancing its transcriptional activity. It is, however, possible that the essential
requirement for NFxB in PI3K-induced transformation can be satisfied with a
basal level of activity and that the AKT-mediated gain of function represents a
secondary consequence of transformation.

The identification of essential components in the oncogenic pathway is impor-
tant for therapeutic considerations and helps define suitable drug targets. In this
regard, the catalytic subunit p110 of PI3K remains a strong candidate, but more
understanding of isoform-specific functions in various cancers and cell types and on
different contributing genetic backgrounds (e.g., gain of function in receptor
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tyrosine kinases, loss of function in PTEN) is needed (Garcia-Echeverria and
Sellers 2008; Kong and Yamori 2008; Maira et al. 2008; Wymann and Schneiter
2008; Yap et al. 2008). TOR emerges as another promising drug target (Guertin and
Sabatini 2009). ATP-competitive inhibitors of TOR have recently been identified
and are being characterized. They affect rapamycin-resistant functions of TOR
(Feldman et al. 2009; Garcia-Martinez et al. 2009; Guertin and Sabatini 2009;
Malagu et al. 2009; Nowak et al. 2009; Thoreen et al. 2009; Yu et al. 2009; Zask et
al. 2009). The situation with AKT is more complex, because not all PI3K-driven
tumors show AKT dependence (Vasudevan et al. 2009). Our understanding of the
oncogenic signals emanating from PI3K is still evolving. New pathways and feed-
backs are being characterized and novel interacting proteins discovered. Tissue-
and cell-type specific differences in PI3K signaling are being defined. All these
advances will eventually result in the recognition of new drug targets.

7 Conclusion

PI3Ks have oncogenic potential. The requisite gain of function can be achieved by
mutation or by differential expression. Oncogenicity is mainly associated with
class I PI3Ks and correlated with the ability to produce PIP;. PIP; is the critical
PI3K product that links lipid kinase activity to a network of downstream signals
originating in AKT. In sensitive experimental systems, gain of function in a single
PI3K isoform is sufficient to induce oncogenic transformation. These systems can
be used for quantitative determination of oncogenicity and serve as models for
investigations of transformation-associated changes in the cellular phenotype.
Transformed focus assays in cell culture remain the gold standard for measuring
and comparing oncogenic activity; such assays include all four isoforms of class I
PI3K and can yield valuable data on the antioncogenic potency of drug candi-
dates. The experimental systems of PI3K-induced oncogenic transformation also
allow determination of specific changes in signaling pathways, cell behavior and
metabolism.

The PI3K pathway is deregulated in the majority of human cancers. In sporadic
tumors and in cancer cell lines, there are numerous other genetic and epigenetic
changes that have been extensively documented by the human cancer genome
project (Cancer Genome Atlas Research Network 2008; He et al. 2008; Jones
et al. 2008; Parsons et al. 2008; Wood et al. 2007). In these situations, PI3K
signaling can be expected to make a contribution to the oncogenic phenotype of
the cell, but rarely will it function as the sole or dominant transforming event. The
oncogenic phenotype of human cancer is the composite of all genetic and epige-
netic changes. Experience with inhibitors of PI3K reflects this complexity. The
growth of cells experimentally transformed by PI3K is generally highly sensitive
to PI3K inhibitors. Few human cancer cell lines show such sensitivity. However,
combinations of inhibitors that target critical nodes in cellular signaling or single
inhibitors that target a critical combination of oncoproteins can be very effective
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(Cheng et al. 2009; Fan et al. 2006, 2007, 2009; Fan and Weiss 2006; Jaiswal et al.
2009b; Nelander et al. 2008). These observations are detailed in other chapters of
this book.

The greatest challenge in the area of PI3K oncogenicity remains the identifica-
tion of mutant-specific inhibitors that have drug-like properties. The highly targeted
therapeutic potential of such inhibitors justifies intense efforts by industry and in
academic laboratories.
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Abstract The serine/threonine kinase AKT functions as a critical mediator of signal-
ing downstream of PI3 kinase. Studies over the last two decades have firmly estab-
lished the importance of AKT in the regulation of cell survival, proliferation, and
insulin-dependent metabolic cell responses. AKT executes these diverse tasks through
phosphorylation of numerous cellular substrates. Substantial progress has been made
in understanding the regulation of AKT activity by upstream kinases and elucidating
downstream mechanisms that mediate its myriad cellular effects. Here, we present an
overview of AKT regulation and function in physiological and pathological settings.
An emphasis is placed on the involvement of aberrant AKT signaling in human
diseases ranging from diabetes to cancer and neurological diseases.

1 Introduction

The phosphatidylinositol-3-kinase (PI3K) signaling pathway underpins many
aspects of cell growth, survival, and metabolism (Engelman et al. 2006; Hennessy
et al. 2005). As described in other chapters, activated PI3Ks phosphorylate the
3/-OH position in inositol phospholipids, generating 3’-phosphoinositides (PIs).
Products of the PI3Ks include phosphatidylinositol 3,4-bisphosphate (PI-3,4P2)
and phosphatidylinositol 3,4,5-trisphosphate (PI-3,4,5P3 or PIP3). These PIs func-
tion as second messengers that activate downstream pathways regulating many
cell growth, survival, and metabolic processes (Vivanco and Sawyers 2002).
Steady-state PIP3 levels are tightly controlled by the combined effects of stringent
PI3K regulation and the action of several PIP3 phosphatases, including PTEN,
SHIP1 and SHIP2 (Cantley and Neel 1999; Engelman et al. 2006).
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Upon generation at the plasma membrane, PI-3,4P2 and PIP3 bind a subset
of pleckstrin-homology (PH) and other lipid-binding domains present in target
effector proteins to recruit them to activation sites within the plasma membrane.
Among these, the serine/threonine kinase AKT has been most extensively studied
as a critical PI3K effector. This chapter provides an overview of AKT and its
cellular functions downstream of PI3K in biology and disease.

2 AKT Kinases

AKT, also known as protein kinase B (PKB), is a ubiquitously expressed serine/
threonine kinase with a PH domain that selectively binds 3-phosphoinositides. AKT
is so-named because it represents the proto-oncogene of the v-AKT murine thy-
moma virus (Staal et al. 1977). Nearly two decades ago, three groups independently
identified and cloned the first AKT isoform (Bellacosa et al. 1991; Coffer and
Woodgett 1991; Jones et al. 1991). AKT is now well established as the predominant
PI3K effector in many cell types. Indeed, phosphorylation and activation of AKT
is often used as a surrogate readout of PI3K activity, because direct measurement of
3-phosphoinositide levels is technically more difficult.

2.1 Isoforms

There are three members of AKT gene family, designated as AKT1 (PKBa)), AKT2
(PKBB) and AKT3 (PKBY). In humans, these genes are located at chromosomes
14932, 19q13, and 1g44, respectively. The AKT family belongs to the more general
class of AGC kinases (related to AMP/GMP kinase and protein kinase C). While
AKT1 and AKT2 are ubiquitously expressed, AKT3 displays a more restricted
tissue distribution and is expressed most abundantly in neuronal tissues (Bellacosa
et al. 2004). Each AKT member is activated by similar mechanisms during PI3K
signaling (Bellacosa et al. 2005).

2.2 Domain Structure

Each AKT isoform contains an amino terminal PH domain, a short alpha-helical
linker, a kinase domain and a carboxyl-terminal regulatory domain (Fig. 1). PH
domains are structurally well-characterized modules of approximately 120 amino
acids. As noted above, this domain binds phosphatidylinositide products of PI3K.
The PH domain also contains a sequence motif defined by a pattern of basic
residues centered on the loop between two B-strands (Isakoff et al. 1998). This
so-called “headgroup” interacts with a well-defined binding pocket, and multiple
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Fig. 1 Domain structure of AKT. All the family members of AKT contains three distinct
functional domains namely PH (Pleckstrin Homology) domain at the N-terminus, a kinase domain
and c-terminal regulatory domain that contains hydrophobic motif (HM). The key phosphorylation
sites necessary for activation have been depicted. v-AKT is the viral form of AKT and is a fusion
between the viral Gag and mouse AKT1

hydrogen bonds are formed with available phosphate groups (Lemmon 2003). In
general, the AKT PH domain interacts with phosphotidylinositol (3,4,5) triphos-
phate (PIP3) and phosphatidylinositol (3,4) diphosphate (P1(3,4)P2) with similar
affinity (Bellacosa et al. 2005), although some in vitro studies suggest that it may
interact with PIP2 more strongly than PIP3 (Franke et al. 1997).

The kinase domain of AKT shares high similarity with other AGC kinases such
as Protein Kinase A (PKA), Protein Kinase C (PKC), p70 S6 kinase (S6K), Serum
and Glucocorticoid-regulated Kinase (SGK), and p90 Ribosomal S6 kinase (RSK).
The sequence identity among AKT isoforms exceeds 80% in the kinase domain
(Bellacosa et al. 2004). The C-terminus of the AKT kinase domain contains a
regulatory hydrophobic motif (HM), a hallmark of all AGC kinases.

3 Mechanisms of AKT Activation

AKT is typically activated upon engagement of receptor tyrosine kinases (RTKs)
by peptide growth factors and cytokines. In this case, the critical upstream step
required for activation is RTK engagement of PI3K in response to growth factor
stimulation. AKT may also be activated by other extracellular stimuli such as
oxidative stress. Full AKT activation requires both membrane translocation and
phosphorylation. To accomplish this, the AKT PH domain first interacts with 3’
phophoinositides (PI(3,4)P2 or PIP3), thereby directing its recruitment to the
plasma membrane. Subsequently, AKT undergoes a conformational change that
exposes two crucial amino acids as substrates for phosphorylation and ensuing
kinase activation. One of these residues — a threonine at position 308 in AKT1
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(Fig. 1) —is located in the kinase domain. Thr-308 is phosphorylated by phosphoi-
nositide-dependent kinase 1 (PDK1), which stabilizes the activation loop. The
other key residue — a serine at position 473 in AKT1 — resides in the hydrophobic
C-terminal domain (Fig. 1). Ser-473 is phosphorylated primarily by the TORC2
(mTOR-Rictor) complex, although DNA dependent protein kinase (DNA-PK) may
also mediate Ser-473 phosphorylation in some cases (Fig. 2). Phosphorylation of

Growth Factor
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Rictor
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X
<
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©
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PHLPPs
Active AKT

(2 v v

Fig. 2 Model for AKT regulation by growth factors. Activation of cell surface growth factor
receptors by ligands such as epidermal growth factor and platelet-derived growth factor leads to
auto-phosphorylation of specific tyrosine residues on the intracellular portion of the receptor
through their intrinsic receptor tyrosine kinase (RTK) activity. PI3 kinase then recruited to the
plasma membrane, via binding of the SH2 domains of the regulatory subunit (p85) to the
phosphotyrosine residues on the receptor, which leads to a conformational change in the kinase
(p110), and consequently to activation. Activated PI3 kinase catalyzes the 3’ phosphorylation of
phosphoinositides PtdIns(4,5)P2 (PIP2) in the membrane resulting increased production of PtdIns
(3,4,5)P3 (PIP3), a key signaling intermediate of the PI3 kinase signaling. PIP3 then mediate the
membrane recruitment AKT from the cytosol to the plasma membrane via its PH domain, and
change the kinase from an inactive to an active state. AKT is then phosphorylated on Thr-308 and
Ser-473 by PDK1, and by mTORC2-Rictor, respectively. Activated AKT mediates its multiple
cellular functions by phosphorylating specific substrates (Table 1), and then becomes inactivated
by the action of phosphatases such as PP2A and PHLPP1/2 which dephosphorylate at Thr-308 and
Ser-473 and return AKT to its inactive conformation in the cytosol. PTEN, a lipid phosphatase,
limits AKT activation by dephosphorylating PIP3 covering back to PtdIns(4,5)P2 (PIP2).
PHLDA3 is PH domain-only protein that interferes with AKT activation by directly competing
for the available PIP3 at the membrane. TRB3 and CTMP1 negatively regulate AKT activation by
directly interacting with AKT and preventing its phosphorylation
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both Thr-308 and Ser-473 is necessary for full AKT activation (Hennessy et al.
2005; Sarbassov et al. 2005); these events are described in detail below.

3.1 PDKI-Dependent AKT Phosphorylation

PDKI1 is a Ser/Thr kinase ubiquitously expressed in human tissues. This protein
consists of an N-terminal kinase domain and a C-terminal PH domain. PDK1 was
first identified by its ability to phosphorylate Thr-308 of AKT in vitro (Alessi et al.
1997; Stephens et al. 1998; Stokoe et al. 1997). As this activity was absolutely
dependent on the inclusion of PtdIns(3,4)P2 or PtdIns(3,4,5)P3 in the reaction
mixture, this kinase was given the name 3’-phosphoinositide-dependent kinase-1
(Vanhaesebroeck and Alessi 2000). The PDK1 PH domain affinity for PIs appears
to be significantly higher than that of AKT. PDK1 exists in an active, phosphorylated
confirmation under basal conditions that is largely refractory to additional activation
by agonists that up-regulate PI3K. On the other hand, membrane translocation of
PDK1 is strongly augmented by PI3K signaling (Anderson et al. 1998). The PH
domain-dependent membrane recruitment of AKT and PDK1 upon PI3K activation
results in a conformational shift by AKT that facilitates subsequent phosphorylation
by PDK1 on Thr-308 (Fig. 2). This event is critical for AKT activation.

3.2 Hydrophobic Motif Phosphorylation

As noted above, concomitant phosphorylation at both the HM and the PDKT1 site is
required for full AKT activation. Prior phosphorylation of Ser-473 may potentiate
PDK1-dependent phosphorylation at Thr-308; however, several lines of evidence
suggest that Thr-308 phosphorylation may occur independently of Ser-473 (Alessi
et al. 1996; Vanhaesebroeck and Alessi 2000). Nonetheless, Ser-473 phosphoryla-
tion is itself dynamically regulated in response to growth factor stimulation and
PI3K activation, although the detailed mechanisms governing this activation step
remain incompletely understood.

In contrast to PDK1, characterization of the AKT Ser-473 kinase remained
elusive for several years. As purified or recombinant PDK1 only phosphorylated
Thr-308 of AKT and not Ser-473, it stood to reason that Ser-473 phosphorylation
would be catalyzed by a distinct kinase, provisionally termed “PDK2”. Several
lines of evidence have established mMTORC?2 (the rapamycin-insensitive component
of mTOR) and DNA-PK as critical mediators of Ser-473 phosphorylation. Indeed,
AKT is phosphorylated by mTORC?2 at Ser-473 following various types of growth
factor and mitogen stimulation (Sarbassov et al. 2005). Not only does mTORC2
comprise the dominant AKT Ser473 kinase, AKT appears to be the dominant
TORC?2 substrate. Thus, mTOR present within the mTORC2 complex acts as
an AKT activator, whereas the mTORCI1 complex (the rapamycin-sensitive
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mTOR component) receives stimulatory input downstream of AKT (Bhaskar and
Hay 2007).

Under certain conditions of cellular stress such as DNA damage, DNA-dependent
protein kinase (DNA-PK) also appears to gain importance as an AKT Ser-473 kinase
(Boehme et al. 2008; Bozulic et al. 2008; Feng et al. 2004; Park et al. 2009). Toward
this end, AKT translocates to the nucleus under certain conditions, thereby bringing
it into proximity with components of the DNA damage response. However, DNA-
PK does not appear to play a role in growth factor or insulin-promoted activation of
AKT (Bozulic and Hemmings 2009).

Thr-308 phosphorylation stimulates AKT enzymatic activity by at least 100-fold,
whereas phosphorylation of Ser-473 provides an additional 7- to 10-fold augmenta-
tion of AKT activity (Alessi et al. 1996). Hence, phosphorylation at both residues
results in ~1,000-fold increase in AKT kinase activity (Bellacosa et al. 2005).

3.3 Phosphorylation of Other AKT Residues

The contribution of other AKT phosphorylation sites to its activation state is less
well characterized. Phosphorylation of certain tyrosine residues (Tyr-315 and Tyr-
326 in AKT1) appears to be required for full activation of AKT by EGF (Chen et al.
2001). These sites are phosphorylated by the c-Src tyrosine kinase in vitro and
in vivo, mediated by the interaction of the c-Src SH3 domain with an AKT
carboxyl-terminal PXXP motif (Jiang and Qiu 2003). Also, c-Jun N-terminal kinase
(JNK) may enable reactivation of AKT after ischemic injury through phosphoryla-
tion at Thr-450. Thr-450 phosphorylation following resolution of hypoxia appears
to prime AKT for subsequent phosphorylation by PDK1 (Shao et al. 2006). INK
can also negatively regulate AKT signaling through modulation of IRS1 and IRS2
signaling. In this case, phosphorylation of IRS1 on Ser-307 by JNK1 inhibits insulin
signaling by decreasing the interaction between IRS1 and the insulin receptor
(Aguirre et al. 2002). JNK pathway activation by oxidative stress, cytokines and
endoplasmic reticulum (ER) stress dynamically modulates both AKT signaling and
B-cell apoptosis (Kaneto et al. 2005).

4 Negative Regulation of AKT Signaling

4.1 Lipid Phosphatases

In contrast to the detailed understanding of the kinase circuitry that activates AKT,
less is known about counteracting AKT inactivation. Overall, PI3K/AKT signaling
is directly inactivated by the PTEN tumor suppressor protein. PTEN functions as a
lipid phosphatase that converts 3'-phosphorylated phosphoinositides to the 3
unphosphorylated form. However, the precise mechanisms by which PTEN is



112 K.M. Vasudevan and L.A. Garraway

inactivated upon initiation of PI3K signaling are not completely elucidated. The
SHIP inositol 5'phosphatases hydrolyze the conversion of PI(3,4,5)P3 to PI(3,4)P2
and can also negatively regulate AKT activity. SHIP1 is mostly found in hemato-
poeitic cells, while SHIP2 is widely expressed in non-hematopoietic cells (Habib
et al. 1998; Ishihara et al. 1999; Kandel and Hay 1999). Overexpression of SHIP1
inhibits AKT activity, and SHIP1-null cells exhibit prolonged activation of
AKT following growth factor stimulation (Aman et al. 1998; Liu et al. 1999).
The relative roles of PTEN and SHIP1/2 in the regulation of PIP3 levels and AKT
activation may be tissue and cell-type specific.

4.2 AKT-Specific Protein Phosphatases

AKT signaling is also acutely terminated through direct dephosphorylation. For
example, the PPTR-1 gene, which encodes a member of the B56 family of protein
phosphatase 2A (PP2A) regulatory subunits, has been shown to down-regulate
AKT activation in Caenorhabditis elegans by decreasing its phosphorylation at
the activation loop (Padmanabhan et al. 2009). In accordance with this observation,
mammalian B56 beta was also shown to regulate AKT phosphorylation at Thr-308
in mammalian cells. PP2A-dependent AKT regulation may be counterbalanced by
heat shock protein-90 (HSP90), which protects AKT from dephosphorylation by
PP2A (Sato et al. 2000).

PH domain-containing protein phosphatases such as the leucine-rich repeat
protein phosphatase PHLPP1 and PHLPP2 have recently been identified as key
negative regulators of AKT signaling. PHLPPs specifically dephosphorylate the HM
of AKT (Ser-473 in AKT1), resulting in decreased AKT activation (Brognard et al.
2007; Gao et al. 2005). Interestingly, these PHLPPs show selective action against
different AKT isoforms. PHLPP1 dephosphorylates only AKT2 and AKT3, while
PHLPP2 dephosphorylates AKT1 and AKT3 (Brognard et al. 2007). However, the
phosphatase activity of PHLPPs is not limited to AKT, as both enzymes also
dephosphorylate the HMs of PKC isoforms (Brognard and Newton 2008).

4.3 AKT Inhibition by Interacting Proteins

AKT is also negatively regulated by carboxy-terminal modulator protein (CTMP),
which decreases its HM phosphorylation (Maira et al. 2001). AKT may also be
inhibited through direct binding of TRB3, a human homolog of the Drosophila
Tribbles protein (Du et al. 2003). TRB3 expression is induced in the liver under
fasting conditions, and this protein disrupts insulin signaling by binding directly to
AKT and blocking its activation (Du et al. 2003). Keratin K10, a keratinocyte
specific protein, has also been shown to negatively regulate AKT activation by
direct interaction (Brazil et al. 2002).
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4.4 Lipid Binding PH Domain-Only Proteins

The p53 target gene PHLDA3, which encodes a PH domain-only protein, has been
found to negatively regulate AKT signaling through direct competition with the
AKT PH domain for binding of membrane lipids. This competition results in the
inhibition of AKT membrane translocation (Kawase et al. 2009).

4.5 Feedback Regulation of AKT Signaling

As described above, the primary means of PI3K/AKT pathway activation involves
RTKSs such as the insulin and insulin-like growth factor I (IGF-I) receptors.
However, physiologic activation of these receptors also results in feedback down-
regulation of the pathway, mediated in part by loss of insulin receptor substrate-1
(IRS-1) expression (Haruta et al. 2000; Shah and Hunter 2004; Um et al. 2004).
IRS-1 and its counterpart IRS-2 are adapter proteins that represent the major
substrates of the IGF-1 and insulin receptors responsible for propagation of the
signal induced by ligand binding. As described in other chapters, AKT signaling
results in downstream activation of mTOR and S6 kinase, which in turn phosphor-
ylate and down-regulate IRS-1, leading to feedback inhibition of the PI3K/AKT
activation (O’Reilly et al. 2006). Undoubtedly, negative feedback regulation of
AKT signaling occurs by other means as well. Elucidation of detailed negative
feedback mechanisms represents an important ongoing research area.

5 AKT Substrates

AKT kinases mediate a wide range of cellular functions, including cell proliferation,
survival, modulation of metabolism, and angiogenesis. This plethora of effects is the
consequence of phosphorylation of numerous substrate effector proteins by AKT.
The minimal consensus site for AKT phosphorylation consists of RXRXXS/T-B,
where X represents any amino acid and B represents a bulky hydrophobic residue
(Manning and Cantley 2007). Phosphorylation of many AKT substrates results in
altered subcellular localization; indeed, regulation of substrate compartmentalization
by AKT appears to be a consequence of phosphorylation near nuclear localization or
nuclear export sequences. In some cases, binding of AKT-phosphorylated substrates
to 14.3.3 protein may also affect subcellular localization. Over 50 well-validated
AKT substrate proteins have been identified so far, and many additional AKT
substrates continue to be discovered. A list of the best-characterized AKT substrates
and their cellular roles is presented in Table 1. In the following section, a detailed
account of AKT substrates is provided with respect to their specific physiological
functions in the context of the normal and diseased cell.
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Substrate protein

Phosphorylation site(s)

Effect of phosphorylation

Glucose homeostatis and metabolism

AS160

ATP citrate lyase

GSK3a

GSK3p

NADPH oxidase

PIKfyve kinase

PFK-2

PGC-1a

Phosphodiesterase
3B

PTPIB

Cell proliferation
Androgen receptor
BRCAI

EZH2

Mdm?2 (Hdm2)
p21

p27

WNK1

Cell survival
ARKS5

ASK1

BAD

CHK1
Caspase 9
FoxOl1
FoxO3A
FoxO4

Par-4
PED/PEA-15

SEK1/MKKK4
Nurr-77

Ser-588 and Thr-642
Ser-454

Ser-21

Ser-9

Ser-304 and Ser-328
Ser-318

Ser-466 and Ser-483
Ser-570

Ser-273

Ser-50

Ser-210 and Ser-790
Thr-509

Ser-21

Ser-166 and Ser-186
Thr-145

Thr-157

Thr-60

Ser-600
Ser-83

Ser-136
Ser-280
Ser-196

Thr-24, Ser-256, and Ser-319
Thr-32, Ser-253, and Ser-315
Thr-28, Ser-193, and Ser-258
Ser-249 (Rat Par-4 only)

Ser-116

Ser-78
Ser-350

Cell growth and protein translation

mTORCI1-Raptor
PRAS40
TSC2

Ser-2448
Thr-246

Ser-939 and Thr-1462

Cell migration and invasion

c-Raf

b-Raf
EDG-1

Rac-1
Angiogenesis
eNOS
Immunity

IKKo
Tp1-2 (Cot)

Ser-259

Ser-364, Ser-428, and Thr-439

Thr-236
Ser-71

Ser-1177

Thr-23
Ser-400

Stimulates AS160 and GLUT4 trafficking
Stimulate the enzyme activity

Inhibits of GSK3 kinase activity

Inhibits of GSK3 kinase activity
Increases enzymatic activity

Stimulates the kinase /GLUT4 trafficking
Activates of PFK-2

Inhibits its transcriptional co-function
Increases enzymatic activity

Inhibits its phosphatese activity

Inhibits of its transcriptional activity
Prevents nuclear accumulation/activity?
Suppresses its methyltransferase activity
Prevention of Mdm?2 degradation
Nuclear exclusion and cell cycle entry
Nuclear exclusion and cell cycle entry
Induces mitogenesis by insulin

Increased activity/apoptosis prevention

Prevents apoptosis induced by ASK1

Prevents apoptosis induced by BAD

Inhibits its function/nuclear exclusion

Prevents Caspase-9 activation

Inhibits its transcriptional activity

Inhibits its transcriptional activity

Inhibits its transcriptional activity

Inhibits apoptosis by Par-4

Prevents its degradation/promotes
survival

SEK1 inactivation/apoptosis prevention

Suppresses its apoptotic activity

Activates mTORC1 kinase activity
Relieves its inhibitory action on mTORC1
Relieves its inhibitory action on mTORC1

Inactivates of Raf-MAPK signaling
Inactivates of Raf-MAPK signaling
increased endothelial cell migration
Inhibits of Rac-1 GTP binding

Nitric oxide accumulation/vasodilation

Activates IKKo and NF-kB
Activates IKK and NF-kB

(continued)
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Table 1 (continued)

Substrate protein Phosphorylation site(s) Effect of phosphorylation

Neurological function

Arfaptin 2 Ser-260 Prevents neuronal cell apoptosis
Ataxin-1 Ser-776 Increased protein accumulation/apoptosis
CREB Ser-133 Increased binding with co-activators
GABA(A)R Ser-410 Increased surface expression at synapses
Huntingtin Ser-421 Prevents apoptosis by Huntingtin

6 AKT Signaling in Physiology
6.1 Glucose Homeostasis and Metabolism

One of the best known functions of AKT is its crucial role in glucose metabolism.
Of the three AKT isoforms, AKT2 is most strongly associated with regulation
of glucose homeostasis and represents the predominant isoform expressed in
insulin responsive tissues. AKT2 null mice are characterized by defective insulin-
stimulated glucose uptake in muscle and adipose tissue, as well as failure to
suppress glucose output (Cho et al. 2001). As a result, these mice exhibit glucose
intolerance, insulin resistance, and ultimately the development of severe diabetes
accompanied by pancreatic B-cell failure. In contrast, both AKT! and AKT3 null
mice show normal glucose homeostasis (Cho et al. 2001; Dummler et al. 2006;
Easton et al. 2005).

At the cellular level, insulin increases glucose uptake into muscle and fat cells by
initiating translocation of the glucose transporter GLUT4 from intracellular storage
vesicles to the cell surface. The specific effects of AKT on GLUT4 translocation are
mediated at least in part by the AKT substrate AS160 (AKT substrate 160 kDa).
AS160 contains a GAP (GTPase-activating protein) domain for Rab proteins, and
phosphorylation of AS160 by AKT inhibits its GAP activity. (The Rab protein
which is regulated by AS160 has yet to be identified.) Rab proteins are involved in
the regulation of membrane trafficking and therefore provide a likely link between
GLUT4 translocation and AS160 phosphorylation (Watson and Pessin 2006;
Dummler and Hemmings 2007). PIKfyve kinase is another AKT substrate impli-
cated in GLUT4 translocation. PIKfyve may promote sorting of GLUT4 from
internalized endosomes into GLUT4 storage vesicles (Karlsson et al. 2005). AKT
activation also leads to increased expression of another glucose transporter GLUT1.
GLUT1 is the main glucose transporter in most cell types and is primarily regulated
at the level of gene transcription. Activation of mMTORC1 through AKT results in
HIF1a dependent transcription of GLUT1 and cap-dependent translation of GLUT]1
mRNA (Barthel et al. 1999; Taha et al. 1999).

In addition to the regulation of glucose uptake, AKT signaling regulates glucose
and lipid metabolism at other levels. For example, the AKT substrate GSK3p,
which is inactivated by phosphorylation, regulates glycogen synthesis (GSK3f
inactivation leads to increased glycogen accumulation). AKT phosphorylation
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and inhibition of GSK3f also promotes Sterol Regulatory Element Binding
Proteins (SREBPs), which induces transcription of genes involved in cholesterol
and fatty acid biosynthesis (Manning and Cantley 2007). Similarly, AKT phosphory-
lation of phosphofructokinase stimulates glycolysis. Further, AKT activation
enhances the association of hexokinase isoforms with the mitochondria, where they
more readily phosphorylate glucose (Gottlob et al. 2001). Glucose 6-phosphate can
be stored by conversion to glycogen or catabolized to produce cellular energy
through glycolysis; AKT signaling regulates both these process (Manning and
Cantley 2007). Moreover, through regulation of the Forkhead transcription factor
FOXO1, AKT inhibits hepatic glucose production. In hepatocytes, AKT inhibits
gluconeogenesis and fatty acid oxidation through direct phosphorylation of
PGC-1a, a co-activator of FOXO1 (Li et al. 2007). Thus AKT regulates many
facets of glucose and lipid metabolism.

6.2 Cell Proliferation

Consistent with the original observation that v-AKT is a transforming oncoprotein,
AKT regulates cell proliferation through multiple mechanisms. For example, AKT
prevents degradation of cyclin D1 by phosphorylating and inhibiting GSK3f3. AKT
also promotes translation of cyclin D1 and D3 mRNAs (Muise-Helmericks et al.
1998). Also, AKT directly inhibits the cell cycle inhibitors p21™*" and p275'! by
phosphorylating these proteins near the nuclear localization signal, thereby promot-
ing their cytoplasmic retention. In contrast, phosphorylation of Mdm2 (HDM2 in
humans) by AKT is necessary for its nuclear localization (where Mdm?2 forms a
complex with p53 to promote its ubiquitination and proteosomal degradation)
(Mayo and Donner 2001). Inhibition of p53 function is particularly relevant in
the control of cell cycle check points induced by DNA damage (Bellacosa et al.
2004). Thus, multiple tumor suppressors and negative regulators of the cell cycle
are inhibited by AKT.

Interestingly, AKT also has been shown to phosphorylate the reverse transcrip-
tase subunit of telomerase, which may promote unlimited cell replication (Kang
et al. 1999). Further, AKT can regulate DNA methylation and gene expression
through regulation of Enhancer of Zeste homolog 2 (EZH2). EZH2 is a methyl-
transferase that regulates many biological processes through trimethylation of
lysine 27 in histone H3. AKT phosphorylates EZH2 at Ser 21 and suppresses its
methyltransferase activity by impeding EZH2 binding to histone H3, thereby
causing derepression of genes that may influence oncogenesis (Cha et al. 2005).

6.3 Cell Survival

AKT provides survival (or anti-apoptotic) signals that prevent programmed cell
death by a variety of mechanisms. AKT phosphorylates the pro-apoptotic protein
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BAD, thereby preventing the release of cytochrome ¢ from mitochondria, an event
that activates caspases and the ensuing programmed cell death response. Survival
factors, such as PDGF and IGF-1 stimulate AKT-mediated phosphorylation of
BAD on Ser-136. This creates a binding site for 14-3-3 proteins, which trigger
the release of BAD from its target proteins. AKT also phosphorylates pro-caspase 9
(on Ser-196), which decreases its protease activity and helps to prevent the apopto-
tic cascade (Cardone et al. 1998). AKT phosphorylation of PED/PEA1S5 (a cytosolic
inhibitor of caspase-3) stabilizes this protein, resulting in protection from apoptosis.

Similar to the effects on p21 and p27 described above, AKT phosphorylation
restricts the nuclear entry of transcription factors from the Forkhead family. In
particular, AKT phosphorylates FOXO1 on Thr-24, Ser-256 and Ser-319; FOXO3a.
and FOXO4 are phosphorylated at three equivalent sites. AKT phosphorylation of
FOXO proteins promotes their interaction with 14-3-3 and triggers their export
from the nucleus. As a result, pro-apoptotic genes such as BIM, Fas ligand, TRAIL
and TRADD fail to be transcribed. In contrast, AKT promotes the nuclear translo-
cation of NF-kB by phosphorylating and activating IxB kinase (IKK). NF-kB
induces transcription of several anti-apoptotic genes, including cIAP1, cIAP2,
Al, and BFL1 (Altomare and Testa 2005). AKT also appears to phosphorylate
Par-4, a pro-apoptotic protein, which inhibits its apoptotic potential (Goswami et al.
2006). In aggregate, the multi-faceted down-regulation of the apoptotic machinery
by AKT potentiates a robust cell growth and survival signal that is broadly relevant
in normal physiology but also becomes perturbed in disease states such as cancer, as
described below.

6.4 Cell Migration and Invasion

Numerous studies suggest that AKT positively regulates cell migratory processes.
Overexpression of myristolated AKT (Myr-AKT) enhances fibroblast motility by
phosphorylating Girdin, an actin binding protein that promotes stress fiber forma-
tion and lamellapodia (Enomoto et al. 2005). AKT1 overexpression also leads to
increased matrix metalloproteinase-2 (MMP2) activity in mouse mammary epithe-
lial cells, thereby enhancing invasion (Park et al. 2001).

Paradoxically, other studies have revealed a surprising anti-migratory role for
AKT1 in human epithelial breast cancer cells. Toward this end, multiple groups
have demonstrated that AKT1 activation may limit breast cancer cell invasion in
some contexts. This inhibitory effect is mediated through complex mechanisms
involving proteosomal degradation of the transcription factor NF-AT (Nuclear
Factor for Activated T-Cells) (Yoeli-Lerner et al. 2005), attenuation of extracellular
signal regulated kinase/mitogen-activated protein kinase (ERK/MAPK) activity
(Irie et al. 2005), and inhibition of Rho-GTPase activity with concomitant degrada-
tion of TSC2 (Liu et al. 2006). AKT1 may also suppress the epithelial-mesenchymal
transition (EMT) in breast epithelial cells (Irie et al. 2005). These studies suggest
that AKT1 may play a dual role in tumorigenesis, acting not only pro-oncogenically
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by suppressing apoptosis but also anti-oncogenically by suppressing invasion and
metastasis.

On the other hand, AKT2 has been shown to enhance migration and invasion of
breast cancer cells. AKT2, but not AKT1 and AKT3, can upregulate B1 integrins to
promote adhesion and invasion of breast cancer cells in vitro, as well as metastasis
in vivo (Arboleda et al. 2003). Unlike AKT1, AKT2 localizes adjacent to the
collagen IV matrix during cellular attachment. However, in fibroblasts the effects
of AKT1 and AKT?2 on cell migration appears to be opposite to the breast epithelial
cell phenotype (Zhou et al. 2006). Thus, AKT1 and AKT2 may function in an
opposing manner in the regulation of cell migration and invasion.

6.5 Cell Growth and Protein Translation

AKT has been shown regulate cell size and protein translation mainly through the
TSC-2/mTORC1 pathway. TSC1 and TSC2 are encoded by tumor-suppressor
genes that are mutated in the tuberous sclerosis disease complex. These proteins
form a heterodimeric complex that acts as a functional unit to suppress mTORC1
activity. TSC2 contains a GAP (GTPase-activating protein) domain that stimu-
lates the intrinsic GTPase activity of the small G-protein Rheb, thereby enhancing
the conversion of Rheb into its GDP-bound inactive state. The active version
of Rheb (GTP-bound form) is a potent activator of mTORC1 (Manning and
Cantley 2007).

AKT directly phosphorylates TSC2 at multiple sites. These phosphorylation
events relieve the inhibitory effects of the TSC1-TSC2 complex on Rheb, thereby
activating mTORCI1 in response to growth factors. More recently, the proline-rich
AKT substrate of 40 kDa (PRAS40) was found to be an additional downstream
effector that mediates mTORCI activation (Kovacina et al. 2003). AKT directly
phosphorylates PRAS40 on Thr-246, triggering binding to 14-3-3 protein. In the
steady-state, PRAS40 is a negative regulator of mTORC1 through direct protein-
protein interaction, but AKT phosphorylation appears to relieve the PRAS40
inhibitory action on mMTORC1. Thus, AKT activates mTORC1 via parallel mechan-
isms involving both TSC2 and PRAS40.

Activation of mMTORC1 by AKT promotes cell growth by regulating ribosomal
biogenesis and protein translation. This activation also regulates the cellular
response to nutrients. Specifically, mMTORC1 stimulates protein synthesis by phos-
phorylating proteins such as p70 S6 kinase (p70S6K) and eIF4E binding proteins
1, 2, and 3 (4E-BPs). In turn, p70S6K phosphorylates the ribosomal protein S6 to
increase translation of mRNAs with 5'-terminal oligopolypyrimidine (5'TOP)
tracts. Phosphorylation of 4E-BPs releases the initiation factor eIF4E to promote
cap-dependent translation of mRNAs for cyclin D1, c-Myc, and vascular endothe-
lial growth factor (VEGF), among others (Bjornsti and Houghton 2004; Ruggero
and Pandolfi 2003).
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6.6 Angiogenesis

Several studies indicate that AKT signaling may promote angiogenesis. AKT1 is
the predominant isoform expressed in endothelial cells, where it activates endothe-
lial nitric oxide synthase (eNOS) through direct phosphorylation of Ser-1177
(Dimmeler et al. 1999; Fulton et al. 1999). The release of nitric oxide produced
by activated eNOS enhances vasodilation, vascular remodeling, and angiogenesis.
AKT also regulates multiple aspects of VEGF-mediated angiogenesis in both
physiological and pathological contexts. In endothelial cells, AKT phosphorylates
the substrate protein Girdin (described above), thereby promoting the VEGEF-
dependent cell migratory process that is necessary for vessel sprouting, formation
and branching during angiogenesis (Kitamura et al. 2008). In addition, VEGF
enhances human endothelial cell survival through AKT signaling. In turn, AKT
activation promotes VEGF expression in endothelial cells and tumor cells through
HIF1a (Gordan and Simon 2007; Jiang et al. 2000). These reciprocal interactions
between AKT and VEGF provide a positive feedback loop that facilitates the
formation of neo-vasculature during tumor progression.

Despite these pro-angiogenic roles of AKT, some evidence suggests that the
effects of AKT1 may vary during distinct stages of angiogenesis. Paradoxically, the
long term effects of AKT activation may inhibit angiogenesis; as genetic ablation of
AKT1 was associated with enhanced angiogenesis in some contexts (Chen et al.
2005a). A number of endothelial cell responses involved in angiogenesis, including
capillary formation ex vivo, endothelial cell proliferation and endothelial cell
migration in response to VEGF in vitro, are impaired in AKTI '~ endothelial
cells, but the permeability of an endothelial monolayer is increased, which may
promote a proangiogenic effect (Chen et al. 2005a). Furthermore, chronic but not
short-term overexpression of AKT1 in cardiac tissues suppresses angiogenesis
(Shiojima et al. 2005). Thus, the overall effect of AKT1 on angiogenesis may
depend on the nature and chronicity of activation.

6.7 Apoptosis and Senescence Induction

In contrast to the well-established cell growth and survival properties described
above, AKT activation is not always advantageous for cellular proliferation.
Indeed, strong AKT activation may increase oxidative stress and render cells
susceptible to reactive oxygen species (ROS)-triggered damage (Nogueira et al.
2008). A pro-apoptotic activity of AKT has also been reported in studies investigat-
ing the mechanism of action of apoptin, a viral protein that selectively kills cancer
cells upon nuclear translocation (Maddika et al. 2009). Furthermore, nuclear
but not cytoplasmic AKT interacts with Ebpl (an inhibitor of caspase-activated
DNase-dependent DNA fragmentation) and modulates its anti-apoptotic action
(Ahn et al. 2006).
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In addition to apoptosis induction, hyperactive AKT can also induce cellular
senescence (a state of permanent cell cycle arrest). Conversely, AKT-deficient cells
are resistant to ROS-induced senescence. Importantly, acute PTEN inactivation
induces growth arrest through an AKT-mediated and p53-dependent cellular senes-
cence pathway both in vitro and in vivo, which can be fully rescued by concomitant
loss of p53 (Chen et al. 2005b). Thus, under some circumstances, AKT signaling
may mediate both ROS-dependent and p53-dependent cellular senescence.

At first glance, the pro-apoptotic and senescent functions of AKT seem to be
at odds with its well-established roles in the maintenance of cell survival and
energy regulation. These differential effects may relate in part to the magnitude
and acuity of AKT activation. Conceivably, at lower levels of AKT activation cells
may detoxify ROS, thereby enabling the AKT signal to effect normal growth and
development. In contrast, the aforementioned anti-proliferative effects may be
triggered in response to sudden, strong AKT activity, ensuing increased ROS
production, and sustained inhibition of FoxO, possibly as a feedback mechanism
to prevent uncontrolled cellular proliferation (Nogueira et al. 2008).

6.8 Immunity

AKT signaling is crucial to direct the optimal response of immune cells to antigens.
In both T and B cells, AKT becomes activated following antigen engagement by
the immune receptor, the levels of which are greatly boosted by co-stimulation
(Fruman 2004). Numerous cytokines also activate AKT (Cantrell 2002). Constitu-
tive membrane-targeting of AKT in T cells is sufficient to cause lymphoma in
mouse models, and is associated with altered lymphocyte homeostasis and auto-
immunity (Jones et al. 2000; Rathmell et al. 2003). A similar phenotype is observed
in mice that are heterozygous for PTEN, where the AKT pathway is also constitu-
tively active (Di Cristofano et al. 1999). At the molecular level, expression of
activated AKT in T cells correlates with augmented NF-xB function, including
upregulation of Bcl-X; and diminished FasL-mediated lymphocyte apoptosis
(Jones et al. 2000). Membrane-targeted AKT also restores antigen-mediated produc-
tion of IL-2 and interferon-gamma to T cells lacking the essential co-stimulatory
molecule CD28 (Kane et al. 2001). On the other hand, no lymphocyte phenotypes
have been reported in mice lacking individual AKT isoforms, perhaps because of
functional redundancy among this family (Fruman 2004).

6.9 Brain Development, Neuronal Differentiation, and Function

Gene knockout studies in mice have shown that AKT3 is essential for the attain-
ment of normal brain size. AKT3 ™'~ mice have a 20% decreased brain size with
smaller and fewer neuronal cells. mTORCI1 signaling is attenuated in the brains of
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AKT3™'~ but not AKTI ™/~ mice, suggesting an isoform-specific regulation of
central nervous system cell growth (Easton et al. 2005). Developing neurons
that do not make correct synaptic connections die by apoptosis; in the fully
developed brain, post-mitotic neurons become dependent on neurotrophic factors
and neurotransmitters for survival. The AKT pathway, which is activated by
neurotrophins, has emerged as an important survival pathway in this regard. AKT
signaling has also been implicated in neuronal differentiation, and several aspects
of neurite outgrowth — including elongation, caliber, and branching — are regulated
by AKT.

Known AKT substrates or downstream effectors that are implicated in neuronal
differentiation include GSK3B, mTORCI, cyclic AMP response element binding
protein (CREB), Peripherin, and B-catenin. In addition, a physical interaction
between AKT and Hsp27, another protein linked to neurite outgrowth, may also
contribute (Read and Gorman 2009). Moreover, AKT is implicated in synaptogen-
esis and synaptic transmission in the nervous system. AKT phosphorylates the
type A gamma-aminobutyric acid receptor (GABA(A)R) both in vitro and
in vivo; this is the principal receptor mediating fast inhibitory synaptic transmission
in the mammalian brain. AKT-dependent phosphorylation increases the number of
GABA(A)Rs on the plasma membrane surface, thereby increasing the receptor-
mediated synaptic transmission in neurons (Wang et al. 2003).

7 Roles of the AKT Signaling Pathway in Human Disease

Dysregulated AKT signaling is the underlying cause of several life-threatening
diseases, including diabetes, neurodegenerative syndromes and various types of
cancers. A detailed description of the roles of aberrant AKT signaling in the
development of these disease conditions is presented below.

7.1 Diabetes

The capacity of B-cells to expand in response to insulin resistance is critical for
maintenance of glucose homeostasis; failure to achieve this contributes to the
pathogenesis of type 2 diabetes. The IRS2/PI3K/AKT axis plays a critical role in
the regulation of pancreatic B-cell mass by stimulating proliferation and survival of
B cells (Elghazi et al. 2007). As mentioned above, AKT?2 is the crucial regulator of
glucose homeostasis. AKT2 ™/~ mice develop diabetes due to reduction in insulin-
stimulated glucose uptake in peripheral tissues and B-cell failure, a phenotype
reminiscent of type 2 diabetes in humans (Cho et al. 2001). In humans, an AKT2
mutation has been identified in a family with severe hyperinsulinemia and diabetes.
This mutation creates an R274H amino acid substitution in the catalytic domain of
AKT?2 that abolishes kinase activity and results in defective insulin signaling. This
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AKT2(R274H) variant also appears to exert a dominant negative effect on the
remaining wild type AKT?2 allele (George et al. 2004). This germline event thus
provides an instructive example of a monogenic, inherited defect in post-receptor
insulin signaling that leads to insulin resistance and diabetes mellitus. Genetic
variants in /RS! and PIK3RI have also been reported in subjects with insulin
resistance and/or type 2 diabetes mellitus (George et al. 2004; Pedersen 1999). A
genetic variant in TRB3, a negative regulator of AKT, has also been linked to
insulin resistance (Prudente et al. 2005). Conversely, TRB3 is over-expressed in
some murine models of diabetes (Du et al. 2003).

7.2 Neurological Diseases

Diminished AKT signaling contributes importantly to the pathogenesis of
Huntington’s disease (HD), a fatal neurodegenerative disorder. AKT phosphory-
lates the causative protein, polyQ-Huntingtin, thereby minimizing its toxic proper-
ties (Humbert et al. 2002). AKT also acts on other downstream effector(s) to prevent
neuronal death in HD. For example, AKT phosphorylates the ADP-ribosylation
factor-interacting protein Arfaptin 2, which also results in a neuroprotective effect
(Rangone et al. 2005). Arfaptin 2 levels are increased in HD patients; this increase is
thought to contribute to HD pathogenicity. During the late stages of the HD, AKT is
cleaved into an inactive form by caspase-3. Thus, the neuroprotective effects of
AKT signaling are lost during HD progression (Colin et al. 2005).

In addition to HD, AKT also exerts a neuroprotective effect that becomes
impaired in other neurodegenerative conditions, including Alzheimer’s disease
and Parkinson’s disease (Burke 2007). However, consistent with its paradoxical
effects in other physiological contexts (as described above), AKT activation might
also promote neurodegeneration in some settings. In spinocerebellar ataxia type 1,
an autosomal-dominant neurodegenerative disorder characterized by ataxia and
progressive motor deterioration, phosphorylation of a mutated form of Ataxin-1
by AKT at Ser-776 residue enables its interaction with 14-3-3. This interaction
facilitates the accumulation of Ataxin-1 and ultimately triggers apoptosis and
neurodegeneration (Chen et al. 2003).

7.3 Cancer

Aberrant AKT activation occurs in a wide variety of human cancers. In several
tumor types, AKT activation has been shown to correlate with advanced disease
and/or poor prognosis. Gene mutations and or other genetic alterations affecting the
components of PI3K signaling pathway are largely responsible for the dysregulated
AKT signaling in human cancers, as described below.
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7.3.1 Genetic Alterations in the Upstream RTK Signaling Axis

Many cancer genetic alterations that deregulate cell signaling pathways exert their
oncogenic effects at least in part through PI3K/AKT pathway. For example,
activating mutations in RTKs such as EGFR, PDGFR, c-KIT, and ABL kinase
result oncogenic PI3K signaling characterized by elevated AKT activation. Tumors
harboring such mutations frequently exhibit oncogenic “addiction” to PI3K/AKT
signaling; that is, a critical dependency on this pathway for tumorigenesis. Pharma-
cologic agents targeting these receptors silence both RTK and downstream PI3K/
AKT signaling to achieve clinical responses. Conversely, resistance to such thera-
peutics is associated with refractory AKT signaling.

7.3.2 Inactivating Mutations of PTEN

PTEN deletion and other inactivating mutations occur in a wide spectrum of human
cancers. Loss of PTEN function also occurs through transcriptional silencing or
protein stability (Georgescu et al. 1999; Vasudevan et al. 2004, 2007). Germline
PTEN mutations underlie the pathogenesis of Cowden disease and Bannayan—
Zonana syndrome, two related hereditary cancer predisposition disorders associated
with enhanced risk for breast and thyroid cancer (Liaw et al. 1997; Marsh et al.
1997). Somatic mutations and biallelic deletion involving PTEN occur commonly
in advanced glioblastoma, prostate cancers and endometrial cancers (Sansal and
Sellers 2004). Loss of PTEN almost invariably results in strong AKT activation;
moreover, potent AKT signaling is typically required for the survival and tumori-
genesis of PTEN-null cancers.

7.3.3 Activating Mutations of PI3K

PIK3CA, the gene that encodes the catalytic pl10a subunit of PI3K, is also
commonly mutated in many human cancers (Samuels et al. 2004; Samuels and
Ericson 2006). For example, gain-of-function PIK3CA point mutations occur in
30% of breast, colon, and endometrial cancers, and at a lower frequency in several
other tumor types. The most common tumor-associated PIK3CA mutations (>80%
of cases) involve either the helical domain (exon 9; e.g., E5S42K and E545K) or the
kinase domain (exon 20; e.g., H1047R) of p110a (Samuels et al. 2004, 2005), both
of which are capable of up-regulating its lipid kinase activity and transforming
various types of immortalized cell models in vitro (Ikenoue et al. 2005; Kang et al.
2005; Samuels et al. 2004). Mutant-expressing cancer cells and human tumors
frequently — but not invariably — show elevated downstream signaling through
AKT, S6K, 4EBP and GSK3p. The regulatory p85 subunit of PI3K is also mutated
in human cancers (Philp et al. 2001). In this case, p85 structural alterations are
thought to release the p85-pl10 complex from negative regulation, thereby
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bypassing the normal role of RTK signaling in PI3K activation (Vivanco and
Sawyers 2002).

7.3.4 Activating Mutations of AKT

AKT1 mutations have also been discovered in human cancers, albeit rarely. In
particular, an activating E17K mutation located within the PH domain AKT! has
been identified in human breast (up to 8%), colon (6%), ovarian (2%) and endome-
trial cancers (2%) (Carpten et al. 2007; Shoji et al. 2009). The E17K mutation
potentiates PI3K-independent membrane translocation and activation. Like myris-
toylated AKT, membrane targeting of this variant appears critical for its transform-
ing activity (Carpten et al. 2007). A similar mutation in the PH domain of AKT3 has
occasionally been observed in human melanomas (Davies et al. 2008).

7.3.5 Mouse Tumor Models of AKT Activation

Various transgenic mice that overexpress a constitutively active form of AKT
(driven by different tissue specific promoters) have been generated to evaluate
the importance of AKT activation in tumorigenesis. In aggregate, these transgenic
mouse models have suggested that AKT activation is not sufficient by itself to
induce tumor formation in several epithelial tissues. For example, constitutive
AKT activation in mammary glands markedly accelerates tumor induction when
co-expressed with an ErbB2 transgene, but cannot induce tumors when present as a
single lesion (Hutchinson et al. 2004). Similarly, transgenic mice expressing Myr-
AKT1 in the ventral prostate under the control of rat probasin promoter develop
PIN-like lesions by 8 weeks of age (Majumder et al. 2003), but these mice do not
form invasive cancer, even at an advanced age. In the prostate model, AKT over-
expression leads to mTOR activation, and inhibition of mTOR pathway completely
reverses the hyperplastic phenotype (Majumder et al. 2004). On the other hand,
prostate-specific deletion of PTEN in one mouse model results in development of
invasive and metastatic cancer in about 2 months. Thus, loss of PTEN may also
activate AKT-independent downstream oncogenic pathways, or the magnitude and
dynamics of AKT activation may differ importantly between these models.

In non-epithelial transgenic mouse models, the outcome is somewhat different.
Expression of Myr-AKT1 in thymocytes using the /ck-driven promoter causes
aggressive lymphomas to emerge within 10-20 weeks (Rathmell et al. 2003). In
contrast, PTEN*'~ heterozygous mice develop a wide variety of tumors at an early
age, with a higher tumor incidence in the endometrium, prostate, thyroid, adrenal
medulla, intestine and mammary glands (Podsypanina et al. 1999; Suzuki et al.
1998). Crossing of PTEN"™ mice with AKT1-deficient mice results in a marked
decrease in the tumor incidence and development compared to PTEN*'™ mice in
many tissues, with the most effective tumor inhibition observed in the prostate,
endometrium and small intestine (Chen et al. 2006).
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8 AKT Independent Signaling by PI3K

The foregoing discussion makes it clear that AKT transduces the predominant PI3K
signal in many physiologic and pathologic contexts. At the same time, increasing
evidence suggests that AKT-independent PI3K signaling might also contribute to
the full spectrum of biology elaborated by this cellular pathway. It has long been
recognized that gain- or loss-of-function mutations in PI3K versus analogous
mutations in AKT result in non-overlapping phenotypes in several model systems,
including transgenic and knockout mice; this indicates that these genes are not
purely epistatic. In addition, PI3K and PIP3 can activate multiple signaling modules
in addition to AKT (Vivanco and Sawyers 2002). Other PH domain containing
proteins that are activated by PIP3 include the small GTP binding protein Racl,
the ADP ribosylationg factor 6 (ARF6); and protein tyrosine kinases such as
BTK (Bruton tyrosine kinase) and other Tec kinase family members. Further,
PI3K-activated PDK1 can phosphorylate and activate multiple key protein
kinases, including p70 S6-kinase, serum glucocorticoid-inducible kinase (SGKs)
and protein kinase C zeta (PKC{) (Cantley 2002).

The SGK family of protein kinases have received increasing attention because of
their high homology to AKT and similar functional effects on survival signaling
pathways (Scheid and Woodgett 2001). However, the mechanism of PI3K-driven
SGK activation differs from activation of AKT, because SGKs do not contain a
PH domain (Vivanco and Sawyers 2002). Like AKT, the SGK family is encoded
by three genes in mammalian genomes (SGK1, SGK2, and SGK3), whose catalytic
domains share 80% sequence identity. SGK1 mRNA is upregulated by glucocorti-
coids and other stimuli such as serum, aldosterone, extracellular osmolarity, trans-
forming growth factor-p (TGF-f), and hyperosmotic stress (Tessier and Woodgett
2006). The SGK kinase domain shares 55% identity with the AKT kinase domain.
All three SGK isoforms appear to require PI3K activation for function and are also
direct substrates of PDK1 (Tessier and Woodgett 2006).

SGK3 differs from its sister isofoms in that it possesses a distinct type of
phospholipid-binding domain known as the Phox homology (PX) domain. The
PX domain binds the monophosphorylated lipid known as phosphatidylinositol
3’ phosphate (PI(3)P), thereby directing SGK3 to endosomal membranes (Virbasius
et al. 2001). In addition, the PX domain modulates protein kinase activity. SGK3-null
mice are viable and fertile, and display a defect in post-natal hair follicle development
due to defects in cell proliferation (Alonso et al. 2005; McCormick et al. 2004).
Recently, SKG3 was implicated as an AKT-independent effector in some PIK3CA
mutant cancer cells and tumors (Vasudevan et al. 2009).

In addition to SGKs, other kinases have also been postulated to mediate
AKT-independent oncogenic signaling downstream of PI3K. For example, JNK
kinase can be activated independently of AKT in tumors with PTEN inactivation
(Vivanco et al. 2007). PTEN null cells exhibit increased JNK activity, and genetic
studies show that JNK functions in parallel to and independently of AKT (Vivanco
et al. 2007). Tec family tyrosine kinases may also mediate AKT-independent
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signaling by PI3K. Toward this end, Bruton’s agammaglobulinemia tyrosine kinase
(BTK), a prototype Tec isoform, is a cytoplasmic tyrosine kinase required for
B-lymphocyte development, differentiation, and proper B cell receptor-dependent
signaling. Germline mutations in the BTK gene lead to X-linked agammaglobulin-
emia (XLA) in humans and X-linked immunodeficiency (Xid) in mice (Mohamed
et al. 2009) BMX (ETK), the newest member of BTK tyrosine kinase family, also
contains a PH domain and becomes activated by PI3K. Unlike other Tec kinases
which are mostly hemopoietic cell-specific, BMX is widely expressed in epithelial
and endothelial cells. PI3K-BMX signaling, independent of AKT pathway, has
been implicated in prostate cancer (Dai et al. 2006; Qiu et al. 1998).

9 Conclusions

The AKT family of serine-threonine kinases provides a major effector mechanism
for PI3 kinase signaling. The numerous AKT substrates direct a wide range of
physiological processes that become deranged in several disease states. Exactly
how these AKT substrates are differentially regulated by the three AKT isofoms
remains incompletely understood. The extent to which PI3K-independent mechan-
isms contribute to AKT is also poorly characterized.

Given its prominent role in human disease and inherent ‘druggability’, AKT is
considered an attractive potential therapeutic target. Specific inhibitors of AKT
might be useful for cancer therapy, whereas drugs that restore AKT signaling might
conceivably be useful for treatment of diabetes and degenerative diseases. As the
roles of AKT in biology and disease continue to be resolved, the possibility exists
that modulating these effects may provide considerable clinical benefit.
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Abstract A decade of work has indisputably defined PTEN as a pivotal player in
human health and disease. Above all, PTEN has been identified as one of the most
commonly lost or mutated tumor suppressor genes in human cancers. For this
reason, the generation of a multitude of mouse models has been an invaluable
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strategy to dissect the function and consequences-of-loss of this essential, evolu-
tionary conserved lipid phosphatase in tumor initiation and progression.

In this chapter, we will summarize the mouse models that have allowed us to
faithfully recapitulate features of human cancers and to highlight the network of
connections between the PTEN signaling cascade and other oncogenic or tumor
suppressive pathways.

Notably, PTEN represents one of the most extensively modeled genes involved
in human cancer and exemplifies the strength of genetic mouse modeling as an
approach to gain information aimed to improve our understanding of and ability to
alleviate human disease.

1 Introduction

In 1997, PTEN (phosphatase and tensin homolog deleted on chromosome 10) was
identified as the frequently lost tumor suppressor gene in a region of human
chromosome 10 (10g23) that was known to be highly susceptible to deletion in
malignant tumors of the prostate and the brain (Li et al. 1997; Steck et al. 1997).

Soon after its discovery, the work of Maehama and Dixon (1998) unveiled the
biochemical function of PTEN as a plasma-membrane lipid phosphatase that
hydrolyzes the 3-phosphate on the second-messenger molecule phosphatidylinosi-
tol-3,4,5-triphosphate (PIP;) to generate phosphatidylinositol-4,5-bisphosphate
(PIP,). In the following years, several groups (Di Cristofano et al. 1998; Podsypa-
nina et al. 1999; Stambolic et al. 1998) showed that PTEN exerts its function as a
tumor suppressor at least in part through negative regulation of the crucial cell
survival serine/threonine kinase AKT (PKB).

Since then, PTEN has been shown to affect pleiotropic cellular processes such as
cell cycle progression, cell proliferation, senescence, chemotaxis, apoptosis, aging,
muscle contractility, DNA damage response, angiogenesis, and cell polarity. In line
with its role in multiple crucial cellular processes, PTEN has a role in the patho-
genesis of numerous diseases such as diabetes, autism, and cancer.

Indeed, PTEN is one of the most frequently mutated, deleted, and silenced tumor
suppressor genes in human cancer. The importance of PTEN as a tumor suppressor
is supported by the observations that germline PTEN mutations in humans can
result in autosomal dominant syndromes collectively referred to as the PTEN
hamartomas tumor syndromes (PHTS), characterized by developmental defects,
neurological deficits, multiple hamartomas in various tissues including skin, breast,
intestine and brain, and an increased risk of breast, thyroid and endometrial cancers
(Liaw et al. 1997; Marsh et al. 1997; Zhou et al. 2000).

The identification of PTEN as an important tumor suppressor gene led to a rapid
outburst of several mouse models aimed at understanding the consequences of Pten
loss. During this time, these mouse models have been further refined to study
specific organs and specific cell lineages. This has allowed us to faithfully recapi-
tulate some features of human cancers and to reconstruct the intricate connections
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between the PTEN signaling cascade and other oncogenic or tumor suppressive
pathways.

Overall, this chapter will focus on the role of PTEN as a critical player in human
diseases and, specifically, on the faithful mouse models generated to dissect the
roles of this phosphatase in tumor initiation and progression in different organs.
Additionally, a particular relevance will be given to the work carried out in vivo in
the mice to identify the network of signaling pathways enabling PTEN to exert its
tumor suppressive function. Finally, emphasis will be given to the differential
outcomes observed in different contexts as a consequence of loss of Pren.

2 Spectrum of Human Diseases Associated with Loss of PTEN

Over the last decade a multitude of important studies have identified PTEN gene
mutations in a wide range of sporadic malignancies and at a high frequency in
cancer-susceptibility syndromes.

Sequencing of the PTEN gene has revealed that this non-redundant, evolutionary
conserved phosphatase is one of the most commonly mutated tumor suppressors in
human malignancies (Cairns et al. 1998; Dahia et al. 1997; Duerr et al. 1998;
Rasheed et al. 1997; Shao et al. 1998; Tashiro et al. 1997; Wang et al. 1997).

Genetic alterations of the PTEN gene include various types of abnormalities
ranging from point mutations (encoding mostly unstable and/or catalytically inac-
tive proteins) to large chromosomal deletions (Georgescu et al. 1999, 2000; Li et al.
1997; Steck et al. 1997). PTEN mutations can affect both alleles in various cancers
with the following frequencies: endometrial (~50%), glioblastoma (~30%), mela-
noma (~12%), prostate (~10%), and breast (~5%) (Ali et al. 1999; Birck et al.
2000; Cairns et al. 1997; Celebi et al. 2000; Chiariello et al. 1998; Duerr et al. 1998;
Haluska et al. 2006; Lin et al. 1998; Saal et al. 2005; Shao et al. 1998; Steck et al.
1997; Tashiro et al. 1997; Wang et al. 1997; Zhou et al. 2002). Loss of one PTEN
allele is frequently observed in the following malignancies: glioma (~75%), breast
(~40%), colon (~20%), lung (~37%), prostate (~42%) (Bose et al. 1998; Feilotter
et al. 1998; Lin et al. 1998; Rubin et al. 2000; Teng et al. 1997).

Importantly, PTEN expression is regulated not only genetically but also at the
transcriptional/translational level. DNA methylation, transcriptional repression,
and microRNA-directed mRNA degradation and translational abrogation have
been reported to be important mechanisms in reducing PTEN expression in several
cancers(Wiencke et al. 2007; Yang et al. 2008; Poliseno et al. 2010).

Overall, these findings imply that loss of function of PTEN is a common event in
cancer, which is accomplished though several layers of control and mechanisms.

Germline deletion/mutation of PTEN is associated with several autosomal
dominant tumor predisposition syndromes including Cowden syndrome, Bannayan-
Riley-Ruvalcaba syndrome, Lhermitte-Duclos disease, Proteus syndrome, and
Proteus-like syndrome (Liaw et al. 1997; Marsh et al. 1997; Zhou et al. 2000, 2001).
These patients often suffer from hamartomas in multiple organs with the risk of
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progression to malignant cancer transformation. In addition to hamartoma develop-
ment, patients affected by Cowden syndrome and Bannayan—Riley—Ruvalcaba also
develop macrocephaly (Buxbaum et al. 2007; Herman et al. 2007). This observation
led to an association of PTEN mutation with autism, which is characterized by patients
with macrocephaly (Butler et al. 2005). This observation expanded the role of PTEN
to suppress human diseases of non-neoplastic nature. Recently, PTEN loss has also
been associated with neurological diseases such as Parkinson’s (Gasser 2007) and
metabolic syndromes such as diabetes. The latter implication is supported by studies in
animal that have demonstrated that Pten deletion causes an insulin sensitivity pheno-
type (Stiles et al. 2004, 2006). This finding supports the notion that patients affected by
PHTS characterized by Pten mutations also present increased insulin sensitivity (lida
et al. 2000).

Together these data point to a role for PTEN as a key regulator of several cellular
processes and that deregulation of its function can causes a wide spectrum of human
diseases.

3 Modeling PTEN Loss in Specific Murine Organs

Extensive mouse modeling has been performed to elucidate the importance of
PTEN and the consequences of its loss in human health and disease.

Homozygous deletion of Pten in the mouse embryo is lethal and is characterized
by developmental defects in the mesoderm, endoderm and ectoderm (Di Cristofano
et al. 1998). Heterozygous Pten mice develop multiple neoplasias in a wide
spectrum of tissues including prostate, thyroid, colon, lymphatic system, mammary
gland, and endometrium (Di Cristofano et al. 1998; Podsypanina et al. 1999;
Stambolic et al. 2000; Suzuki et al. 1998). These mouse models also recapitulate
some of the features of the PTEN-associated hamartoma syndromes in humans.

To further analyze the consequences of Pten loss in other organs, several tissue
specific models of Pten deletion have been developed using a conditional gene-
targeting approach (Table 1). In this chapter, we will examine several mouse
models of Pten conditional inactivation as examples of the human tissues where
loss of Pten is observed, such as brain, prostate, and breast.

3.1 Brain

The first three mouse models of tissue-specific inactivation of Pten were generated
in 2001 (Backman et al. 2001; Groszer et al. 2001; Kwon et al. 2001) with the brain
chosen as a target organ. The choice was most likely dictated by the fact that: (1)
PTEN is very highly frequently mutated in glioblastoma (30%), the most aggressive
primary brain tumor in humans (Knobbe et al. 2002) and (2) syndromes associated
with germline mutation of PTEN are characterized by neurological abnormalities.
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For instance, patients with Lhermitte—Duclos disease (LDD) develop dysplastic
gangliocytoma, which is described clinically as a benign overgrowth of neurons in
the cerebellum that causes increased intracranial pressure, ataxia and seizure (Zhou
et al. 2003). Although patients affected by LDD have inherited only one normal
copy of PTEN, the dysplastic cells have either completely lost PTEN expression or
express only the mutant allele due to loss of heterozygosity (LOH); both events are
characterized by an increase in the phosphorylation of AKT (Abel et al. 2005; Iida
et al. 1998; Zhou et al. 2003). Two of these mouse models generated faithfully
recapitulated the features of LDD. In these models, Pten*** mice were crossed
with transgenic mice in which Cre recombinase expression is under the control of
the glial fibrillary acidic protein (Gfap) promoter. In these mice, Pten is deleted late
in the development of granule neurons of the cerebellum and results in a cell-
autonomous loss of size regulation (Backman et al. 2001; Kwon et al. 2001). As a
consequence, the size of Pten-deficient granule neurons progressively increases
without evidence of abnormal proliferation. This observation is reminiscent of the
focal lesions in LDD that rarely contain proliferative cells. Furthermore, LDD is
characterized by dysplastic neurons ectopically placed in the molecular layer,
which is similar to the ectopically positioned granule neurons resulting from a
neuronal migration defect in mouse models (Abel et al. 2005; Backman et al. 2001;
Kwon et al. 2001). Indeed, several studies have established that deletion of Pten in
different neuronal types during development results in marked defects in migration
and patterning in brain (Backman et al. 2001; Kwon et al. 2001; Marino et al. 2002;
Yue et al. 2005). Another similarity between humans and the mouse models is that
abnormalities in synaptic structure have been identified in LDD patients as well as
in Pten conditional knockout mice (Fraser et al. 2008; Kwon et al. 2006). Overall,
these mouse models suggest that the abnormalities observed in LDD can be
attributed to key roles of PTEN in neuronal migration, size regulation, and
specialized subcellular structure. Notably, this nonproliferative disease resulting
from PTEN inactivation, although not malignant, is often associated with premature
morbidity.

The third mouse model developed in 2001 utilized the neural stem cell specific
nestin promoter (NesCre) to deliver Cre (Groszer et al. 2001) in neural stem
cells, thereby resulting in Pten deletion throughout the entire brain. These mice
succumb to an early postnatal death, presumably due to a continuous increase in
brain size with individual cells being larger than those from wild-type mice brains.
In contrast to the other two mouse models previously described, these mutant mice
showed increased cell proliferation and decreased cell death. Using this model,
Groszer et al. concluded that Pten most likely negatively regulates neural stem/
progenitor cells self-renewal capability by modulating Gy—G; cell cycle entry
(Groszer et al. 2006).

Other neurological abnormalities observed in patients with germline mutations
of PTEN were also modeled in mice. One manifestation of inherited PTEN muta-
tion includes macrocephaly; several studies have identified autism or autistic
behaviors in macrocephalic PHTS patients (Butler et al. 2005; Goffin et al. 2001).
Moreover, it is interesting to note that neurological phenotypes associated with
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PHTS are very variable. As outlined above, the development of LDD is character-
ized by a second hit that inactivates the wild-type allele of PTEN in the lesions of
the cerebellum. It is possible that other neurological deficits observed in PHTS
patients, such as macrocephaly, mental retardation, and autism, are also associated
with second hits that occur stochastically during development. In such a scenario,
the timing and specific cell populations in which PTEN function is lost during
development would determine the specific neurological outcome observed. For
instance, a mouse model where Pten was deleted in subsets of differentiated
neurons in the cerebral cortex and hippocampus showed anxiety-like behavior
and decreased learning, that may recapitulate the autistic features of some PHTS
patients (Kwon et al. 2006).

Although PTEN is frequently inactivated in malignant human brain tumors,
PHTS is not associated with an increased incidence of brain tumors, and mice
with heterozygous loss of Pten fail to develop brain tumors. Brain tumors are also
not observed in conditional knockouts targeting Pfen deletion in the brain, indicat-
ing that cooperating mutations in other genes are required for the neoplastic process
(Backman et al. 2001; Fraser et al. 2004; Groszer et al. 2001; Kwon et al. 2001;
Marino et al. 2002) (see following paragraphs).

3.2 Prostate

Prostate cancer and glioblastoma cell lines were the first cellular models where
deletion of the chromosomal region containing PTEN was reported. These findings
led to the identification of PTEN as a tumor suppressor gene (Li et al. 1997; Steck
etal. 1997). It is reported that the majority of primary prostate cancers show loss of
only one allele of PTEN, whereas homozygous inactivation of PTEN is generally
associated with advanced cancer and metastasis (Gray et al. 1998).

Although human and mouse prostates are structurally dissimilar, prostate cancer
progression in mice and humans is strikingly similar. In both species, epithelial
hyperplasia is followed by low-grade prostatic intraepithelial neoplasia (PIN),
which can progress to high-grade PIN. As the lesion becomes more neoplastic
and aggressive, the prostate epithelium invades through the basement membrane
into the surrounding stroma, thus establishing a localized yet invasive adenocarci-
noma (De Marzo et al. 2003; Marandola et al. 2004).

In an effort to define the role of PTEN loss in prostate tumorigenesis, a series of
Pten loss mouse models, the so called “hypomorphic Pten allelic series” (Pten
heterozygous, Pten hypomorphic, and Pten conditional knock-out), have been
generated (Trotman et al. 2003). Specific deletion of Pten in the prostate was
achieved by crossing Pren'”""'" mice with Probasin-Cre (PB-Cre) transgenic
mice. PB-Cre transgenic mice express Cre recombinase under the control of the
ARR; Probasin promoter specifically in the prostate epithelium post-puberty (Wu
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et al. 2001). The generation of the “hypomorphic Pten allelic series” has revealed
that the prostatic epithelium is exquisitely vulnerable to subtle variations of PTEN
expression levels. For instance, loss of one allele of Pren is associated with the
development of high-grade PIN with incomplete penetrance after a long latency
(9 months), whereas when the level of Pten is reduced to ~30% (hypomorphic
mouse model), mice developed invasive prostatic adenocarcinoma albeit with
incomplete penetrance (Trotman et al. 2003). Furthermore, complete loss of Pten
results in the development of high-grade PIN (HG-PIN) as early as 8 weeks of age,
together with the concomitant activation of cellular senescence response (see
below) (Chen et al. 2005). HG-PIN lesions progress to invasive prostate cancer
with complete penetrance at 6 months of age, once the senescence response
has been evaded (Chen et al. 2005; Trotman et al. 2003). These analyses imply
that (1) loss of PTEN is critical for prostate cancer initiation and that (2) the level of
PTEN expression is inversely associated with prostate tumorigenesis.

Wang et al. also used PB-Cre transgenic mice to generate mice with conditional
inactivation of Pten in the prostate, which also results in invasive prostate cancer
(Wang et al. 2003). Additionally, these mice developed metastatic prostate cancer
of the lymph nodes and lung, which is not observed in other mouse models of Pten
conditional inactivation in the prostate (Abate-Shen et al. 2003; Chen et al. 2005;
Wang et al. 2003). This may be due to the different genetic background strain of the
mice, which is known to influence cancer susceptibility.

In a later report, by crossing Pren”"""**" mice with MMTV-Cre transgenic mice,
Backman et al. inactivated Pten in the prostate during development (Backman et al.
2004). Deletion of Pten in the prostate before puberty resulted in the onset of
neoplastic lesions at a very early time point, with mice displaying high-grade PIN
by the age of 2 weeks at complete penetrance that frequently progressed to invasive
adenocarcinomas by 7-14 weeks (Backman et al. 2004). These data show that, if
Pten has already been deleted in the prostate during development, the incidence,
penetrance, and progression of neoplasia are much greater than if Pzen is lost during
or after puberty.

In 2005, yet another model of complete Pten inactivation in the prostate was
generated using Pten'”"""**" mice crossed with prostate-specific antigen (PSA)-Cre
transgenic mice (Ma et al. 2005¢c). The onset of prostatic neoplastic lesions is
significantly delayed in these mice which show focal PIN at the age of 4-5 months.
By 7-9 months, focal microinvasion was observed which progressed to frank
invasive adenocarcinoma at 10—14 months (Ma et al. 2005c).

Recently, two groups have generated two mouse models where Pten deletion is
temporally controlled through the use of Pren'”""** mice crossed with tamoxifen-
inducible Cre recombinase transgenic mice (Luchman et al. 2008; Ratnacaram et al.
2008). Like other models before, deletion of Pten results in the development of PIN
lesions that later progress to invasive adenocarcinoma.

Together, models of conditional Pten inactivation in the prostate clearly demon-
strate the sensitivity of the prostatic epithelium to alterations of Pten and they
recapitulate the sequential stages of the human disease from PIN to invasive
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prostate cancer where time to progression is dictated solely by the developmental
time of Pten excision and the remaining dose of functional Pten.

3.3 Breast

A characteristic feature of Cowden disease is the development of benign breast
hamartomas that are accompanied by a higher risk of breast cancer. Although
somatic PTEN mutations are detected only in a smaller fraction of breast cancer
cases (Dahia 2000), LOH at the PTEN locus (10g23) is frequently found (40%)
(Bose et al. 1998; Garcia et al. 1999). Furthermore, immunohistochemical studies
suggest that loss of PTEN protein expression is a common event in breast cancer
(33-48%), with strong correlation with lymph node metastasis, loss of estrogen
receptor staining, and disease related death (Depowski et al. 2001; Perren et al.
1999). Thus, epigenetic mechanisms are hypothesized to be responsible for a
number of cases in which PTEN levels are downregulated or even totally ablated
in the absence of a detectable mutation.

The relevance of Pten in breast tumorigenesis was initially highlighted in the
mouse model of Pten germline heterozygous loss generated by Stambolic et al.
(2000). Female Pten*'~ developed mammary tumors at incomplete penetrance,
with most of them having features of well-differentiated adenocarcinoma. Similar
to CS patients (Schrager et al. 1998), breast lesions in Pfen*’~ mice displayed
marked proliferation of the stroma. The authors observed an increased penetrance
of the breast tumors with age in Pren*’™ mice thereby suggesting a requirement for
additional hits for tumor progression in this tissue.

After that, to fully understand the role of Pfen in breast tumorigenesis, in 2002 Li
et al. crossed Pten'””"'”? mice with transgenic mice expressing MMTV-Cre trans-
genes in order to achieve Pten deletion in the mammary epithelium (Li et al. 2002).
The deletion of Pten in mammary epithelium triggered increased cell proliferation,
hyper-branched ductal structure, precocious development, delayed involution and
severely impaired apoptosis. Pten-deficient mammary epithelium also displayed
remarkable neoplastic changes. Females with mammary-specific Pten deletion
develop tumors as early as 2 months. Histological features of the tumors varied
from benign fibroadenomas to pleiomorphic adenocarcinomas. Furthermore,
immunohistochemistry analysis revealed up-regulation of cytokeratins 5 and 6 in
these mice (Li et al. 2002). Interestingly, this finding nicely correlates with over-
expression of these two cytokeratins in human breast tumors of the basal subtype
(Sorlie et al. 2001). The basal subtype often occurs in patients with germline
BRCA1 mutations and is associated with a poor prognosis. Importantly, it has
been recently shown that heterozygous inactivation of Pten leads to the formation
of basal-like mammary tumors in mice, and that loss of PTEN expression is
significantly associated with this subtype of breast cancer in human sporadic
and BRCA1-associated hereditary breast cancers (Saal et al. 2008). In addition,
Saal and colleagues have identified frequent gross PTEN mutations, involving
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intragenic chromosome breaks, inversions, deletions and micro copy number aber-
rations, specifically in BRCA1-deficient tumors (Saal et al. 2008).

It has recently been shown that even a subtle reduction in Pten dose determines
breast cancer susceptibility (Alimonti et al. 2010). Indeed, Pten hypomorphic mice,
expressing 80% normal levels of Pten, develop a spectrum of tumors, with breast
occurring at the highest penetrance (Alimonti et al 2010). Overall, all these obser-
vations underscore the essential role of PTEN during normal mammary gland
development and in suppressing breast cancer formation.

4 1In Vivo Deconstruction of the PI3K-AKT-mTOR Axis

The numerous mouse models generated to study the PI3K-AKT-mTOR pathway
have been valuable tools to shed light on the role of various components of the PI3K
signaling cascade in disease and tumorigenesis. Overall, these mouse models have
defined the mTOR pathway as a crucial converging node downstream PI3K-AKT
signals required for oncogenic transformation driven by loss of PTEN.

4.1 PI3K-PDK-AKT

The PI3K (phosphatidylinositol-3-kinase) pathway starts at the plasma membrane
where the binding of ligands to the growth factor receptor tyrosine kinases activate
PI3K, which phosphorylates PIP2 to produce PIP3, thereby directly antagonizing
PTEN (Klinghoffer et al. 1996).

Class I PI3K contains four p110 isoforms, o, B, y, and §. The association
between pl10a and tumorigenesis is well established and has been corroborated
by the occurrence of gain of function p110a mutations in human cancer (Samuels
and Velculescu 2004). Recently, the p110f isoform has also been connected to
oncogenesis (Ciraolo et al. 2008; Jia et al. 2008). With regards to PTEN-loss driven
cancer, conditional inactivation of PIK3CB, the gene encoding p110p, blocked
prostate tumorigenesis mediated by loss of PTEN whereas prostate-specific knock-
out of the a-isoform did not alter tumor formation. The observations of Jia and co-
workers identify a previously unknown role for p110p in cancer, specifically in
PTEN mutated tumors. These studies collectively suggest that p110f may represent
a potential “druggable” target, specially in PTEN null cancers.

PI3K signaling induces a series of growth-promoting events through the activa-
tion of the protein kinases PDK1 and AKT, which directly bind to and are activated
by PIP3 (Alessi et al. 1997; Currie et al. 1999). Upon PIP3 binding, PDK1 induces
AKT kinase activity 30-fold by phosphorylating it on residue T308 in addition to
the phosphorylation of numerous other target proteins within the T loop (such as
Serum and Glucocorticoid-regulated kinases, SGK) enabling their activation
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(Alessi et al. 1997). AKT, in turn, phosphorylates multiple targets to activate the
cell cycle, prevent apoptosis and trigger cellular growth (Manning and Cantley
2007). In vivo studies in the mice have genetically highlighted the important
epistasis of Pten and Pdkl and Akt. Compound mutant mice have provided clear
genetic evidence for the roles of Akt and Pdkl as mediators of cancer phenotypes
identified upon heterozygous Pten-loss in mice. Specifically, Aktl deficiency
suppresses tumor development in Pren*’~ mice (Chen et al. 2006). Similarly, the
hypomorphic expression of Pdkl (levels that are 80-90% reduced compared
with normal) inhibits tumor formation in Pten*’™ mice (Bayascas et al. 2005).
Therefore, these mouse models have validated AKT1 and PDK1 as critical players
in mediating tumorigenesis upon PTEN-loss.

4.2 TSCI1/2-Rheb-mTOR

Among the many downstream targets of AKT, the mammalian target of rapamycin
(mTOR) has been demonstrated to be an essential effector in promoting cell prolifer-
ation and susceptibility to oncogenic transformation. mTOR is a serine/threonine
kinase that regulates protein synthesis, cell growth, and proliferation in response to
pleiotropic inputs including growth factors, nutrients, energy, and stress (Wullschle-
ger etal. 2006). mTOR differentially regulates PI3K/AKT signaling by acting as a key
component of two multiprotein complexes: mTOR complex 1 (mTORC1) which is
activated downstream of AKT, and mTOR complex 2 (mTORC2) which has been
demonstrated to phosphorylate AKT on Ser 473 (Sarbassov et al. 2005). This modifi-
cation, in conjunction with the phosphorylation on Thr308 by PDK1 triggers full
activation of AKT in response to mitogenic stimuli (Sarbassov et al. 2005). Moreover,
in many cell types, mn”TORCI1 has been reported to elicit a negative feedback regulation
on the PI3K pathway through the ability of its downstream target ribosomal S6 kinase
1 (S6K1) to inhibit IRS-1 (reviewed in Guertin and Sabatini 2007). The elusive cross-
talk between the AKT and mTOR pathways was uncovered by the finding that
tuberous sclerosis complex 1 (TSC1) and 2 (TSC2) negatively regulates mTORC1
(Gao et al. 2002; Tapon et al. 2001). These studies demonstrated that AKT phosphor-
ylates and inactivates the TSC1/TSC2 complex, and as a consequence results in
mTORCI activation (Jaeschke et al. 2002; Tee et al. 2002). Specifically, Ras homo-
logue enriched in brain (Rheb), a small guanosine triphosphate (GTP)-binding protein,
was discovered as a novel substrate for TSC2, which could also lead to the activation
of mTOR (Garami et al. 2003; Inoki et al. 2003; Zhang et al. 2003). TSC2 was shown
to display a GTPase activating protein (GAP) activity towards the Rheb GTPase; this
event stimulates the intrinsic GTP-hydrolysis activity of Rheb to promote its transition
from an active GTP-bound to an inactive guanosine diphosphate (GDP)-bound form
(Garami et al. 2003; Zhang et al. 2003). Conversely, inactivation of the TSC1/TSC2
complex by AKT phosphorylation, results in GTP loading and activation of Rheb,
which ultimately promotes the activation of mMTORCI1. AKT also promotes mTORC1
activity through phosphorylation of PRAS40, which prevents its inhibitory function
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Fig. 1 Analysis of the contribution of the PI3K pathway to Pfen loss-driven disease, through the
combination of genetic events in the mouse. Pten-loss driven disease is accelerated by Tsc2
heterozygous loss (a) as well as Rheb transgenic expression (b), whereas it is opposed by loss of
mTOR (c¢)

on mTORCI1 (reviewed in Guertin and Sabatini 2007). When active, mTORC1
promotes cell growth through phosphorylation of various regulators of translation
including the well-characterized ribosomal S6K1 which activates the S6 ribosomal
protein (S6), and the eukaryotic translation initiation factor 4E binding protein 1
(4EBP1) which leads to its uncoupling from the elongation initiation factor 4E
(eIFAE; Wullschleger et al. 2006).

Several mouse models have validated the importance of the mTOR pathway in
further promoting tumorigenesis driven by Pten loss. For instance, oncogenic
events proximal to mTOR activation such as Tsc2 heterozygosity as well as Rheb
overexpression cooperate with Pten haploinsufficiency to accelerate tumorigenesis
(Ma et al. 2005b; Manning et al. 2005; Nardella et al. 2008) (Fig. 1a, b). A definitive
proof of principle for a major role of mTOR in prostate tumorigenesis driven by
Pten-loss was uncovered by the conditional inactivation of mTor in Pten null
prostates. In these prostates, mTor deletion markedly suppressed the tumor initia-
tion and progression observed in Pten-null mice (Nardella et al. 2009) (Fig. Ic).
These findings are corroborated by the work of Guertin et al, which showed that
Rictor, one of the components of the mTORC2 multiprotein complex, is also
required for Pten-loss induced tumorigenesis in the mice (Guertin et al. 2009).

Collectively, these data have important therapeutic application in the treatment
of cancer triggered by loss of PTEN, since mTOR is a kinase with activity that is
amenable to pharmacological inhibition. Indeed, efforts have been placed to
develop and improve upon drugs that inhibit mTOR activity. The first generation
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of mTOR inhibitors directed solely against mTORCI1, such as Rapamycin have had
limited success in the clinic. We now await the development and testing of drugs
targeting both mTORC1 and mTORC?2 for the treatment of tumors triggered by
PTEN deficiency and aberrant PI3K-AKT-mTOR signaling.

S PTEN Network: Linking the PI3K Signaling Cascade to
Other Oncogenic Pathways Through In Vivo Genetic Analysis

It is now well established that the PI3K pathway is intimately linked to several other
oncogenic events including activated MAPK signaling, ETS-related gene (ERG)
overexpression, and loss of the tumor suppressor gene p53. Below, we will describe
the efforts to generate faithful mouse models of human cancers which recapitulate
critical cooperative events identified in human cancer.

5.1 PTEN-MAPK Pathway

The RAS oncogene and the PTEN tumor suppressor are upstream of two of the
most predominant oncogenic signaling pathways, MAPK and PI3K, respectively
(Dhillon et al. 2007; Engelman et al. 2006). The signaling emanating from these
two pathways is however complicated by a remarkable number of interconnections
(Carracedo et al. 2008).

Ras is the upstream regulator of the MAPK pathway and frequently activated in
cancer through mutations (G12D, G12V) which are sufficient to initiate cancer
in the mouse (Fisher et al. 2001; Johnson et al. 2001). Ras mutations lead to
hyperactivation of the MAPK pathway, which cross-talks with the PI3K cascade
through the regulation of common targets such as BAD and TSC2 (Datta et al.
1996; Fang et al. 1999; Gupta et al. 2007; Ma et al. 2005a). In addition, activated
Ras leads to loss of PTEN expression through c-Jun-mediated transcriptional events
(Vasudevan et al. 2007). Consistent with this notion, mutations in RAS and PTEN
in cancer tend to be mutually exclusive RAS mutations are prevalent in pancreatic,
lung, and colon cancers, but not in glioblastomas whereas the opposite is true for
PTEN mutation (Liu et al. 1997; Simpson and Parsons 2001).

Downstream of RAS, RAF (BRAF, CRAF, and ARAF) serine/threonine protein
kinases regulate MAPK signaling (Balmanno and Cook 2009; Moodie et al. 1993).
BRAF is also frequently found mutated in cancer (principally V60OE mutation),
most frequently in melanoma where BRAF mutation is observed in 50-70% of cell
lines and tumors, and does not overlap with RAS mutations (Halilovic and Solit
2008). Unlike RAS, concomitant genetic alterations in PTEN and BRAF have been
found in melanoma and shown to be cooperative events in the mouse (see below),
therefore reinforcing the complexity of the interaction between components within
these two pathways (PTEN-PI3K and MAPK) in cancer.
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Combining PTEN and BRAF mutations to model human metastatic melanoma in
mouse. Mutant activated BRAF (BRAFY?E) can induce senescence in cultured
melanocytes providing an explanation for the high frequency of BRAF mutations in
benign nevi (Denoyelle et al. 2006; Dhomen et al. 2009; Michaloglou et al. 2005;
Taube et al. 2009). Hence, overcoming oncogene-induced senescence may be
critical for melanomagenesis. Progression to malignant melanoma is invariably
accompanied by silencing of one or more tumor suppressor genes, most commonly
PTEN or CDKN2A (Chin et al. 2006; Garraway et al. 2005). Additionally, the
combination of mutated BRAF and silencing of PTEN expression is observed in
20% of human melanomas (Backman et al. 2004). While Pten-loss or BRAFY6YE
activation alone did not have a dramatic consequence for melanoma onset and
progression in mice, compound BRafY®“E-Pren-Null mice succumbed to an
aggressive form of metastatic melanoma (Dankort et al. 2009) (Fig. 2a). Of note,
combinatorial inhibition of MAPK and mTORCTI led to the reduction of melanoma

a Pten/Braf: faithful model of metastatic melanoma

Pten lox/lox x BRA FVGODE Ptenlox/lox. BRAFV 600E
No melanocytic Benign melanocytic Metastatic melanoma
phenotype hyperplasia

b Pten/Erg and Pten/cMYC: faithful model of prostate cancer

Ptent" Erg™@ Pten*~;Erg™@
X or or
cMyCTe Pten*~;cMYCT®

PIN at incomplete penetrance Minor prostatic Invasive prostate cancer
phenotype
C Pten/p53

1) Faithful model of glioblastoma multiforme (GBM)

Pten Iax/! -. x 2 ;,5 3 foxi lox .- Pten

No CNS pathology Anaplastic astrocytoma at Acute and lethal form of
incomplete penetrance glioma resembling GBM

2) Faithful model of bladder cancer

Ptenox/lox I E p53 lox/lox ! Pten'ox/1o%; p5;

No bladder tumors No bladder tumors Invasive bladder cancer

lox/+. lox/lox
;P53

3 lox/lox

3) Faithful model of advanced prostate cancer

Pten lox/lox I E p 53 lox/lox ! Pten lox/lox. p5 3 lox/lox

High-Grade PIN No prostate tumors Lethal Invasive prostate cancer
Senescence Evasion of senescence

Fig. 2 Genetic interventions in the mouse that have allowed the generation of faithful mouse
models resembling human disease. Faithful mouse models of human melanoma (a), prostate
cancer onset and progression (b), glioblastoma multiforme, bladder cancer, and advanced prostate
cancer (c)
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formation, implying that this pharmacological approach may be an effective thera-
peutic avenue in the treatment of this type of cancer. Therefore, the Pten™’ R
BRafY*F melanoma model, together with other recently developed genetically
modified melanoma mouse models (Goel et al. 2009), represent an invaluable tool
for modeling of melanoma in the mouse and the evaluation of therapeutic
approaches in the treatment of this deadly disease. Importantly, whether PTEN is
required for the bypass and senescence induced by BRAF mutation in melanoma
remains to be determined, and might add complexity to the already diverse tissue-

specific outcomes of Pten-loss in vivo (see below).

5.2 Pten and Transcriptional Regulators: Erg and Myc

As mentioned above, PTEN is frequently lost or downregulated in prostate cancer
(Salmena et al. 2008). Recently, the translocation of an ETS transcription factor
gene (ERG or ETV1) to the TMPRSS2 gene promoter region, which contains
androgen responsive elements, has been identified in prostate tumors (Tomlins
et al. 2005). TMPRSS2-ERG is the first recurrent translocation event to be described
in human tumors. It occurs in approximately 40% of prostate tumors and results in an
aberrant androgen-regulated expression of ERG (Perner et al. 2007). In mice,
transgenic ERG expression in the prostate leads to an unremarkable phenotype
(Carver et al. 2009a), suggesting that ERG overexpression is not an initiating
event in prostate cancer, in line with the notion that TMPRSS22-ERG translocation
is rarely found in early lesions (Balmanno and Cook 2009; Carver et al. 2009b).

On the other hand, genetic lesions such as amplification and polymorhisms at
824, where c-MYC is located, are robustly associated with prostate cancer
risk (Amundadottir et al. 2006; Bubendorf et al. 1999; El Gedaily et al. 2001;
Gudmundsson et al. 2007; Haiman et al. 2007; Qian et al. 1997; Tsuchiya et al.
2002; Witte 2007; Yeager et al. 2007). Furthermore, recent studies have shown that
over-expression of c-MYC is not restricted to advanced/late prostate cancer lesions,
but occurs also in early lesions (Gurel et al. 2008). Additional studies are needed
in order to determine the mechanisms underlying the frequent over-expression
of c-MYC in prostate cancer, and to assess whether this is also a consequence of
8q24-polymorphism-relates transcriptional events or may in fact be the result of
post-transcriptional mechanisms (Pomerantz et al. 2009).

Seeking a faithful model of prostate cancer in the mouse: Combinatorial muta-
tion of PTEN with ERG and MYC. Loss of PTEN is frequently accompanied by the
translocation of TMPRSS22-ERG in prostate cancer (Balmanno and Cook 2009;
Carver et al. 2009a). Modeling the compound loss of Pfen and Erg overexpression
(Probasin-transgenic Erg, Erg"™®) in the mouse prostate has uncovered a strong
cooperativity between these two genetic events (Balmanno and Cook 2009; Carver
et al. 2009a) (Fig. 2b). Whereas Pten heterozygosity leads to high-grade prostate
intraepithelial neoplasia (HGPIN) lesions starting at the age of 9 months, compound
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Pten*'~-Erg"® mutants develop HGPIN by 2 months of age, which progresses to
invasive cancer by the age of 6 months.

¢-MYC transgenic expression in the prostate leads to hyperproliferation and
PIN (Ellwood-Yen et al. 2003; Kim et al. 2009; Zhang et al. 2000). Moreover,
Pten-heterozygous loss cooperated with ¢c-MYC to induce high-grade prostatic
intraepithelial neoplasia (HGPIN)/cancer lesions, which harbor loss of the wild
type Pten allele (Kim et al. 2009) (Fig. 2b).

Overall, Pten™~-Erg"® and Pten*'~; cMYC™® prostate cancer models likely
represents the most faithful models of prostate cancer initiation and progression to
date, since they recapitulate the precise sequence of mutagenic events occurring in a
large fraction of human prostate cancers. However, unlike human prostate cancer,
which exhibits a highly metastatic tropism to the bone in later stages, mouse models
have thus far failed to recapitulate these late events faithfully. Hence, additional
genetic studies and novel combinatorial efforts in the mouse are required to generate
better models of human prostate cancer progression to metastasis.

5.3 Pten/p53

In terms of overall frequency, p53 is undoubtedly the most frequently mutated
tumor suppressor gene in human cancers (Levine et al. 2004; Vogelstein et al. 2000)
with PTEN following in second (Cantley and Neel 1999; Simpson and Parsons
2001). The spectrum of human cancers associated with p53 and PTEN mutation are
very different. (Fujisawa et al. 2000; Kato et al. 2000; Koul et al. 2002; Kurose et al.
2002). Mutations of p53 occur at high frequencies in lung, colon and breast cancers,
whereas PTEN mutations are mostly found in glioblastoma, endometrial cancer,
malignant melanoma, and prostate cancer. However, compound loss of PTEN and
p53 has been reported in glioblastoma (Han et al. 2008; Salmena et al. 2008),
bladder cancer (Puzio-Kuter et al. 2009) and advanced/metastatic prostate cancer
(Chen et al. 2009).

Mouse models of combined loss of Pten and p53 in glioblastoma, bladder and
prostate cancer. In glioblastoma, the impact of combined Pten and Trp53 loss has
been recently reported in a model of concomitant deletion of Pten (in heterozygosity)
and Trp53 in the GFAP+ cell lineage. These mice develop an acute and lethal form of
glioblastoma multiforme (Fig. 2¢). Importantly, this mouse model displays features
reminiscent of the pathological lesions observed in human glioblastoma multiforme
(Zheng et al. 2008). Mechanistically, compound loss of Pten and TpS53 in neural
stem cells leads to increased cell renewal and decreased differentiation in a MYC-
dependent fashion (Zheng et al. 2008).

Bladder cancer is a major cause of cancer morbidity and mortality (Jemal et al.
2005). Combined p53 and PTEN losses have been identified in invasive bladder
cancer and are reportedly causal factors that predict poor outcome (Puzio-Kuter
et al. 2009). Indeed, combined loss of Trp53 and Pten in mice results in lesions with
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characteristics of human carcinoma in situ with complete penetrance at 6 months of
age(Puzio-Kuter et al. 2009) (Fig. 2c).

In prostate cancer, partial loss of the PTEN tumor suppressor gene is a prevalent
event (see above). However, complete loss of PTEN is infrequent in early lesions
and is restricted to advanced cancers. Through the analysis of acute complete
conditional loss of Pten in the prostatic epithelium, we found that one plausible
explanation for this phenomenon is the fact that complete acute loss of Pren elicits a
pS53-dependent failsafe senescence response which opposes tumor progression,
(Chen et al. 2005). In agreement with this notion and the fact that in human prostate
cancer p53 loss is a late event observed prevalently in advanced lesions, compound
loss of Pten and Trp53 in the mouse prostate leads to a lethal form of advanced
prostate cancer where the senescence response has been evaded (Chen et al. 2005).
In spite of the local aggressiveness of these tumors, Pten/Trp53 compound mutants,
surprisingly, do not develop metastasic prostate cancer (Chen et al. 2005).

Although p53 and PTEN represent the most frequently lost of all tumor sup-
pressors, further studies are required to precisely determine the frequency and the
timing of their loss, and the specific tissues where it occurs. However, modeling
these mutations in the mouse has already allowed the generation of faithful models
of advanced prostate, bladder cancers, and glioblastoma that will prove extremely
valuable to study the biology of these cancers and to test novel therapeutic mod-
alities in preclinical studies.

6 Context-Dependent Differential Outcomes Triggered
by Loss of PTEN

The large number of studies reporting phenotypes of Pten conditional knockout
mice has highlighted the function of Pten in different cell and tissue types.

Although the PI3K pathway is ubiquitous, PTEN-mediated regulation of the
PI3K/AKT pathway results in cell context-dependent outcomes such as cell size,
proliferation, survival and senescence. Furthermore, there is a growing body of
evidence suggesting that differential outcomes can be due to differential timing of
Pten loss in specific stages of the development within the same tissue.

Cell size. Conditional knock-out mice show that loss of Pten may influence cell
size or cell number depending on the specific context. The brain is an example of
where selective deletion of Pten in specific cell types such as granule neurons of the
cerebellum and dentate gyrus, cerebellar precursor cells and Purkinje neurons
results in a cell-autonomous size increase in Pten-deficient cells (Backman et al.
2001; Kwon et al. 2001; Marino et al. 2002).

Cell number. In other settings, the consequences of PTEN loss determines
changes in cell number, due to the combined effects of proliferation and cell
survival, rather than aberrant cell size. Conditional deletion of Pten caused
increased proliferation, decreased apoptosis and tumorigenesis, as exemplified in
keratinocytes (Backman et al. 2004; Suzuki et al. 2004), prostatic epithelium



Faithfull Modeling of PTEN Loss Driven Diseases in the Mouse 157

(Backman et al. 2004; Wang et al. 2003), mammary epithelium (Li et al. 2002),
germ cells (Kimura et al. 2003) and hepatocytes (Horie et al. 2004). Overall, these
examples suggest that the cellular context strongly influences the specific outcome
of PTEN deficiency.

Cellular senescence. PTEN does not exert its tumor suppressive function in
isolation, but cross-talks extensively with other tumor suppressors, including p53.
Therefore, the status of the pl9ARF/p53 network in the different tissues can also
affect the differential context-dependent outcomes dictated by the loss of Pten.

This is nicely exemplified by the response of the prostatic epithelium upon
complete inactivation of Pten. Surprisingly, Chen et al. showed that complete
acute loss of PTen in the prostate did not provide a proliferative advantage as
would be expected, but instead promoted a strong p53-dependent senescence
response that opposed tumor progression (Chen et al. 2005). As predicted from
these findings, combined inactivation of Pten and Trp53 leads to unconstrained
tumor growth as demonstrated by the generation of massive invasive prostate
tumors. This implies that complete ablation of PTEN can be detrimental to tumor
growth in the absence of p53 mutations and highlights the importance of haploin-
sufficiency or partial PTEN impairment in tumor progression. Clinically, these
findings provide an explanation as to why complete PTEN loss is not frequently
observed at cancer presentation.

Yilmaz et al. (2006) suggested that the hematopoietic stem cell (HSC) compart-
ment may also be a tissue where complete loss of Pten triggers a senescence
response (Yilmaz et al. 2006). Deletion of Pten in the adult HSCs results in a
different outcome in normal hematopoietic stem cells versus leukemia-initiating
cells (Yilmaz et al. 2006). Specifically, the authors show that deletion of Pten results
in the generation of leukemic stem cells and concomitant depletion of normal HSCs.
The mechanism responsible for the depletion of Pten-deficient HSCs remains to be
elucidated but it has been speculated that Pten deficiency induces a senescence
response in HSCs whereas the leukemia-initiating cells might acquire secondary
mutations that inactivate the senescence response (Yilmaz et al. 2006).

Differential outcomes. In certain tissues, p53 mutations are not required for
tumors to progress upon Pten loss because p53 is repressed through different
mechanisms, and consequently cellular senescence is not observed. This is well
exemplified by the deletion of Pten in smooth muscle, which results in the devel-
opment of leiomyosarcomas with very high penetrance (80%) (Hernando et al.
2007). In response to loss of Pten the authors observed a substantial upregulation of
p19Arf in the sarcoma cells, without concomitant induction of p53. In addition,
they observed no evidence of cellular senescence either in the hyperplastic tissue or
in the sarcomas. However, marked Mdm?2 levels in leiomyosarcoma cells compared
to normal smooth muscle of Pten-null mice, which kept p53 functionally repressed,
thus reducing the need for p53 mutations usually required for tumor progression. In
sum, Mdm?2 stabilization promoted by Akt phosphorylation seems to prevail over
Mdm?2 inhibition by p19Arf in Pten-null smooth muscle cells, resulting in p53
functional inactivation and thereby tumor development (Hernando et al. 2007).
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7 Conclusion

Tremendous technology advances have allowed us to gain powerful insight into the
molecular and genetic determinants that drive cancer. Mouse models have been at
the forefront of this revolution of information that has allowed us to faithfully
recapitulate the features of tumor initiation and progression observed in human
cancer. Mouse models of Pten loss have shed light on the critical roles of Pten in
tumor suppression, specifically as a regulator of cell size, proliferation rate, and
failsafe responses, such as senescence, in specific tissues. As one of the “most
modeled” of all human cancer genes, Pten mouse models are exemplary of the
power of genetic modeling and the success that can be achieved through such
studies.

Further insight into the function of PTEN genetic mutations will rely upon the
generation of specific point mutations knock-in mice models, which can inform us
not only about canonical PTEN function, but the ever-increasing role of PI3K and
AKT independent functions of PTEN. These models will provide further under-
standing of the regulatory mechanisms that affect the role of this protein in normal
development and tumorigenesis.

Translation of the information acquired in mice has been and will be extremely
useful for the preclinical evaluation of targeted therapeutic anti-cancer agents
thereby dramatically improving our ability to cure this and other diseases.
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Abstract Although classical mutations in genes such as PIK3CA and PTEN occur
at a relatively low frequency in haematological malignancies, activation of PI3K
signalling is often detected in these tumours. In some conditions, for example acute
myeloid leukaemia (AML), this is due to activating mutations of upstream regula-
tors such as the FLT3 tyrosine kinase or RAS. Primary tumour cells taken from
patients with AML, acute lymphoblastic leukaemia, chronic lymphocytic leukae-
mia and multiple myeloma show varying levels of sensitivity to PI3K and mTOR
inhibitors. The challenge now is to conduct high quality trials with novel agents that
target these pathways to establish the level of clinical response and to identify those
subsets of patients that are more likely to respond.
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1 Introduction

The study of the pathophysiology and pre-clinical therapeutics of haematological
malignancies is made easier by ready access to primary tumour cells, as well as
their normal counterparts, by blood and bone marrow sampling. A large number of
studies have shown that the PI3K pathway is frequently activated in haematological
tumours. In contrast to solid tumours, classical genetic aberrations leading to
increased PIP3 production, such as PTEN deletion/mutation and PIK3CA activat-
ing mutation, occur with a relatively low frequency. It appears that the presence of
“upstream” signalling abnormalities, such as tyrosine kinase and RAS mutations, in
a high proportion of haematological tumours may reduce the evolutionary impetus
to acquire such lesions. Emerging data from comprehensive genomic studies of
human malignancies suggest that haematological tumours may be less complex
than their epithelial counterparts. Whether this translates into increased responsive-
ness to agents that target PI3K remains to be seen.

Evaluating the role of PI3K in the pathophysiology and therapeutics of any
tumour requires pre-clinical assays that are representative of the clinical setting.
Mutational screening is readily achieved with small amounts of primary tissue and,
traditionally, continuously growing cell lines originally derived from primary
patient material are used to assess pathway activation and the effects of targeted
therapy. However, it is apparent from a number of studies that such cell lines may
not faithfully represent the broad range of tumour biology for a given malignancy.
For example, tumour cell lines are more readily established with samples from
patients with a more aggressive clinical disease pattern (Shimada et al. 2003). For
relatively indolent haematological malignancies, such as chronic lymphocytic
leukaemia (CLL), follicular non-Hodgkin’s lymphoma (NHL) and multiple myeloma
(MM), tumour cell lines either cannot be established (CLL) or those that can are
from the small sub-fraction of individuals with highly aggressive tumours with
widespread genetic abnormalities — for example, many MM cell lines are from
individuals in advanced stages of the disease who have developed plasma cell
leukaemias. In acute myeloid leukaemia (AML), the two most common genetic
abnormalities in the overall patient population are mutations of the FLT3 tyrosine
kinase and of the nucleophosmin gene, which are present in about 25 and 40% of
patients, respectively (Gale et al. 2008). However, only a small fraction of AML
cell lines have been found to have either of these abnormalities (Quentmeier et al.
2003, 2005).

The ready access to primary haematological tumour samples suggests that
studies of pathway activation and sensitivity to targeted therapies may be best
evaluated in these cells. However, there are several caveats to this that need to be
taken into account. For some tumour types, withdrawal of cells from the patient
results in their rapid demise, presumably because of the loss of microenvironmental
survival factors. Lymphoid cells including those from B cell CLL (Collins et al.
1989) and acute lymphoblastic leukaemia (ALL) (Savitskiy et al. 2003) are espe-
cially prone to this. Therefore, in these cells, evaluation of targeted therapies may



PI3K as a Target for Therapy in Haematological Malignancies 171

be taking place in the background of a stressed cell population, a large proportion of
which are already committed to cell death. Primary AML, ALL, CLL and MM
tumour samples usually survive and grow much better ex vivo in culture systems
with additional stromal cell support (Grigorieva et al. 1998; Lagneaux et al. 1998;
Garrido et al. 2001); in conditions of reduced oxygen tension that mimic the bone
marrow microenvironment (Thompson et al. 2007) and/or with the addition of
various cytokine cocktails (Delwel et al. 1987; Touw et al. 1990; Ticchioni et al.
2007). These conditions are likely to provide a more representative picture of what
is going on in the patient, but this is hard to prove formally and the precise
conditions for optimal primary cell culture remain unclear.

Tumour xenografts in immunodeficient mice, in particular with acute leukae-
mia cells, have also been widely used to understand disease pathophysiology and
to evaluate therapies. The NOD-SCID model has been most widely used and was
instrumental in defining leukaemia stem cell (LSC) populations in AML (Bonnet
and Dick 1997). However, it is clear that there are significant deficiencies with
this model. Engraftment of primary AML cells is not universal and samples from
individuals with more aggressive disease are more likely to engraft (Ailles et al.
1999; Pearce et al. 2006). Clearly, human cells may not respond to certain murine
microenvironmental factors or cytokines/growth factors. More recent data have
shown that engraftment with human leukaemia cells is seen at a higher frequency
in more immunodeficient models (Feuring-Buske et al. 2003; Agliano et al. 2008),
or where tumour cells are directly injected into the bone marrow, compared with
the traditional intravenous route (Mazurier et al. 2003). This indicates that
residual host immunity and the failure of tumour cells to home to microenviron-
mental niches remain significant factors to overcome for xenografts to become
established.

Due to the well-defined molecular genetic defects involved in the pathophysio-
logy of human leukaemias, the technique of retroviral transduction of bone marrow
stem and progenitor cells with oncogenes combined with transplantation assays has
been widely used. In addition, transgenic models, including the use of inducible
oncogenes such as BCR-ABL (Huettner et al. 2000) or deletion of regulators such
as PTEN (Yilmaz et al. 2006) have been employed. All of these models have
provided valuable insights into disease development and the use of targeted treat-
ments. However, the use of such assays to conclude that the tumour cell is
“addicted” to the oncogene being tested should be tempered by the fact that the
order of acquisition of the oncogenic mutation may not reflect the natural order, for
example a tumour that develops in the background of PTEN deletion being the
initial lesion may not be representative of primary tumours, where PTEN deletion
may be a late event.

Therefore, over-reaching conclusions regarding the importance of a given sig-
nalling pathway as a therapeutic target should probably not be made on the basis of
results from one type of assay system, but rather rely on data from a variety of
complementary approaches. Ultimately, clinical trials are the final arbiter and
unexpected results may be obtained. However, the emerging availability of a
wide variety of compounds that can target individual catalytic isoforms of class 1
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PI3KSs inhibit all class 1 activity or act as dual inhibitors of class 1 PI3Ks and mTOR
makes pre-clinical evaluation necessary, as clearly it will not be possible to test all
compounds in all situations (Brachmann et al. 2009; Ihle and Powis 2009; Maira
et al. 2009). The remainder of this review will concentrate on individual disease
entities in haematological oncology and assess the evidence for the role of PI3K
signalling as an important component of tumour biology and maintenance, and as a
potential target for therapy.

2  Acute Myeloid Leukaemia

AML is the predominant acute leukaemia in adult life and usually presents with a
rapidly growing tumour that results in failure of production of normal blood cells.
Current treatment for AML includes combination cytotoxic chemotherapy in
repeated intensive cycles and allogeneic stem cell transplant in a relatively small
proportion of selected individuals. Clinical outcome is dictated by a combination of
tumour-intrinsic features, patient age and the presence of co-morbidities. Specific
karyotypic abnormalities are associated with low (e.g. t(8;21)) or high (e.g. mono-
somy 5) relapse rates. Mutations in key genes such as nucleophosmin and the FLT3
tyrosine kinase are also predictive of clinical outcome (Schiffer 2008). Overall, the
cure rate ranges from approximately 60% in patients under the age of 30 years to
less than 10% in those over 65. Current treatment protocols predominantly utilise
drugs that have been in our formulary for over three decades.

A number of publications have shown that PI3K signalling, as judged by Akt
phosphorylation, is constitutively active in a high proportion of cases of AML (Xu
et al. 2003; Min et al. 2004; Grandage et al. 2005; Sujobert et al. 2005; Billottet
et al. 2006). This is true for the bulk of tumour cells and also for the LSC
compartment — the LSC fraction in AML is characterised by a CD34Positive/
CD38'o"Megative shenotype (Bonnet and Dick 1997) (although this has been recently
disputed) (Taussig et al. 2008). Using a highly sensitive quantitative mass spectro-
metric assay, we have shown significant activation of the enzymatic activity of Akt
in the LSC fraction (Cutillas et al. 2006). Similar findings have been reported by
flow cytometric evaluation of Akt phosphorylation in tumour cell subsets (Bardet
et al. 2006). The mechanism by which PI3K becomes activated in AML is unclear
as mutations in PTEN or PIK3CA are rare (Aggerholm et al. 2000; Liu et al. 2000;
Hummerdal et al. 2006). Screening for the activating Akt E17K mutation has also
been negative (Kim et al. 2008; Zenz et al. 2008).

Activating mutations in FLT3, which can lead to constitutively activated PI3K/
Akt signalling (Brandts et al. 2005), either by internal tandem duplication/length
mutation or by point mutation are found in approximately 30% of AML cases (Mead
et al. 2007; Gale et al. 2008). Mutations in KRAS and NRAS, which can directly
activate PI3K, are found in about 15-20% of cases and these are largely mutually
exclusive with FLT3 mutations (Bowen et al. 2005). About a further 5% of cases can
be shown to have activating mutations in the KIT tyrosine kinase (Renneville et al.
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2008). Therefore, half of all AML cases have mutationally activated signalling in
pathways upstream of PI3K. Other possible mechanisms for PI3K activation include
autocrine production of growth factors such as IGF1 and GM-CSF (Young and
Griffin 1986; Tazzari et al. 2007). There are conflicting data on the potential
prognostic significance of constitutive Akt phosphorylation in AML. It has been
suggested that Akt S473 phosphorylation is associated with a good response to
therapy (Tamburini et al. 2007) or that Akt T308 phosphorylation correlates with
poor outcome (Gallay et al. 2009). Such correlations do not prove causality and do
not necessarily have relevance for targeting of PI3K for therapeutic purposes.

In primary AML samples, the pattern of class 1A PI3K catalytic isoform
expression has been well characterised. p110delta is ubiquitously expressed, but
there is variable expression of alpha and beta isoforms (Sujobert et al. 2005;
Billottet et al. 2006). In addition to the lack of mutations in p110alpha, no mutations
have been found in pl10delta (Cornillet-Lefebvre et al. 2006). The use of highly
selective PI3K inhibitors has suggested that a significant proportion of the consti-
tutive PI3K activity in AML is attributable to pl10delta (Sujobert et al. 2005;
Billottet et al. 2006). Targeting this isoform in ex vivo experiments reduces primary
AML cell proliferation, induces a modest level of apoptosis and sensitises cells to
killing by etoposide/VP16. In the acute promyelocytic leukaemia subset of AML,
characterised by the t(15;17) translocation resulting in a PML-RARA fusion and
retinoic acid sensitivity (Collins 2008), there is uniform high level expression of the
pl10beta isoform in addition to consistent pl10delta expression (Billottet et al.
2009). These cells are sensitive to highly selective inhibitors of p110beta, as well as
to pl10delta and pan-class 1 PI3K inhibitors, suggesting that the pattern of isoform
expression is a key determinant of response to isoform-selective agents in AML
(Billottet et al. 2009). Vogt and colleagues have previously shown that overexpres-
sion of wild-type pl10delta or p110beta isoforms is sufficient to transform fibro-
blasts (Kang et al. 2006).

In keeping with the findings in APL, we have found that AML samples that
retain pl10alpha expression are less sensitive to a pl10delta inhibitor than those
that lack pl10alpha expression (Khwaja, unpublished data). We have also found
that samples from patients with FLT3 mutations have a similar level of response to
pl10delta inhibitors as FLT3 WT samples, but that RAS mutant samples are more
resistant to PI3K inhibition (unpublished data). It is possible that combinations with
agents that target the MAPK pathway may be required in such cases (Wee et al.
2009).

Sensitisation of AML cells to chemotherapeutic agents by PI3K blockade may
depend on several factors — in primary AML cells, blockade of PI3K signalling
affects both p53 and NF-kB pathways, thereby lowering the cell’s apoptotic
threshold (Grandage et al. 2005). Two recent papers have evaluated the effects of
pan-PI3K inhibition with the class 1 PI3K/mTOR inhibitor PI103 in AML. Kojima
et al. showed PI103 to have modest direct apoptotic activity but that it could
enhance the effects of the MDM?2 inhibitor Nutlin-3 in mediating p53-dependent
apoptosis (Kojima et al. 2008). Park and colleagues showed that PI103 reduces
proliferation of AML cell lines and primary cells and can induce apoptosis in the
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latter (Park et al. 2008). A moderate level of cell death was induced in the
CD34P*8™¢/CD38'" ™8™  SC fraction. We have also shown that PI3K inhibi-
tion with PI103 can increase the cytotoxic response to anthracyclines and arsenic
trioxide, two key agents in the treatment of APL (Billottet et al. 2009).

Data from two groups have shown that PTEN is an important gene for the
maintenance of normal haematopoietic stem cells — conditional deletion resulted
in accelerated entry of HSC into cell-cycle, loss of self-renewal capability and
consequent loss of long-term repopulating stem cell activity (Yilmaz et al. 2006;
Zhang et al. 2006). PTEN-deleted animals went on to develop myeloid and lym-
phoid leukaemias. Treatment with the mTOR inhibitor rapamycin reduced LSC
activity and restored normal HSC activity (Yilmaz et al. 2006). Extrapolation of
such models to human disease should be cautious; in particular, PTEN deletion was
the initiating lesion in these animals and hence the tumours may have been
especially addicted to the PI3K/mTOR pathway. The genetic complexity of
human tumours, and the disappointing results with mTOR inhibitors in acute
leukaemias in the clinic, (Yee et al. 2006; Rizzieri et al. 2008) may also mitigate
against direct comparisons. However, normal HSC are largely quiescent and also
require FOXO factors, which are negatively regulated by PI3K/Akt, for their
maintenance (Miyamoto et al. 2007). This suggests that PI3K targeted therapies
may be less likely to cause long-term damage to the normal HSC compartment
whilst retaining activity against LSCs, which show increased PI3K/Akt activity.

3 Acute Lymphoblastic Leukaemia

ALL, which can arise in B cell or T cell precursors, is the commonest malignancy of
childhood and can also arise in adult life. The cure rate in children now approaches
90% (Pui et al. 2008) but is much lower in adults (Goldstone et al. 2008; Fielding
et al. 2009). Treatment is with multi-agent cytotoxic chemotherapy with intensive
phases and a prolonged period of lower-dose maintenance therapy, to reduce
relapse rates.

Similarly to AML, mutational activation of tyrosine kinase signalling pathways
is also frequently found in ALL. The t(9;22) translocation resulting in the formation
of the BCR-ABL tyrosine kinase fusion protein occurs in about 25-30% of adult
patients, almost exclusively with a B cell phenotype, but less frequently in child-
hood (Pui et al. 2008). Other abnormalities include NUP214-ABL fusions in
T-ALL and mutations of JAK tyrosine kinases and RAS (Graux et al. 2004;
Perentesis et al. 2004; Flex et al. 2008). PIK3CA and Akt mutations are rare
(Kim et al. 2008; Mahmoud et al. 2008).

PTEN appears to play an important part in the pathophysiology of T-ALL —
Palomero and colleagues initially reported the presence of PTEN mutations in 9 of
111 T-ALL patients (Palomero et al. 2007). Subsequent reports have suggested
higher frequencies (Gutierrez et al. 2009), although this could be attributable to the
presence of relapsed cases in some series (Larson Gedman et al. 2009). Silva et al.
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found Akt phosphorylation in over 80% of T-ALL samples but detected PTEN
mutations in only a small proportion (Silva et al. 2008). They showed that PTEN
enzymatic activity is reduced in the majority of T-ALL samples and that this is due
to a combination of CK2-mediated phosphorylation of PTEN and PTEN-oxidation
due to high levels of reactive oxygen species. The genetic background resulting in
these abnormalities is not clear, although high level ROS production has been
demonstrated downstream of oncogenic tyrosine kinases (Sattler et al. 2000).
Gutierrez and colleagues have also closely characterised a cohort of T-ALL cases
for PI3K pathway genetic abnormalities (Gutierrez et al. 2009). In 47 samples, they
found 16 cases with PTEN deletion/mutation, two with PIK3CA mutation, two with
PIK3R1 mutation, one with Aktl E17K mutation and four with RAS mutations.
These were largely mutually exclusive indicating a genetic abnormality in a key
PI3K pathway gene in approximately half the samples.

Teachey and colleagues have shown that rapamycin and analogues can inhibit
proliferation and promote apoptosis of primary B-ALL cells in ex vivo culture
systems and in xenograft models (Teachey et al. 2006, 2009). mTOR inhibitors can
also sensitise leukaemia cells to the effects of methotrexate, most likely by reducing
levels of dihydrofolate reductase (Teachey et al. 2008). In T-ALL, the majority of
cases have constitutive activation of the Notch signalling pathway, predominantly
due to mutations in NOTCH1 (Demarest et al. 2008). Notch signalling can be
inhibited by gamma-secretase inhibitors (GSIs), which prevent processing of Notch
to the active form. Previous studies have shown that GSIs can reduce proliferation
of Notch mutant/PTEN WT cells, but do not induce significant apoptosis (Weng
et al. 2004; De Keersmaecker et al. 2008). Early clinical trials with GSIs have been
disappointing because of a lack of efficacy and gut toxicity (Aster et al. 2008).
We have recently shown that combining GSI with dual PI3K/mTOR inhibitors,
such as PI103 or NVP-BEZ235, converts a cytostatic to a highly cytotoxic response
(Banerjee et al. 2009). The minimal requirement for this appears to be dual
inhibition of class 1 PI3K and mTORC]1 (in addition to Notch blockade), as it
can be reproduced by combining GSI with a class 1 PI3K inhibitor, PIK90 (Knight
et al. 2006), and rapamycin, but not with each agent alone. mTOR and PI3K
inhibitors also show synergy with glucocorticoids, an essential component of the
treatment regimen for ALL.

4 Chronic Myeloid Leukaemia and BCR-ABL Positive ALL

CML is characterised by the presence of the Philadelphia chromosome as the result
of the t(9;22) translocation, which is thought to arise in a haematopoietic stem cell
(Druker 2008). This generates the BCR-ABL tyrosine kinase, which is constitu-
tively active and stimulates a number of downstream signalling pathways, includ-
ing PI3K/Akt and mTOR (Kharas and Fruman 2005). The natural history of CML is
of a chronic phase of variable length transforming into an acute leukaemia, most
commonly to AML. Current treatment with tyrosine kinase inhibitors including
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imatinib is highly effective in maintaining long-term remissions, although imatinib-
resistance can arise (Druker 2008).

Ectopic expression of BCR-ABL in murine bone marrow reconstitution assays
can recapitulate the clinical phenotype (Daley et al. 1990). Many groups have
shown that PI3K is activated by BCR-ABL and that it plays an important part in
disease pathophysiology — early studies showed that PI3K inhibition reduced
clonogenic growth of BCR-ABL positive cells (Skorski et al. 1997). Deletion of
both p85 alpha and beta (PIK3R 1 and PIK3R2) alleles results in severe impairment
of BCR-ABL-mediated transformation of B cell progenitors (Kharas et al. 2008),
although this also compromises normal haematopoietic cell activity (Haneline et al.
2006). Mohi et al. showed that combining rapamycin with imatinib had a synergis-
tic effect against BCR-ABL transformed cells and could prolong survival in a
murine model of CML (Mohi et al. 2004). Combining imatinib with PI103 impairs
clonogenic growth of Philadelphia-positive acute leukaemia cells (Kharas et al.
2008).

Currently, treatment with imatinib or other TKIs is effective in the majority of
cases of CML. PI3K and mTOR signalling may play a part in the growth of
imatinib-resistant cells (Burchert et al. 2005) and rapamycin has activity both
in vitro and in patients in this setting (Sillaber et al. 2008). Although it has been
suggested that treatment with imatinib may need to be lifelong as there is a residual
pool of CML stem cells that resist therapy (Jorgensen and Holyoake 2007), recent
evidence suggests that in a significant proportion of patients with molecular remis-
sion, discontinuation of IM does not result in a relapse (Rousselot et al. 2007). In the
light of effective treatment for CML with imatinib and second generation Abl
tyrosine kinase inhibitors, the role of PI3K inhibitors in this disease is likely to be
relatively modest.

5 Chronic Lymphocytic Leukaemia

B-CLL is the most prevalent type of leukaemia worldwide and can often run a
clinically indolent course, which may not require leukaemia-specific therapy.
Although long thought to be a disease of low proliferative rates and cell accumula-
tion due to reduced apoptosis, more recent data have suggested that there is a
sizeable proliferating pool of CLL cells (Chiorazzi and Ferrarini 2006; Caligaris-
Cappio and Ghia 2008). Cases with an absence of somatic mutations in the
immunoglobulin variable region genes, which usually express the Zap-70 tyrosine
kinase, have a more progressive course and may respond to chronic antigenic
stimulation via the B cell receptor in vivo (Lanham et al. 2003). Chronic antigenic
stimulation of B cells is already implicated in the development of malignancies
such as gastric mucosa associated lymphoid tissue lymphomas in the context of
chronic Helicobacter pylori infection (Caligaris-Cappio and Ghia 2008). B-CLL
cells are also thought to be highly dependent on contact with supportive cells and to
cytokines such as CD40L and chemokines including SDF1. Ex vivo culture of CLL
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cells in the absence of cytokine or stromal support usually results in a high level of
spontaneous cell death.

Some CLL samples can show constitutive activation of PI3K or may demon-
strate sustained activation following cross-linking of the B cell receptor (Longo
et al. 2008). A significant proportion of CLL cases, in particular those with deletion
of 13q14, have reduced or absent expression of the Akt S473 phosphatase PHLPP
(Gao et al. 2005; Ouillette et al. 2008). Recent data show that novel class 1 PI3K
inhibitors, such as PI103 and PIK90, inhibit responses of primary CLL cells to the
chemokine SDF1 and promote apoptosis, especially in combination with the cyto-
toxic agent fludarabine, which is highly active in CLL (Niedermeier et al. 2009).

T-prolymphocytic leukaemia (T-PLL) is a rare form of CLL — T cell leukaemia 1
(TCL1) was identified as the oncogene insertionally activated by the T cell receptor
enhancer through inv(14) or t(14;14) (Virgilio et al. 1994) and is expressed at a high
level in the majority of cases (Narducci et al. 1997; Herling et al. 2008). TCL1 has
been shown to bind to the PH domain of Akt and to promote its activity and nuclear
translocation (Laine et al. 2000; Pekarsky et al. 2000). In T-PLL cells with TCL1
dysregulation, Akt signalling is enhanced and cells are sensitive in ex vivo cultures
to inhibitors of PI3K and Akt (Herling et al. 2008). TCL1 is also overexpressed in a
subset of B-CLL cases with a more proliferative phenotype (Herling et al. 2006). In
fact, when TCL1 is targeted to the B cell compartment, mice develop a B-CLL like
disease (Bichi et al. 2002). TCL1 overexpression in human B-CLL may be attrib-
utable to regulation by miR-29 and miR-181, two microRNAs differentially
expressed in CLL (Pekarsky et al. 2006).

Several early phase clinical trials of mTOR inhibitors have included a small
number of patients with CLL (Yee et al. 2006; Rizzieri et al. 2008; Decker et al.
2009). Stable disease and partial responses were seen in a significant number of
cases —however, on a cautionary note, a high level of severe opportunistic infections
were observed in one study (Decker et al. 2009). These patients were heavily pre-
treated with other agents that compromise immune function but appropriate precau-
tions against infection may need to be taken with PI3K/mTOR targeted agents.

6 Lymphomas

These are heterogeneous diseases with varying clinical phenotypes and growth
patterns ranging from indolent, e.g. follicular lymphoma, to highly proliferative
e.g. Burkitt lymphoma.

6.1 Diffuse Large B Cell Lymphoma

Immunohistochemistry analysis of primary tumour samples of this common and
aggressive lymphoma shows a high level of positivity for phosphorylated Akt and
this may correlate with worse clinical outcome (Uddin et al. 2006). Abubaker et al.
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found PIK3CA mutations in 17/215 cases — these were largely mutually exclusive
with samples showing reduced PTEN by immunohistochemistry (Abubaker et al.
2007). Baohua found 55/76 samples to have phosphorylated Akt but only one case
had a PIK3CA mutation (Baohua et al. 2008). These variations could be due to the
different ethnic populations studied and further investigation is required to establish
the incidence of PIK3CA mutations in diffuse large B cell lymphoma (DLBCL).

6.2 Anaplastic Large Cell Lymphoma

A significant proportion of these lymphomas have dysregulated tyrosine kinase
signalling because of the presence of the nucleophosmin-anaplastic lymphoma
kinase (NPM-ALK) fusion protein. NPM-ALK activates PI3K signalling and
transformation can be inhibited by small molecule PI3K inhibitors and the expres-
sion of dominant-negative Akt (Bai et al. 2000; Slupianek et al. 2001).

6.3 Mantle Cell Lymphoma

Akt and mTOR pathways are hyperactive in primary MCL cells (Peponi et al. 2006;
Rudelius et al. 2006; Dal Col et al. 2008) and this may be related to reduced PTEN
expression (Rudelius et al. 2006) or enhanced PTEN phosphorylation resulting in
reduced enzymatic activity (Dal Col et al. 2008). PIK3CA mutations have not been
detected (Rudelius et al. 2006) but microarray analysis suggests that pl10delta
(PIK3CD) was overexpressed in MCL cells compared with normal mantle zone
lymphocytes (Martinez et al. 2003). Primary MCL cells show variable sensitivity to
PI3K and mTOR inhibition (Dal Col et al. 2008) and clinical studies have shown a
significant response rate to mTOR inhibition. Ansell et al. showed a 41% response
rate, predominantly partial responses, in a heavily pretreated group of relapsed
MCL patients (Ansell et al. 2008). MCL is characterised by the t(11;14) transloca-
tion that results in deregulated expression of the cyclin D1 mRNA by placing this
gene under control of the immunoglobulin heavy chain gene enhancer elements.
The mTOR pathway is thought to regulate the translation of cyclin D1 via its effects
on eIF4E-BP1 phosphorylation (Hashemolhosseini et al. 1998) but it is not clear if
this is the mechanism by which rapamycin and analogues exert their effects in MCL
(Yazbeck et al. 2008).

7 Multiple Myeloma

Myeloma is a malignancy of plasma cells, which is incurable in the vast majority of
patients. However, a number of novel biological agents such as proteasomal
inhibitors, thalidomide and its analogues show considerable activity in MM with
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a resulting prolongation of survival (San-Miguel et al. 2008). Because of the
relatively slow tempo of disease in the majority of patients, evaluation of targeted
therapies is more readily achieved. In addition, the production of a monoclonal
immunoglobulin (paraprotein) by tumour cells, which can be readily quantified by
blood sampling, can give an accurate measure of treatment response.

In common with other haematological tumours, activation of the PI3K pathway
in myeloma is not frequently attributable to mutations in PTEN or PIK3CA. PTEN
deletions are seen in MM cell lines but are infrequent in primary samples — when
found, they are associated with more advanced and aggressive disease (Chang et al.
2006). A subset of MM patients (about 15%) have the t(4;14) translocation that
results in deregulated signalling from the FGFR3 receptor (Bergsagel and Kuehl
2005), which can activate PI3K (Agazie et al. 2003). In addition, MM is thought to
be highly regulated by interactions with stromal elements and cytokines/growth
factors (Podar et al. 2009) — both direct contact and exposure to key regulators such
as IGF1 and IL-6 have been shown to activate PI3K/Akt. RAS mutations are
prevalent in MM (Fonseca et al. 2004) and have been shown to directly activate
PI3K, as well as MAPK, pathways in MM cells (Hu et al. 2003).

PTEN-null MM cell lines undergo cell-cycle arrest and/or apoptosis after incu-
bation with PI3K inhibitors such as LY294002 and wortmannin (Pene et al. 2002;
Zhang et al. 2003). Rapamycin can also reduce cell proliferation and co-operate
positively with other agents that are active in MM (Shi et al. 2002; Raje et al. 2004).
However, rapamycin has been shown to result in feedback activation of an IGFR/
IRS1/PI3K/Akt pathway (Shi et al. 2005), which may reduce its effectiveness.
Zollinger and colleagues have shown that about half of primary MM samples
have detectable Akt phosphorylation and that this correlates with the induction of
apoptosis in response to an Akt inhibitor (Zollinger et al. 2008). Recently published
data with the dual PI3K/mTOR inhibitor NVP-BEZ235 shows the induction of
apoptosis in some MM cell lines and a limited number of primary samples (Baumann
et al. 2009). Farag has reported the results of a phase 2 trial of the mTOR inhibitor
temsirolimus in MM and this shows modest activity with one partial and five minor
responses in 16 patients (Farag et al. 2009). Combination studies of mTOR inhibi-
tors with other agents active in MM, such as dexamethasone and bortezomib, are
ongoing.

8 Effects on Normal Immune Cells and Host Immunity

For many epithelial tumours, growth at the primary site and metastatic spread is
influenced by a variety of stromal cells in their microenvironment. These include a
number of cells of haematopoietic origin such as macrophages, myeloid derived
suppressor cells, certain types of T and B lymphocytes, natural killer cells, mast
cells and neutrophils (reviewed in Joyce and Pollard 2009). These can influence
tumour behaviour in a variety of ways in a complex interactive network. For several
tumour types, extensive macrophage infiltration correlates with poor prognosis
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(Allavena et al. 2008). Experimental models suggest that loss of tumour-associated
macrophages, by genetic or pharmacological approaches, can ameliorate tumour
development. Because of concerns about broad depletion of cells important for the
innate immune response, more targeted approaches have been tried — myeloid cell-
specific deletion of vascular endothelial growth factor A in a breast cancer model
was associated with decreased tumour angiogenesis but resulted in accelerated
tumour progression (Stockmann et al. 2008).

PI3Ks, in particular the delta and gamma isoforms, play an important part in
regulation of the immune system and of neutrophil migration. p110delta is involved
in CSF1 regulated proliferation and chemotaxis in macrophages (Papakonstanti
et al. 2007, 2008) but is not involved in phagocytosis, which is mediated by the beta
isoform (Leverrier et al. 2003). pl10gamma and delta play important roles in
neutrophil trafficking and respiratory burst activation (Puri et al. 2004; Condliffe
et al. 2005; Randis et al. 2008). p110delta plays a key part in mast cell activation
and the allergic response.(Ali et al. 2004, 2008).

Therefore, it is possible that PI3K inhibitors could be useful in modifying the
function of supportive cells. However, it is not clear if this would affect already
well-established tumours and clearly this could have complex effects on host
immunity. pl110delta and gamma play important roles in development and function
of B cells, T cells and NK cells (reviewed in (Fruman and Bismuth 2009). Certain
tumours, in particular those driven by Epstein-Barr virus, can develop in immuno-
compromised individuals (Grulich et al. 2007) and chronic inhibition of T cell
function by PI3K inhibitors could promote this. pl10delta knockout mice show
more rapid development of BCR-ABL driven disease and increased suceptibility to
transplantable lymphomas (Saudemont et al. 2007; Zebedin et al. 2008). NK
migration is compromised in pl10delta null mice, which also show changes in
the function of T-regulatory cells (Patton et al. 2006; Kim et al. 2007; Saudemont
et al. 2009). Overall, it seems probable that more sophisticated approaches will be
required to assess the effect of targeting PI3K in altering the survival and behaviour
of tumour cells by modifying the functions of the immune system.

9 Conclusions

The PI3K pathway is constitutively active in a high proportion of primary patient
samples from patients with haematological malignancies and constitutes an impor-
tant signalling node for therapeutic targeting. In AML, the pl10delta catalytic
isoform appears to play an important part in mediating the activation of downstream
targets and trials selectively targeting this isoform have begun. Delta-selective
agents would have the potential for reduced toxicity to non-haematological tissues
compared with pan-class 1 inhibitors. However, it is unlikely that single agent PI3K
targeted therapy, whether isoform-selective or more broadly targeted, would be
sufficient to exert long-term disease control in AML. The results of clinical trials
with FLT3 tyrosine kinase inhibitors are instructive in that they show that although
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patients with FLT3-mutated AML often show a response to targeted inhibitors
(though this is by no means universal), this is only transient, even in the presence
of effective target inhibition. Combinations of PI3K targeted agents with standard
cytotoxic drugs, or with agents targeting upstream abnormalities such as FLT3, will
need to be evaluated for their tolerability and efficacy.

In the more indolent haematological malignancies, such as CLL and low-grade
NHLs, there is also evidence for the involvement of PI3K signalling in disease
pathophysiology, although less is known about specific isoform involvement.
Whereas in acute leukaemia therapy, it is likely that PI3K inhibitors will be tested
in relatively short courses of treatment, more prolonged therapy may be needed in
the less aggressive tumours. Because of the importance of PI3K signalling in the
regulation of the immune system, extra vigilance will be required against infection,
in particular as early trials are likely to be in the setting of heavily pretreated
patients with already compromised immune function. The relative benefits of pan
class 1 vs. isoform-selective inhibitors, with or without added activity against
mTOR and PI3K-related DNA-damage kinases, adds multiple layers of complexity
for the future design of clinical trials. The arrival of drugs that target PI3K
signalling into the clinic should ultimately allow us to define their role in the
treatment of human malignant disease.
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Abstract The PI3K pathway is the most commonly altered in human cancer.
Several recent phase I studies with therapeutic inhibitors of this pathway have
shown that pharmacological inhibition of PI3K in humans is feasible and overall
well tolerated. Furthermore, there has already been clinical evidence of anti-tumor
activity in patients with advanced cancer. The intensity and duration of PI3K
inhibition required for an antitumor effect and the optimal pharmacodynamic
biomarker(s) of pathway inactivation remain to be established. Preclinical and
early clinical data support focusing on trials with PI3K inhibitors that are at a
minimum enriched with patients with alterations in this signaling pathway. These
inhibitors are likely to be more effective in combination with established and other
novel molecular therapies.
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1 Introduction

Abundant evidence indicate that the phosphatidylinositol-3 kinase (PI3K) signaling
pathway is arguably the most commonly altered in human cancers (reviewed in
chapters in this book). First, the p110a catalytic subunit of PI3K is activated
by mutation at a high frequency in multiple human tumors (Samuels et al. 2004).
A recent review reported an overall frequency of mutations in the PIK3CA
gene, which encodes p110a, of 15% across all cancer types (Karakas et al. 2000).
Second, the phosphatase PTEN (phosphatase and tensin homologue deleted in
chromosome 10), which antagonizes PI3K signaling by dephosphorylating the
second messenger phosphatidylinositol-3,4,5 trisphosphate (PIP3), is a tumor sup-
pressor gene frequently inactivated by mutation, gene deletion, targeting by micro-
RNA, and promoter methylation (Keniry and Parsons 2008; Salmena et al. 2008).
Further, PI3K is potently activated by oncogenes such as mutant Ras (REF) and
many tyrosine kinases that potently activate PI3K, such as Ber-Abl, HER2 (ErbB2),
MET, KIT, etc., which themselves are the target of mutational activation and/or
gene amplification (Engelman et al. 2006). The serine/threonine kinase Akt is a key
downstream effector of PI3K signaling output. Following growth factor-induced
stimulation of PI3K, Akt is recruited to the plasma membrane where it is phos-
phorylated by PDK-1 in Thr308 and by TORC2 in Ser473 (Manning and Cantley
2007), respectively, resulting in its full enzymatic activation. Several human
tumors, such as ovarian, pancreatic, breast, and gastric cancer, harbor Aktl or
Akt2 gene amplification. A transforming mutation in the pleckstrin homology
(PH) domain of Aktl (E17K), which results in its constitutive localization at the
plasma membrane and activation, is present in a small percentage of breast,
colorectal, and ovarian cancers (Carpten et al. 2007). Other components of the
pathway, such as PDK-1, PIK3R 1, PIK3CB, and P70S6K, are found to be amplified
in human cancers (Thomas et al. 2007). All these abnormalities together identify a
large repertoire of tumors with molecular alterations in the PI3K network that are
potentially targetable with specific pathway inhibitors.

At this time, there is significant clinical research addressing the role of inhibition
of the PI3K pathway in human cancers. In this chapter, I will review the current
status of clinical investigation in this field with different types of antagonists of the
PI3K network, mechanistic and preclinical considerations that are of relevance to
clinical development, the rationale for combinatorial therapies that will include
inhibitors of the PI3K pathway, and finally propose some clinical trial designs that
may streamline the pathway to FDA approval for PI3K-targeted agents.

2 Pharmacological Approaches

Several types of compounds to block multiple levels in the PI3K signaling network
have been designed and are in variable stages of clinical development. The first
group comprises inhibitors of class IA PI3K isoforms. These enzymes are
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heterodimeric lipid kinases that consist of a p110 catalytic subunit and a regulatory
subunit, which mediates the receptor or adaptor binding, activation, and localiza-
tion of the PI3K dimer. There are three genes, PIK3CA, PIK3CB, and PIK3CD,
which encode the highly homologous p110 catalytic isoforms, p110a, p110p, and
p1109, respectively (Cantley 2002; Engelman et al. 2006). The expression of p110d
is largely restricted to immune and hematopoietic cells whereas p110a and p1103
are expressed ubiquitously (Vanhaesebroeck et al. 1997). p110a is essential for
signaling and growth of tumors driven by PIK3CA mutations and/or oncogenic
tyrosine kinases or mutant RAS, whereas p110f responds to G protein-coupled
receptors (GPCRs) and is the main isoform mediating tumorigenesis in PTEN-
deficient cells [reviewed in (Jia et al. 2009)].

A number of pan-specific or isoform-specific PI3K antagonists have entered
phase I clinical development and have the subject of several recent reviews
(Garcia-Echeverria and Sellers 2008; Maira et al. 2008b). These include NVP-
BEZ235, NVP-BGT226, GDC-0941, XL-765, XL-147, SF1126, CAL-101, and
GSK1059615. These compounds are ATP-mimetics that bind competitively and
reversibly in the ATP-binding pocket of kinase domain in p110. With the exception
of CAL-101, which specifically inhibits the p110d kinase, the other small mole-
cules are active against all p110 isoforms including oncogenic mutant forms of
p110a (Folkes et al. 2008; Garlich et al. 2008; Maira et al. 2008a). Some of these
also have inhibitory activity against phosphatidylinositol-3 kinase-related kinases
(PIKKSs), such as the mTOR serine/threonine kinase (i.e., NVP-BEZ235, NVP-
BGT226, XL-765, and SF1126).

Following the pll10 antagonists are inhibitors of Akt isoforms. These
compounds have shown antitumor activity against human xenografts and have
been reviewed recently (Garcia-Echeverria and Sellers 2008). A-443654 and
GSK690693 are ATP-competitive pan-Akt kinase inhibitors. They have shown
antitumor activity in preclinical models and have recently entered phase I trials
(Davies et al. 2007; Rhodes et al. 2008). Allosteric inhibitors of Akt that interact
with its PH domain and/or hinge region thus promoting an inactive conformation
of the enzyme, are also in development (Toral-Barza et al. 2007). MK-2206 is a
highly selective non-ATP-competitive, allosteric inhibitor or Aktl, Akt2, and
Akt3. This compound effectively inhibited the Akt kinase and its downstream
effectors in vivo and caused marked suppression of growth of breast cancer
xenografts with PI3K mutations and HER2 gene amplification (She et al. 2008).
Early phase I clinical data in patients with advanced solid tumors have shown
inhibition of P-Akt in peripheral blood mononuclear cells and good tolerability
(Tolcher et al. 2009). Because of the high sequence identity among the kinase
domain of Aktl, Akt2, and Akt3, it is anticipated that the development of potent
isoform-selective modulators will be difficult.

A third group of compounds designed to interrupt the PI3K pathway are inhibi-
tors of the mTOR (mammalian target of rapamycin) serine/threonine kinase (Fasolo
and Sessa 2008). This kinase regulates protein translation and functions within two
multiprotein complexes which share mTOR itself: TORCI1 associated with RAP-
TOR and TORC?2 associated with RICTOR (Guertin and Sabatini 2007). Rapamycin
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and its analogs (see below) preferentially target TORC1. mTOR is an important
component of PI3K-driven oncogenesis at different levels. TORCI1 regulates pro-
tein translation and is downstream and positively modulated by Akt. On the other
hand, TORC2 functions upstream where it phosphorylates and activates the Akt
kinase (Sarbassov et al. 2005). The macrolide rapamycin inhibits mTOR by form-
ing a complex with the FK506-binding protein (FKBP12), which binds to a region
in the C-terminus of mTOR termed FRB (FKBP12 rapamycin-binding). The
formation of this complex interferes with the kinase activity of the TORCI1 but
not the TORC2 complex (Sarbassov et al. 2004). The limited pharmacological
properties of rapamycin prompted the development of analogs (so called “rapalogs”)
such as CCI-779 (temsirolimus), RADOO1 (everolimus), and AP-23573 (deferoli-
mus). These rapalogs have already shown cytostatic activity in preclinical models
and clinical trials particularly in patients with renal cell cancer and patients with
mutations in TSC who harbor renal angiolipomas. Compounds that target the ATP-
binding cleft of mTOR (i.e., OSI-027 and AZD8055) and are thus active against
both TORCI1 and TORC?2 have recently entered phase I clinical trials (Fasolo and
Sessa 2008).

3 Preclinical Considerations for Drug Development

The somatic DNA alterations identified above (i.e., PIK3CA and AKTI activating
mutations, PTEN deletion, PI3K-activating oncogene amplification) potentially
mark tumor types as well as individual cancers with aberrant activation of the
PI3K pathway. This is an important consideration for the purpose of selection of
patients into trials with PI3K inhibitors. In the past decade, a number of examples
have shown that mutations in somatic DNA identify gene products or pathways
that are critical for tumor survival and progression and that, therefore, when
interrupted by pharmacological means result in a clinically important antitumor
effect. Examples include the effect of imatinib and dasatinib against Philadelphia
chromosome-positive chronic myelogenous leukemia (CML) harboring the
BCR-ABL oncogene, the EGF receptor tyrosine kinase inhibitors (TKIs) gefitinib
and erlotinib against tumors with EGFR gene activating mutations, the anti-HER2
antibody trastuzumab and the HER2 TKI lapatinib against breast cancers with
HER?2 gene amplification, and, more recently, small molecule Raf inhibitors
against metastatic melanomas containing B-RAF activating mutations [reviewed
in (Stuart and Sellers 2009)].

A number of preclinical tumor models including transgenic mice bearing can-
cers engineered to lack PTEN or overexpress PIK3CA activating mutations have
already shown tumor dependence on PI3K in that administration of pharmacologi-
cal inhibitors of PI3K resulted in an antitumor effect (Eichhorn et al. 2008;
Engelman et al. 2008). However, in several phase I clinical trials with PI3K
pathway inhibitors in progress, there have been no reports yet of major tumor
reductions in patients treated with such compounds. Two previous reports using
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cancer cell lines with PTEN deletions suggested that PTEN-deficient cancers would
be highly sensitive to mTOR inhibitors (Neshat et al. 2001; Podsypanina et al.
2001). Again, despite the extensive clinical use of “rapalogs” and the relative
frequency of PTEN loss in cancers at large, significant clinical responses to
mTOR inhibitors have not been observed. Thus, although it might still be early,
the dramatic clinical responses that were observed during the early clinical devel-
opment of other now approved molecule-targeted inhibitors have not yet been
observed with therapeutic antagonists of the PI3K pathway.

The potential dependence of some cancers over that of normal host tissues on an
oncogenic pathway suggests that the possibility of a “therapeutic window” that can
be exploited in the drug development process. This would allow delivery of an
oncogene-directed therapy at an optimal biological dose (OBD) that would inhibit
its molecular target and exert a biological effect on the tumor. This dose would be
less than a maximally tolerated dose (MTD) of the inhibitor which would likely
induce toxicity against normal host tissues. Imatinib and trastuzumab are examples
of molecule-targeted therapies where such therapeutic window was present.
Because of the role of PI3K in normal physiological processes, it is not clear
whether therapy-induced toxicities will be entirely avoidable. One special concern
with these therapies is the induction of insulin resistance. Under normal physiolo-
gical conditions, the PI3K pathway, predominantly pl110a and less so p110B,
mediates insulin action (Foukas et al. 2006; Knight et al. 2006). Therefore, PI3K
antagonists are likely to perturb glucose homeostasis and/or aggravate states of
insulin resistance. Preclinical data with Akt inhibitors have already shown the
induction of hyperglycemia in experimental mice (Crouthamel et al. 2009; Rhodes
et al. 2008). Interestingly, mice treated with NVP-BEZ235 did not exhibit signifi-
cant changes in blood glucose levels (Maira et al. 2008a). In any case, an important
question in the clinical development of PI3K inhibitors is whether clinical efficacy
and tolerability can be achieved without the induction of insulin resistance.

Genetically engineered mice lacking p110a exhibit defective endothelial cell
migration during vascular development (Graupera et al. 2008). Consistent with this,
mice lacking PI3K regulatory subunits (p85a., p85p, pS5a, and pS0a) also exhibit
localized vascular abnormalities (Yuan et al. 2008). Interestingly, mice expressing
a pl10o mutant allele incapable of interacting with endogenous Ras display
defective VEGF-C signaling to PI3K in lymphatic endothelial cells and impaired
development of the lymphatic vasculature (Gupta et al. 2007). Consistent with these
results, PI3K inhibitors have been shown to inhibit tumor blood vessels when
administered to mice bearing human xenografts (Garlich et al. 2008; Schnell
et al. 2008). These data suggest that in addition to tumor cell-autonomous effects,
PI3K inhibitors could exert an additional antimetastatic effect by blocking angio-
genesis and lymphangiogenesis. They also suggest that the possibility of side
effects (i.e., bleeding, defective wound healing, etc.) as a result of impairment of
endothelial cell function.

It has been shown that genes encoding most glycolytic enzymes are under
dominant transcriptional control by Akt activation (Majumder et al. 2004).
Thus, a rapid downregulation of [18F]-fluorodeoxy-p-glucose positron emission
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tomography (FDG-PET) intensity might be a reliable surrogate marker of inactiva-
tion of the PI3K/Akt pathway that can be used as a noninvasive approach to predict
the outcome of therapy. This also implies that tumors that are FDG-PET negative
contain low glycolytic activity and, thus, are not ideal candidates for therapy with
PI3K inhibitors. At this time, FDG-PET is being widely used as a pharmacody-
namic biomarker of drug action in investigational trials with inhibitors of PI3K.

4 Clinical Trials

At this time, several PI3K pathway inhibitors are in phase I clinical development.
This phase of the clinical development process is aimed at defining the effective
dose of these compounds as well as their tolerability and toxicity profile. Prelimi-
nary results have been communicated for phase I trials with XL-147, XL-765,
GDC-0941, PX-866, and CAL-101 in patients with solid tumors and hematologi-
cal neoplasias (Flinn et al. 2009; Jimeno et al. 2009; LoRusso et al. 2009; Shapiro
et al. 2009; Wagner et al. 2009). Overall, these compounds seem to be well
tolerated with modest grade 3 and grade 4 toxicity. Main side effects have been
nausea, vomiting, diarrhea, anorexia, fatigue, and rash with minimal hyperglyce-
mia. Dose escalations are still proceeding, although pharmacodynamic evidence of
drug action in skin and hair follicles has already been reported. This has been
assessed by measuring levels of T308 P-Akt, S473 P-Akt, T246 P-PRAS40, T70
P-4EBPI, and S240/244 P-S6 by immunohistochemistry (IHC) using site specific
antibodies in tissue sections obtained on days 21-28 after initiation of treatment.

There is significantly more clinical experience with the mTOR inhibitors tem-
sirolimus (CCI-779), everolimus (RADO001), and deferolimus (AP23573). These
drugs exhibit a comparable toxicity profile, spectrum of antitumor activity, phar-
macokinetic features, and profile of biomarkers they inhibit in situ [recently
reviewed in (Fasolo and Sessa 2008)]. Main side effects include mucositis, rash,
fatigue, neutropenia, anorexia, edema, hyperglycemia, and gastrointestinal toxici-
ties. These three compounds inhibit mainly TORC1. The TORC1 complex activates
S6K which, in turn, inhibits IRS-1 through phosphorylation in Ser102 (Harrington
et al. 2004). Consistent with this, in a recent paper, O’Reilly et al. demonstrated
feedback activation of Akt following pharmacological inhibition of TORCI1 in
patients with breast cancer treated with everlolimus (O’Reilly et al. 2006).

A recent phase III trial compared single-agent temsirolimus vs. interferon vs. the
combination in 626 patients with poor-prognosis metastatic renal cell carcinoma.
Patients receiving temsirolimus alone achieved a significantly longer overall sur-
vival (OS) and progression-free survival (PFS) than patients treated with interferon
alone. In the group treated with the combination, the OS was comparable of that
exhibited by patients in the single-agent interferon arm. Rash, peripheral edema,
anemia, dyspnea, diarrhea, hyperglycemia, and hyperlipidemia were more common
in patients treated with the mTOR inhibitor whereas asthenia was more common in
the interferon group. Grade 3 and grade 4 toxicities were more common in the
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combination group, resulting in more delays and reductions in the dose of temsiro-
limus potentially explaining the lack of advantage of the combination over
interferon alone. Median OS in the interferon, temsirolimus, and combination
therapy groups was 7.3, 10.9, and 8.4 months, respectively (Hudes et al. 2007).
Based on these results, temsirolimus was approved by the FDA for the initial
treatment of patients with advanced poor-prognosis renal cell cancer.

A double-blind, multicenter phase III trial in patients with renal cell cancer who
have progressed on primary therapy for metastatic disease was recently completed
(Motzer et al. 2008). In this study, 400 patients were randomized to everolimus
10 mg/day vs. placebo, both with the best supportive care. Everolimus produced a
significant extension in PFS of 4 vs. 1.9 months, with an overall favorable safety
profile. Stomatitis, anemia, and asthenia were the most common grade 3 and grade 4
toxicities (Motzer et al. 2008). Finally, Baselga et al. (2009) just reported the results
of a neoadjuvant randomized phase II study of the aromatase inhibitor letrozole
vs. letrozole plus everolimus in postmenopausal patients with newly diagnosed
ER-positive breast cancer. Clinical response rate and inhibition of tumor cell
proliferation as measured by Ki67 IHC were higher in the combination arm
compared to the group treated with single-agent letrozole (Baselga et al. 2009).

Promising clinical activity in single-arm phase II studies with temsirolimus and
everolimus has been reported in endometrial cancer and relapsed mantle cell
lymphoma (Oza et al. 2005; Slomovitz et al. 2008; Witzig et al. 2005). Because
of their ability to inhibit TORC1 and TORC?2 and thus, potentially bypass feedback
activation of Akt, higher single-agent clinical activity compared to everolimus,
temsirolimus, and deferolimus is anticipated for AZD8055 and OSI-027. Up to
now, however, the original concept that dysregulation of PI3K signaling predicts
sensitivity to mTOR inhibitors has not been verified in clinical practice. In fairness
though, most of these therapeutic studies have not actively explored a correlation
between clinical benefit and detectable genetic alterations in the PI3K pathway by
profiling a meaningful number of tumors from patients enrolled in these trials. At
the time of this writing, combination studies of mTOR inhibitors with EGFR,
VEGF, PI3K, and IGF-IR inhibitors are in development.

5 Patient Selection and Role of Presurgical Trials

As with other targeted therapies, it is likely that only a fraction of patients treated
with PI3K inhibitors will benefit from these drugs. Because of this, there is an
expectation that the clinical development of a molecule-targeted therapy will also
include the deployment of a diagnostic test(s) that will identify patients that are
likely to respond to and thus be offered such therapy. Examples include fluorescent
in situ hybridization (FISH) and IHC for HER2 which identify patients with breast
cancer for whom trastuzumab and lapatinib are approved (Press et al. 2008); and
EGFR activating mutations which identify patients with nonsmall-cell lung cancer
(NSCLC) with a high likelihood of response to EGFR TKIs (Lynch et al. 2004;
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Paez et al. 2004), among others. An example of a negative predictor of response is
the presence of mutant K-RAS, which identifies patients with colon cancer that do
not benefit from therapy with the neutralizing EGFR antibodies panitumumab or
cetuximab (Amado et al. 2008; Benvenuti et al. 2007).

There is an agreement that early therapeutic studies should be enriched with
patients harboring known detectable abnormalities in the PI3K pathway. However,
it is not clear whether clinical responses will be limited to these patients. Testing
the possible selectivity of PI3K inhibitors against cancers with PI3K pathway
alterations and/or another molecular signature in single-arm phase II trials in
patients with metastatic disease is intrinsically problematic because of (1) the dif-
ficulty in obtaining biopsies from metastatic sites and (2) the limitations of assess-
ment of tumor response as a meaningful clinical endpoint in the absence of a
placebo control arm.

There are, however, examples of short-term, tissue-based pharmacodynamic novel
trial designs which could provide information that can be later used for patient
selection or exclusion into early trials with novel targeted therapies such as PI3K
antagonists. For example, administration of antiestrogens for a period of 1-3 weeks
has been shown to induce a significant antiproliferative effect, as measured by Ki67
IHC (Assersohn et al. 2003), in ER-positive but not ER-negative breast cancers
(DeFriend et al. 1994; Dowsett et al. 2000, 2001). Treatment-induced tumor cell
apoptosis, as measured by cleaved caspase-3 IHC 1 week after administration of
single-agent trastuzumab correlated with clinical response of HER2-overexpressing
breast cancers to trastuzumab plus chemotherapy (Mohsin et al. 2005). The neoadju-
vant IMPACT trial compared the aromatase inhibitor anastrozole vs. tamoxifen vs.
the combination of both drugs. Drug-induced inhibition of cancer cell proliferation in
situ as measured by Ki67 IHC in a tumor biopsy obtained after 2 weeks of therapy
was better in anastrozole-treated patients compared to patients in the other two arms
(Dowsett et al. 2005). Interestingly, this change in proliferation (Ki67) after only
2 weeks of therapy mirrors the results of the adjuvant ATAC trial where >9,000
patients with ER + tumors were randomized to the same three arms as in the
IMPACT study following surgical resection of the primary tumor. In this large
study, relapse-free survival was also better in patients treated with anastrozole
compared to the other two treatment arms (Howell et al. 2005). In terms of PI3K
pathway-targeted drugs, Cloughesy and colleagues demonstrated a dramatic effect of
rapamycin on the Ki67 index in a group of patients with recurrent glioblastoma.
Tumors were surgically-resected after 7 days of therapy with the mTOR inhibitor.
Interestingly, the reduction in Ki67 after short-term rapamycin was limited to PTEN-
deficient tumors and correlated with an improved PFS in patients treated with the
mTOR inhibitor following surgery (Cloughesy et al. 2008).

The above mentioned examples suggest that the use of presurgical nontherapeutic
trials with PI3K pathway inhibitors to ensure that critical endpoints in their clinical
development are met. For example, after a safe dose of the inhibitor has been defined
in a conventional phase I study, patients with operable breast cancer (or another
tumor known to exhibit PI3K alterations where this approach is ethical and feasible)
that are not candidates for neoadjuvant therapy can be treated with the inhibitor for
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2 weeks, which is likely a period of time adequate for the drug to achieve steady-state
levels in plasma. Effects on cell proliferation (Ki67), apoptosis (TUNEL, cleaved
caspase-3 IHC), and inhibition of the drug target in situ (i.e., with P-Akt, P-PRAS40,
P-S6, etc. antibodies) can be easily assessed in formalin-fixed tumor cores from the
surgical specimen. A gene expression signature indicative to kinase inactivation can
be generated from fixed or frozen tumor material that is not further required for
clinical purposes. Evidence of inhibition of the molecular target of the inhibitor will
validate the therapeutic dose selected by the early drug development (phase I)
process. Lack of inhibition of the target in situ would suggest that the drug is not
reaching its target despite adequate drug levels or another pharmacological limita-
tion. This possibility can then be studied by measuring drug levels in tumor homo-
genates. Addressing these questions would be critically important before engaging in
larger and (potentially) uninformative efficacy trials. Evidence of inhibition of cell
proliferation (Ki67) and/or induction of apoptosis (TUNEL, etc.) can be correlated
with PIK3CA or AKT1 mutations, PTEN deletion, etc. as well as other routine clinical
markers, such as ER, PR, and HER?2 levels in the case of breast cancer, to determine if
the drug has or has not activity against an obvious cancer subtype. In turn, this can
potentially identify cancer subtypes in which the clinical development should be
focused and/or subtypes that can be enriched for in early phase II studies. A flow
diagram of this presurgical approach using Ki67, pathway activation markers, and
FDG-PET for the testing of novel PI3K inhibitors during the preapproval process of
clinical development is shown below in Fig. 1.
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Fig. 1 Diagram of presurgical clinical trial with PI3K pathway inhibitor(s). Each of these three
groups of patients with newly diagnosed operable breast cancer (P/IK3CA mutant, PIK3CA wild-
type/PTEN mutant, and PIK3CA wild-type/PTEN wild-type) will be treated with the PI3K
pathway inhibitor for 2 weeks until the day before surgical resection of the primary tumor. All
patients/tumors will be evaluated with the indicated immunohistochemical markers and FDG-PET
at the start of the study and at the completion of therapy (in tumor sections from the surgical
specimen and the day of surgery, respectively). An estimate of 90 patients, 30 per arm, will be
required to achieve the study endpoints
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6 Rationale for Combination Therapies

The PI3K pathway is highly interconnected with multiple negative feedback
loops and with complex cross-talk with other signaling networks. The redundancy
with the MAPK pathway and with the LKB1/AMPK energy-sensing pathway has
been reviewed in chapters in this book. Much of this network is conserved back to
flies and worms and this cross-talk and negative autoregulation has apparently
evolved to ensure homeostatic control of cell growth in response to mitogenic
factors, and to prevent inappropriate growth under conditions of energy stress.
The mutations that involve the PI3K network in human cancers invariably cir-
cumvent one or more of the negative feedback pathways that provide homeostatic
control to the network (Shaw and Cantley 2006). Nonetheless, interruption of
single nodes within the PI3K network can suppress this negative feedback auto-
regulation and endow tumor cells with compensatory molecular signals that
counteract drug action. Moreover, the prior experience with other molecule-
targeted drugs (Arteaga 2007) strongly suggest that, even in patients who initially
respond to these drugs, single-agent PI3K inhibitors will be insufficient to cure
patients with advanced disease.

The existence of a TORC1-PI3K/Akt negative feedback loop has been well
documented in studies with cells in culture (reviewed in chapter). Recently,
however, two clinical studies elegantly documented that pharmacological inhibi-
tion of TORC1 (with rapamycin or everolimus) led to Akt activation as measured
by tumor levels of Ser473 P-Akt in patients with breast cancer and glioblastoma
(Cloughesy et al. 2008; O’Reilly et al. 2006). These findings have important
therapeutic implications as they imply that the limited efficacy of TORClinhibi-
tors might be due to their intrinsic capacity to abrogate this negative feedback to
Akt. Indeed, in the study by O’Reilly et al., inhibition of TORC1 with everolimus
led to insulin-like growth factor (IGF)-I receptor/IRS-1-dependent activation of
Akt. IGF-IR inhibition with small molecule TKIs prevented RADO0O1-induced
Akt phosphorylation and sensitized tumor cells to the TORCI inhibitor (O’Reilly
et al. 2006). Based, in part, on these data, at this time, clinical trials testing
combinations of mTOR inhibitors with neutralizing IGF-IR monoclonal anti-
bodies are in progress.

In another relevant example, inhibition of TORC1 with rapalogs in primary
breast tumors and in xenografts induced a dose-dependent increase in MAPK
activation which was dependent on an S6K-PI3K-RAS pathway (Carracedo et al.
2008). Supporting the notion that this compensation limits the therapeutic inhibi-
tion of a single pathway, the combined inhibition of mTOR and MEK has shown
synergistic activity against several cancer xenografts (Carracedo et al. 2008;
Kinkade et al. 2008; Legrier et al. 2007). Therefore, although PI3K inhibitors
have not yet been shown to induce upregulation of MEK (or an upstream activator
of MEK), it is not unreasonable to expect they will do so in cells where PI3K
inhibitors downregulate TORCI1 activity downstream. Based in part on these data,
combinations of TORC1/TORC?2 inhibitors with MEK inhibitors and Akt inhibitors
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with MEK inhibitors are under early planning. Furthermore, since activation of
mTOR downregulates PDGF receptor signaling (Zhang et al. 2007), it is likely that
inhibition of mTOR will also lead to PDGFR activation in some cancers. In tumors
where this receptor is overexpressed, this response would limit the action of mTOR
inhibitors and potentially inform the use of novel therapeutic combinations aimed
at blocking such compensatory response.

Two papers have recently shown that inhibition of MEK with a small molecule
inhibitor, although partially effective, leads to feedback upregulation of PI3K/Akt
in human breast cancer cells with a basal-like gene expression signature (Hoeflich
et al. 2009; Mirzoeva et al. 2009). This compensatory response upon therapeutic
inhibition of MEK was enhanced in cells lacking PTEN (Hoeflich et al. 2009).
Further, studies with human cancer cell lines and transgenic tumors that harbor both
PI3K pathway and Ras mutations do not respond to PI3K inhibitors (Engelman
et al. 2008; Thle et al. 2009). One example of therapeutic synergy conferred by the
addition of a PI3K pathway inhibitor to a MEK inhibitor was recently reported by
Engelman et al. Transgenic mice harboring lung cancers driven by mutant K-RAS
did not respond to the MEK inhibitor ARRY-142886 or to the PI3K/mTORC
inhibitor NVP-BEZ235 when given alone. However, the combination was mark-
edly synergistic in inducing tumor shrinkage (Engelman et al. 2008). This com-
bined approach may be applicable to other tumors if we consider recent studies
showing that cancers with mutant p110a often possess mutations or alterations in
other components of the PI3K pathway, such as Ras, HER2 (ErbB2), and PTEN
(Oda et al. 2008; Perez-Tenorio et al. 2007; Stemke-Hale et al. 2008). In any case,
these data suggest that basal-like breast cancers and NSCLC with K-Ras mutations
are tumor types were combinations of PI3K and MEK inhibitors are worthy of
clinical testing.

Aberrant PI3K activity has also been associated with resistance to multiple
drugs, thus suggesting a role for PI3K pathway inhibitors with other established
primary therapies. For example, presence of PIK3CA mutations and loss of PTEN
in HER2-overexpressing cancers correlates with a lower response to the HER2
antibody trastuzumab (Berns et al. 2007; Nagata et al. 2004) and the HER2 TKI
lapatinib (Eichhorn et al. 2008). Overexpression of constitutively active Akt
renders HER2-overexpressing breast cancer cells insensitive to trastuzumab
(Yakes et al. 2002). Treatment with the pl10/TORCI inhibitors NVP-BEZ235
or GDC-0941 has been shown to restore the action of trastuzumab and lapatinib
against HER2-overexpressing cells and xenografts that also harbor PTEN loss or
PIK3CA activating mutations (Eichhorn et al. 2008; Junttila et al. 2009; Serra
et al. 2008). EGFR TKIs are ineffective in high-grade gliomas that lack PTEN
expression (Mellinghoff et al. 2005). Restoration of PTEN expression into PTEN
mutant cancer cells sensitizes them to EGFR inhibitors (Bianco et al. 2003; She
et al. 2003) and downregulation of PTEN using shRNAs dampens the apoptotic
effect of EGFR TKIs against receptor-dependent tumor cells (She et al. 2003;
Wang et al. 2006). Recently, MET gene amplification was shown to engage
HER3 in order to activate PI3K/Akt and induce acquired resistance to gefitinib
in lung cancer cells and primary NSCLC (Bean et al. 2007; Engelman et al.
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2007). These data suggest that inhibitors of the PI3K pathway, currently in
clinical development, can be used to potentially reverse acquired and de novo
drug resistance.

7 Neoadjuvant Clinical Trials

Amplification of PI3K signaling has also been associated with resistance to endo-
crine therapy in breast cancer (Perez-Tenorio and Stal 2002; Tokunaga et al. 2006).
Breast cancer cells with upregulated Akt signaling exhibit resistance to antiestro-
gens which can be abrogated by cotreatment with everolimus and other mTOR
inhibitors (Beeram et al. 2007; Boulay et al. 2005; deGraffenried et al. 2004). Based
on these data, Baselga et al. conducted an exploratory randomized phase II study of
the aromatase inhibitor letrozole vs. letrozole plus everolimus administered over a
4-month period to 270 postmenopausal women with operable ER-positive breast
cancer (Baselga et al. 2009). The primary endpoint was clinical response by
palpation. Mandatory biopsies were obtained at baseline and after 2 weeks (day
15) of treatment. Specimens were assessed for presence of exon 9 (E545K, E542K)
and exon 20 (H1047R) PIK3CA mutations, and for pharmacodynamic changes in
Ki67, P-S6, P-Akt, cyclin D1, and progesterone receptor (PgR) by IHC. Response
rate as assessed by clinical palpation was statistically higher in the everolimus-
containing arm vs. single-agent letrozole. Consistent with target inhibition, a
marked downregulation of P-S6 levels occurred only in the day 15 biopsy in
patients receiving everolimus. A significant reduction in tumor cell proliferation
as measured by Ki67 IHC was observed in 57% or patients in the everolimus arm
vs. 30% of patients in the letrozole alone arm (p < 0.01) (Baselga et al. 2009). The
results of this trial have important implications that could not have been arrived to
in the absence of this elegant design. First, because of the better response rate to the
combination, this result provides a signal that the combination should be explored
further. Second, they suggest that early pharmacodynamic biomarkers (Ki67,
noninvasive imaging) might identify tumors that benefit from the combination vs.
not. Finally, this approach ensures the access to abundant tumor tissue in a large
proportion of patients (since all are operated) where unbiased molecular profiling
aimed at identifying a signature of response or lack thereof can be investigated.
The neoadjuvant trial described above illustrates a clinical platform that can be
utilized in breast and other cancers for testing of feasibility and identifying early
signals for “go-no go” decisions to pursue combinations of PI3K inhibitors with the
current standards of care (i.e., chemotherapy, endocrine therapy, other targeted
agents). Obviously, these would have to be done after safety of the combinations
has been documented in traditional phase I studies. A diagram of such generic
approach in breast cancer is shown in Fig. 2 but can be modified to other tumor
types where neoadjuvant therapy is used. Patients are randomized to the “standard”
therapy with or without the PI3K pathway inhibitor. A “research” biopsy can be
obtained after 2 weeks in order to document effects on tumor cell proliferation/
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Fig. 2 Schema of neoadjuvant clinical trial with PI3K pathway inhibitor. Patients with breast
cancers requiring neoadjuvant therapy prior to breast conserving surgery are randomized to the
“standard” therapy =+ the PI3K pathway inhbitor. Formalin-fixed and flash-frozen core biopsies
are obtained after 2 weeks of therapy in order to document effects on tumor cell proliferation and/
or apoptosis as well as pathway inactivation (i.e., downregulation of P-Akt, P-S6, P-PRAS40, etc.,
by IHC). Incorporation of noninvasive FDG-PET at 2 weeks could identify early metabolic
changes (or lack thereof). Clinical response can be evaluated after approximately 4 months of
therapy by measuring the tumor with calipers, ultrasound, and/or mammography. Absence of
tumor in the surgical specimen would be scored as a path CR. Rate of breast conserving surgery is
another endpoint that can be compared between both arms. No difference in terms of clinical and/
or pathological response in favor of the “standard” therapy plus PI3K inhibitor arm would indicate
the clinical development of the combination is not a priority

apoptosis as well as pathway inactivation. Incorporation of noninvasive FDG-PET
could identify early metabolic changes as a function of PI3K/Akt inhibition (or lack
thereof). Clinical and pathological complete response can be evaluated after
approximately 4 months of therapy. As designed, this approach asks three ques-
tions: (1) is there a difference in the cellular and molecular response between the
two treatment arms during the first 2 weeks? (2) is clinical and/or pathological
complete response statistically better in the arm containing the PI3K pathway
inhibitor, and (3) is there a tissue and/or noninvasive imaging pharmacodynamic
biomarker in the pretherapy, the 2-week, and/or the surgical specimen that corre-
lates with response or lack of response to the combination? A difference in favor of
the combination of the “standard” therapy plus the PI3K inhibitor would support the
further development of the combination.

8 Conclusions

The introduction of antagonists of the PI3K signaling pathway as a therapeutic
anticancer strategy is still at a relatively early stage of development. Early clinical
data, however, suggest that this strategy is clinically feasible and that these drugs, at
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least as single agents, will be well tolerated. Temsirolimus, an inhibitor of one
element of this pathway, TORCI, has already been approved for treatment of high
risk, metastatic renal cell cancer. A significant number of unknowns that apply to
the wide clinical use of these inhibitors still remain. These include pharmacody-
namic tissue and/or imaging biomarkers of drug action against its target(s),
mid-term and long-term toxicities associated with their use, the need or not to
develop isoform-specific p110 and Akt inhibitors, the combined inhibition of
TORCI1 and TORC2 with single agents, novel mechanisms of compensation (i.e.,
feedback) deployed upon therapeutic inhibition of this pathway, the development of
rational combinations that will include PI3K pathways inhibitors, and perhaps more
importantly, the use of an unbiased approach to determine the patients that will
likely benefit from these drugs as well as the better combinatorial therapies to
pursue. With the plethora of PI3K pathway inhibitors in development and the
increased perception of the need to assess the effect of these drugs in tumor tissues
in real time and link such assessment to clinical benefit, it is likely we will have
answers to most of these questions in the next few years.
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Abstract A number of intracellular kinase components of the PI3K/Akt/mTOR
pathway have been targeted over the past few years, leading to a new generation of
anticancer agents that effectively and specifically disrupt this pathway in tumor cells.
Here, progress in the identification and clinical evaluation of compounds designed
to modulate the enzymatic activity of PI3K, Akt, mTOR, and Hsp90 is reviewed.

1 Introduction

Due to their crucial role in signal transduction, the dysregulated metabolism of
phosphoinositides (PI) represents a key step in many disease settings. Multiple
enzymes participate in the phosphorylation and dephosphorylation of the inositol
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head group of PI lipids (Hawkins et al. 2006). Among them, Phosphoinositide
3-Kinases (PI3Ks) have been the focus of extensive research and drug discovery
activities for the last 20 years. To date, eight PI3K catalytic proteins encoded
by eight separate genes have been identified and are classified based on their
primary and secondary structures as originally proposed by Domin and Waterfield
(Vanhaesebroeck et al. 1997; Domin and Waterfield 1997). The members of the
PI3K catalytic protein family have been grouped into three sub-classes. Class I
enzymes are heterodimers of catalytic subunits (Class 1A: p110a, B, & and Class
1B: p110y) with adaptor subunits which regulate activity of the complex and the
conversion of PtdIns (4,5)P, to PtdIns (3,4,5)P;. Class IA enzymes are integral
components of many growth factor pathways, and activation often occurs through
recruitment of the enzymes to cell membranes via phosphotyrosine binding SH2
domains present in the adaptor subunits. P110a and B are widely expressed whilst
the expression of p110d is more restricted to blood cells. P110y is regulated by
G-protein coupled receptors and is expressed in multiple tissues. PI3KC2a, B and y
belong to Class II and their mode of regulation is less clear. Vps34 is the only
member of Class III and it controls vesicular trafficking through the production of
PtdIns (3)P. Class I, II, and III proteins contain highly conserved catalytic domain,
and homology searches have revealed the presence of similar kinase domains in a
sub-group of serine/threonine protein kinases hence referred as Phospho/nositide-
3-Kinase-related Kinases (PIKK) or Class IV PI3Ks, encompassing the growth
control protein mTOR and the DNA damage induced proteins DNA-PK, ATM,
and ATR (Maira et al. 2008b; Thle and Powis 2009).

The first part of this chapter will focus on the identification and development of
PI3K pathway inhibitors in the context of cancer and, to less extent, non-cancer
treatment. Genetic alterations at multiple nodes in the PI3K pathway have been
implicated in oncogenesis and cancer (Zhao and Vogt 2008; Yuan and Cantley
2008). PI3K activation occurs in response to (1) constitutively active mutants or
amplification of growth factor receptor tyrosine kinases, (2) amplification of PI3K,
(3) presence of activating mutations in the PIK3CA gene encoding the p110a
catalytic subunit, (4) overexpression of the downstream effector kinase Akt, (5)
loss or inactivating mutations of PTEN, the phosphatase that breaks down PtdIns
(3,4,5)P3, or (6) constitutive recruitment and activation by mutant forms of the Ras
oncogene. The signaling cascades downstream of PI3K activation are well under-
stood and have facilitated the design of pharmacodynamic biomarkers for assessing
pathway inhibition in animal models and clinical trials (e.g., antibodies recognizing
phosphorylation sites in Akt or ribosomal protein S6). PI3K is essential for many
physiological processes such as insulin signaling and glucose homeostasis. Hence,
some on-target toxicities are expected during clinical development, but they can be
easily monitored.

In addition to PI3K, other intracellular components of the PI3K pathway have
been targeted as anticancer drug discovery activities. The second part of this
chapter summarizes current knowledge of other modulators of the PI3K/Akt/
mTOR pathway in which drug discovery and early clinical activities have been
advanced focusing on inhibitors of mTOR, Akt, and Hsp90. As shown in this
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chapter, intervention at different levels within PI3K/Akt/mTOR pathway is rapidly
emerging as a promising approach for the treatment of cancer although patient
stratification and the selection of the right inhibitor profile will be further refined, as
more preclinical data are generated and clinical trials are initiated.

2 PI3K Inhibitors: Path to the Clinic

2.1 PI3K Inhibitors in Oncology Drug Discovery
and Development

Prototypical PI3K inhibitors such as the natural product wortmannin (Powis et al.
1994) (compound 1, Fig. 1) or the quercetin derivative LY294002 (Vlahos et al.
1994) (compound 2, Fig. 1), are generally considered as pan Class I PI3K inhibitors.
They retain significant activities toward other PI3K super-family members and do
not possess drug like properties suitable for clinical development. Follow-up
medicinal chemistry activities on both molecules, have led to the identification of
PX-866 (compound 3, Fig. 1) and SF-1126 (compound 4, Fig. 1), respectively.

PX-866 is a pan Class I PI3K inhibitor that has the particularity (such as
wortmannin) to bind PI3K in an irreversible manner (Ihle et al. 2004). Pre-clini-
cally, PX-866 has demonstrated in vivo antitumor activity against various tumor
models in mice (Ihle et al. 2004, 2005). PX-866 was shown to induce hyperglyce-
mia in mice, but this effect could be overcome by co-treatment with the PPARY
inhibitor pigliotazone (Ihle et al. 2009a). PX-866 was shown to be more efficacious
against tumor cell lines containing PIK3CA mutations whereas KRAS mutant
tumor cells were essentially insensitive (Thle et al. 2009b). PX-866 was also used
to validate the use of hair follicles as surrogate tissue to assess PI3K inhibition
(Williams et al. 2006). This assay is now used to demonstrate target inhibition in
clinical trials. PX-866 is developed by Oncothyreon, and has entered Phase I
clinical trial in June 2008. Patients with advanced metastatic cancers received
PX-866 orally, for 5 out 7 days per week for 2 weeks (each cycle encompassing
28 days). The starting dose was 0.5 mg, and the actual dose escalation reached a
dose of 4.5 mg. No Dose-Limiting Toxicities (DLTs) were encountered till date,
and the Maximum Tolerated Dose (MTD) was not established yet. However, three
patients had stable disease and were treated (or are still on treatment) for more than
100 days. Target modulation could be demonstrated in PBMCs as reflected by the
reduction of pRPS6 and phospho-mTOR (pmTOR) levels in this surrogate tissue, in
a dose-dependent manner (Jimeno et al. 2009).

SF-1126 is composed of a vasculature-targeting RGDS tag linked to LY294002,
providing solubility and acid stability. The peptidic tag is naturally cleaved at
neutral pH. The full profile of this pan-PI3K inhibitor has been disclosed. The
compound, given either subcutaneously or i.v. produces significant antitumor
activity in tumor xenografts in mice, and could reduce glucose avidity as measured
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Fig. 1 Selected examples of PI3K inhibitors in oncology drug discovery and development

by FDG-PET of MDA-MB468 tumors (Garlich et al. 2008). SF-1126 is developed
by Semafore, and entered Phase I clinical trial in March 2007. It is administered by
i.v. infusion (90 min) on day 1 every 4 weeks. This first dose level was 90 mg/m?2.
Although one DLT was observed in one patient in the third dose cohort (180 mg/
m?2), the compound was well tolerated up to 630 mg/m?2 and the MTD has not been
established yet. Pharmacokinetic measurements of the active hydrolysis product
(LY294002, referred also as SF1101) showed a t;,, of 2 h, and a dose proportional
increase in Cpax (21 pM at 630 mg/m?2). Target modulation in tumor biopsies could
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be demonstrated through pRPS6 levels reduction by immuno-histochemistry
(Chiorean et al. 2009).

The elucidation of PI3Ky X-ray crystal structure alone (Walker et al. 1999) or
complexed to various PI3K inhibitors (Walker et al. 2000; Knight et al. 2006), has
provided the first key elements to better understanding the molecular determinants
for ATP competitive inhibition within the catalytic ATP cleft. More recently, a
similar effort has shed light on the structure of the PI3Ka isoform (Huang et al.
2007, 2008; Miled et al. 2007; Amzel et al. 2008; Williams et al. 2009). The
increasing amount of detailed molecular structures available has allowed the design
of more selective and potent synthetic PI3K inhibitors. Representative examples of
this new generation of structure-based design PI3K modulators are reviewed below.

The clinical candidate GDC-0941 (compound 5, Fig. 1) is a pan-Class I inhibitor
(ICsq for PI3Ka, B, 6 and vy of 3, 33, 3, and 75 nM, respectively) based on PI-103
(compound 6, Fig. 1), which is a prototypic molecule from the pyridofuropyrimi-
dine scaffold (Folkes et al. 2008). Most notably, GDC-0941 is less potent on mTOR
and DNA-PK than PI-103 (30 and 23 nM vs. 580 and 1,230 nM, respectively).
GDC-0941 shows high oral bioavailability in contrast to PI-103 and related mole-
cules PI-540 and PI-620 (structures not shown). GDC-0941 displays strong anti-
tumor activity as a single agent against PTEN null U§7MG or PC3 and breast
cancer HER2 amplified HER2 tumors when given once a day at doses from 75 to
150 mg/kg daily (Folkes et al. 2008; Friedman 2008). Interestingly, the potential of
this compound in combination with other targeted agents has been demonstrated. In
that respect, the combination of GDC-0941 with the HER2 antagonist agent
Trastutzumab was found to produce profound effects in the treatment of HER2
positive breast cancers, in vitro and in vivo (Junttila et al. 2009; Yao et al. 2009).
Engagingly, it was shown that in basal-like breast cancer cell lines (generally,
HER2, ER, and PR negative), which are dependent on the ERK/MEK signaling
pathway, MEK inhibitor treatment increases PI3K pathway activity. Hence, in this
setting, the combination of MEK inhibitors with GDC-0941 results in synergistic
inhibition of cell proliferation (Hoeflich et al. 2009).

GDC-0941 is being developed by Genentech/Roche (Piramed was purchased
by Roche in April 2008) and entered Phase I dose escalation trial in patients with
advanced solid tumors in April 2008. Five cohorts with dose levels of 15, 30,
45 mg (given once a day), 60 and 80 mg (given as a b.i.d regimen), for a period
of 3 weeks followed by 1 week without treatment (composing one cycle) have
been enrolled so far. Grade 3 headache (80 mg b.i.d) and pleural effusion
(60 mg b.i.d) DLTs were observed but the MTD has not been reached so far.
The best response observed to date is stable disease and lymph node shrinkage
associated with normalization of plasma CA-125 levels in a patient with ovarian
cancer (bearing a PIK3CA mutation), treated at dose of 30 mg (Wagner et al.
2009). The PK/PD relationship of GDC-0941 was investigated in a separate
Phase I study (Sarker et al. 2009). The compound is rapidly absorbed (Cax
1-3 h), has moderate to long half life (8.4-28.2 h), and produces dose propor-
tional exposures (352-1,230, 516-3,590, and 1,030-2,370 h*ng/mL for 15, 30,
and 45 mg dose levels, respectively).
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Sanofi-Aventis is currently developing two different molecules, XL-147 and
XL-765, originally identified by Exelixis that differ in their target profile. Although
both molecules are potent pan Class I PI3K inhibitors, they differ in their activity on
Class IV protein kinase mTOR (for PI3Ka, B, 8, ¥y and mTOR, the ICs, are
respectively 39, 383, 36, 32, and >1,500 nM for XL-147; 39, 113, 43, 9, and
157 nM for XL-765). The chemical structures of both compounds have not yet been
disclosed and all available profiling data are from either posters or oral commu-
nications. Both drugs were recently licensed in by Sanofi-Aventis (April 2009).

XL-147 and XL-765 are both currently in dose escalation Phase-I trials in
patients with solid tumors, since June 2007. For XL-147, 48 patients have been
enrolled so far, treated at dose levels from 30 to 900 mg, orally, once a day for 3
weeks followed by 1 week without treatment (composing one cycle). Several DLTs
(including grade 3 rash and arterial thrombosis) have been observed, identifying the
MTD as 600 mg. XL-147 has a very long half life (3.7-6.3 days), and a long lasting
absorption (2-24 h) in man. The steady state levels are achieved after 15-20 days of
treatment, and accumulation is observed (5- to 13-fold). From the efficacy perspec-
tive, 43 patients stayed on trial for more than 12 weeks (three cycles). Interestingly,
this included 13 patients with NSCLC, and one of them (EGFR wt, PI3K wt, no data
on KRAS and LKB1) encountered partial response (PR) by RECIST Criteria. In
parallel, pathway modulation was measured by IHC measurement on hair follicles
of pAEBP1, pRPS6, and pAkt. Moreover, 40-80% and 40-70% decrease in pAkt
and p4EBPI1, respectively, could be measured in a paired tumor biopsy from a
breast cancer patient (Shapiro et al. 2009).

For XL-765, 34 patients have enrolled in a dose-escalation Phase I study. The
compound is given orally, either once or twice a day. The MTD levels were either
120 mg (60 mg b.i.d), or 100 mg (once a day), respectively. The DLTs included
elevated hepatic transaminases, anorexia/hypophosphatemia, rash and nausea/
vomiting. In man, XL-765 is characterized by rapid absorption (T,,.x 1-3 h), long
half life (3—11 h), and steady state levels after repeated dosing is achieved by day 8.
Also, the exposure increased proportionally with the dose levels, and no accumula-
tion was observed. No PR could be evidenced for XL-765 but efficacy could be
demonstrated as stable disease for five patients. As for XL-147, pathway modula-
tion could be monitored in a similar fashion (LoRusso et al. 2009).

NVP-BEZ235 (compound 7, Fig. 1) developed by Novartis Pharma AG is an
imidazoquinoline derivative that has been optimized for potent PI3K (ICsq of 4, 75,
7 and 5 for PI3Ka, B, 6 and v, respectively) and mTOR inhibitory properties (Maira
et al. 2008a; Stauffer et al. 2008). NVP-BEZ235 is orally available and was the first
compound with this dual class I PI3K/mTOR inhibition profile to enter Phase I
clinical trials at the end of 2006 for dose escalation in patients with advanced solid
tumors, particularly enriched for patients with advanced breast cancer. The com-
pound has been extensively profiled in a variety of preclinical models reflecting
different diseases and lineages. Hence, NVP-BEZ235 has been shown to be effica-
cious against melanoma (Marone et al. 2009), multiple myeloma (McMillin et al.
2009; Baumann et al. 2009), prostate cancer (Cao et al. 2009; Dubrovska et al.
2009), and breast cancer (Serra et al. 2008). Moreover, NVP-BEZ235 was shown to
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act synergistically in combination with MEK inhibitors in models of KRAS mutant
lung tumors (Engelman et al. 2008), or with anti-estrogen therapies and anti-EGFR
therapies in breast cancer (Crowder et al. 2009; Eichhorn et al. 2008). The data of
the Phase I trials for this compound has not yet been released. A second inhibitor
from the same company (NVP-BGT226, structure not disclosed) has entered a
Phase I clinical trial for patients with advanced solid tumors, including advanced
breast cancer.

The structure and biological profile of the pyridinylquinoline derivative GSK615
(also known as GSK1059615; compound 8, Fig. 1) have been disclosed recently
(Auger et al. 2008; Bachman 2008; Greshock 2008). GSK615 is a pan-class I (K;
of 0.42, 0.6, 1.7, and 0.47 nM against PI3Ka, B, 6 and y respectively) and mTOR
(the ICsg has not been reported yet) dual inhibitor. In in vivo studies, oral treatment
with GSK615 led to stasis or tumor regression of BT474 or HCC1954 breast cancer
tumors, when given at a dose of 25 mg/kg, b.i.d. GSK615, which is developed by
GlaxoSmithKline, has entered Phase I dose escalation trials in patients with solid
tumors and lymphoma in September 2008. No data have yet been reported from
this trial.

ZSTK474 (compound 9, Fig. 1) is a pan class I PI3K inhibitor (ICs, of 16, 44, 4.6
and 49 nM for PI3Ka, B, 8 and v, respectively) that was discovered by Zenakyu
Kogyo, through a bio-informatic method aiming at identifying compounds with
anti-proliferative activity similar to LY294002, when tested in the NCI60 panel
(Yaguchi et al. 2006; Kong and Yamori 2007). ZSTK474 is not an mTOR inhibitor
and has limited activity against DNA-PK (Kong et al. 2009). Although extensively
profiled in pre-clinical settings, ZSTK474 has not reached clinical development.
The compound is orally available in mice, and showed significant antitumor acti-
vity against various xenograft models, at dose levels ranging from 100 to 400 mg/
kg, given once a day. This compound possesses antitumor angiogenic activities as
reflected by its anti-proliferative activities against HUVEC cells stimulated with
VEGF or bFGF, and ability to reduce expressed HIF1o and VEGF levels. ZSTK474
also potently blocks migratory and microtubule-like formation properties of
HUVEC cells (Kong et al. 2009).

UCB1320437 is an optimized molecule whose structure and complete biochem-
ical profile has not yet been disclosed. UCB1320437 was shown to possess anti-
proliferative activities as a single agent against a range of human tumor lines and
synergizes with Erlotinib, Rapamycin, and MEK inhibitors, most notably resulting
in apoptosis induction (Kavorkian et al. 2008). No information has been reported
about Phase I clinical studies with this PI3K inhibitor. This compound class has
been identified by UCB.

Although the structure of AEZS-126 has not yet been disclosed, the compound is
probably an optimized derivative of the precursor molecule D-106669 (compound
10, Fig. 1). Remarkably, both molecules are pan-class I PI3K and ERK2 inhibitors
(Seipelt et al. 2007, 2009). AEZS-126 was shown to possess strong anti-prolifera-
tive activities in a range of tumor lines (A549, HCT116, U87MG, PC3 and MDA-
MB468), and that is correlated with concomitant diminution of S473P-Akt levels in
cells. This compound possesses good pharmacokinetic properties in mice with oral
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bioavailability of 60%, translating in good antitumor activities achieved at 30 mg/
kg against HCT116 and A549 tumor models (Seipelt et al. 2009). No information
has been released so far regarding entry into Phase I clinical trials. The compound is
being developed by Eterna Zentaris Inc.

2.2 Identification of Isoform Specific PI3K Inhibitors
Jor Oncology

The elucidation of the roles of different class I isoforms in normal nonpathologi-
cal tissues has been studied using genetically manipulated mice. Limited infor-
mation was gained from the constitutive knockout of the pl110a and pl110f8
isoforms as the ablation was found to be embryonic lethal (Bi et al. 1999,
2002). The conditional knock-out of the PIK3CA and PIK3CB gene or even
better, replacement of the endogenous gene by a kinase dead version was recently
published. Not surprisingly, p110a has been found to be critical for regulation of
cell growth, cell signaling though growth factors, and cell transformation (Foukas
et al. 2006; Zhao et al. 2006). The unexpected finding came with the results that
p110P seems to also have a strong involvement in cell growth and metabolism and
that this is in part due to its activation by GPCRs, a feature that was believed to be
the hallmark of p110y (Ciraolo et al. 2008). Indeed, functional redundancies
between these two isoforms were identified (Guillermet-Guibert et al. 2008).
Even more striking is the fact that a PTEN null induced prostate intra-epithelial
neoplasia phenotype could be reverted by loss of p110f expression (Jia et al.
2008). Confirming this, the ablation of p110f in the PTEN null cell line PC3 was
found to reduce its tumorigenicity (Wee et al. 2008). All these data suggest that
isoform specific inhibition might achieve similar efficacy depending on tumor
type, and as a consequence of the higher specificity might present higher thera-
peutic windows than pan-Class I inhibitors (Jia et al. 2009).

Efforts have been undertaken to identify Class I PI3K isoform specific inhibitors
(Knight et al. 2006), including the identification of Liphagal (compound 11, Fig. 2),
a natural product claimed to selectively inhibit PI3Ka (Marion et al. 2006). In
addition, a major breakthrough has been the identification of p110d inhibitors
suitable for clinical development.

Based on the fact that p1100 expression is generally restricted to hematopoietic
lineages, and that p110d expression was increased in hematological malignancies,
there is a good rationale for specific p110d inhibitors for cancer treatment. The
original chemical series described by the former ICOS and Lilly, exemplified by the
IC-87114 example (compound 12, Fig. 2; covered in next section), was further
optimized and led to the identification of CAL-101 (structure not disclosed) (Giese
2008; Lannuttti et al. 2009). This molecule is being developed for treatment of
haemotological malignancies. CAL-101 inhibits PI3K$ with an ICsq of 65 nM, and
achieves 40- to 300-fold selectivity toward the other class I isoforms. The com-
pound has been shown to potently block pAkt phosphorylation in CLL and AML
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cell lines. Moreover, CAL-101, which is developed by Calistoga Pharmaceuticals,
potently blocked the proliferation and induced apoptosis of freshly derived primary
AML, CML, ALL, and MM tumor lines. To date, CAL-101 has been given to a total
of six patients with either relapse CLL or B Cell Non Hodgkin lymphoma at dose
level of 50 and 100 mg. No DLTs have been reported but interestingly out the 12
patients, 6 of them showed a PR. This very promising study is currently ongoing
and enrolling at a dose level of 200 mg (Flinn et al. 2009).

2.3 Development of PI3K Pathway Inhibitors in Non-Cancer
Indications

The prospects for the use of PI3K inhibitors in the treatment of various inflamma-
tory disorders and cardiovascular disease look promising. Although the clinical
development of PI3K inhibitors in these disease settings has lagged behind the
oncology field, there is a vast array of supporting preclinical data for these
diseases (Marone et al. 2008; Ward and Finan 2003). While in cancer, the role
of PI3K dysregulation in the disease is supported by genetic alteration (mutation,
gene amplification, loss of PTEN, or aberrant activation of receptor tyrosine
kinases), the rationale for modulation of PI3K in other disease settings is based
on the pivotal role of PI3K isoform signaling in response to various growth
factors, inflammatory cytokines, chemokines, and adhesion molecules. Many of the
studies supporting these findings have utilized both genetically modified mice and
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pharmacological tools. In the former case, kinase-dead targeted mice which retain
close to endogenous levels of the targeted isoform have proven to be particular
useful as the direct removal of PI3K isoforms can disturb the stoichiometry of
other PI3K complexes (Vanhaesebroeck et al. 2005). In addition, it has been
recently demonstrated that some of the effect of p1107y loss in models of cardiac
function are attributable to a scaffolding function rather than catalytic activity
(Patrucco et al. 2004). A wide array of pharmacological tool agents has been
utilized for validation studies and these molecules have extensively profiled in
PI3K assays in vitro (Knight et al. 2006). In particular, the function of p110d has
been probed with IC87114 (compound 12, Fig. 2) which inhibits p1106 with an
IC5 of 500 nM and p110y, p110a and p110f with ICs0s in excess of 20 uM
(Sadhu et al. 2003). AS-605240 (compound 13, Fig. 2) have been used extensively
to assess the function of p110y. This thiazolidinedione inhibits p110y with an ICsq
of 8 nM and has greater than sevenfold selectivity against p110a, p110p and
pl10d (Camps et al. 2005b). These inhibitors are a vast improvement over
LY294002 and wortannin as pharmacological tools but they would still be
expected to have overlapping inhibition curves for different p110 isoforms.
Coupled with the absence of detailed pharmacokinetic and tissue exposure data
for these inhibitors, the interpretation of in vivo studies using these inhibitors
needs to be treated with some caution.

2.3.1 PI3K Inhibition for the Treatment of Respiratory Diseases

Many respiratory diseases are the outcome of underlying inflammatory conditions
which are manifest in the aberrant recruitment and activation of different leuko-
cyte populations. Chronic obstructive pulmonary disease (COPD) is caused by
tobacco smoke leading to damage to the lung epithelium and recruitment of
neutrophils by chemo-attractants such as IL-8, GROa, and leukotrienes. Neutro-
phil influx is then accompanied by the release of reactive oxygen species and
proteases which cause alveolar destruction and further release of inflammatory
mediators. Asthma is a chronic inflammatory disorder associated with airway
hyperresponsiveness. The underlying inflammation involves multiple cell types
and includes dysregulation of T helper cell function, aberrant mast cell activation,
and recruitment and activation of eosinophils. All of these cell types have been
shown to utilize PI 3-kinase in the control of various cellular functions. In many
cases, there is interplay between p110y and p1109, and it is still unclear whether
the best efficacy and safety profile will be observed with a p110y inhibitor, a
p110d inhibitor, or a dual inhibitor. In mouse models of asthma, intratracheal
administration of the p110d inhibitor, IC87114 has been shown to inhibit OVA-
induced influx of leucocytes and led to a reduction of Th2 cytokines. These
findings are further supported by studies in genetically modified animals which
demonstrate a role for p1105 in mast cell activation (Ali et al. 2004). The role of
p110y in mast cell function has also been demonstrated with genetically modified
mice. Mast cell activation is potentiated by various GPCR ligands such as



From the Bench to the Bed Side: PI3K Pathway Inhibitors in Clinical Development 219

adenosine and these have been shown to utilize p110y (Laffargue et al. 2002).
These studies have not been fully recapitulated with the pharmacological tool AS-
252424 (compound 14; Fig. 2) which inhibits p110y (Ali et al. 2008). A further
confounding observation has been made with p1103 genetically modified mice. In
these studies p1105 inactivation was shown to enhance IgE production (Zhang
et al. 2008). Clearly this adds an extra layer of complexity that needs to be
considered before progressing PI3K inhibitors for the treatment of allergic dis-
eases such as asthma. Although there are plenty of data supporting the develop-
ment of pl10y and p110d inhibitors, there has been limited transition into the
clinic. By the inhaled route, such molecules would have to demonstrate superior
efficacy to other anti-inflammatories delivered locally such as inhaled steroids.
By the oral route, the inhibitors would have to be well tolerated for chronic
treatment and insights into the safety profile associated with the inhibition of
these enzymes, is likely to be gained indirectly through the development of pan-
PI3K inhibitors for cancer. CAL-263 (structure not disclosed) is an oral, p1103
inhibitor which is reported to have favorable pharmacokinetics and safety profile
in Phase I trials. CAL-263 (structure not disclosed), when dosed as a racemic
mixture is reported to demonstrate efficacy in ovalbumin-induced allergic inflam-
mation in rodents and allergic rhinitis models in ragweed sensitized dogs
although this data is unpublished (Calistoga Pharmaceuticals Website).

2.3.2 PI3K Inhibition for the Treatment of Arthritis and Systemic
Lupus Erythematosus

Rheumatoid arthritis (RA) and systemic lupus erythmatosus (SLE) are chronic
autoimmune inflammatory diseases caused by an inappropriate balance of B and
T cell function (Marone et al. 2008). In RA, this leads to inflammatory synovitis
that often progresses to destruction of the articular cartilage and ankylosis of the
joints caused in part by an accumulation of neutrophils, macrophages, and fibro-
blasts in the synovium. In mouse models of RA, deletion of p110y leads to a
reduction in paw swelling, leukocyte infiltration, and joint erosion (Camps et al.
2005a). This reduction in RA pathology is also observed with AS-605240 when
dosed therapeutically. No clinical development of pl110y inhibitors for RA is
reported although unpublished data has supported the development of the p110d
inhibitor CAL-263 (Calistoga Pharmaceuticals Website).

SLE mostly affects women of African or Asian descent and is caused by B cell
expansion, hyper-gamma-globulinemia, and production of antibodies to DNA.
Mouse models of this disease use the MRL-Ipr mice which are highly prone to
the development of SLE. When dosed at 30mg/kg i.p., AS-605240 increased
the number of mice which were alive at 5 months in comparison to animals
treated with vehicle alone (Barber et al. 2005). The treated mice had lower
numbers of CD4+ T cells, reduced levels of auto-antibodies, and reduced kidney
malfunction.



220 S.-M. Maira et al.
2.3.3 PI3K Inhibition for the Treatment of Atherosclerosis

Atherosclerosis is a chronic inflammatory disease caused in a large part by the
accumulation of macrophages and the deposition of oxidized low-density lipopro-
teins in arterial blood vessels. In macrophages derived from p110y knockout mice,
oxidized LDL no longer activates the PI3K signaling pathway. Furthermore, when
these mice are crossed with mice lacking the apolipoprotein E gene, a reduction in
the severity of atherosclerosis was observed (Fougerat et al. 2008). No clinical
development of PI3K inhibitors for this disease has been reported.

3 mTOR Inhibitors: Allosteric and ATP Competitive Inhibitors

Amongst other downstream effectors, the PI3K/Akt pathway has been shown to
exert tumorigenic potential by activating the mMTORC1 complex (composed of
mTOR and raptor). The best example to illustrate this is the fact that a rapamycin
derivative, which is an allosteric mTORCI inhibitor, is able to suppress Akt
induced PIN lesions in mice (Majumder et al. 2004). Recent studies have identified
the other mTOR containing complex, mMTORC2 (composed of mTOR and rictor) as
one of the direct Akt upstream activator (Sarbassov et al. 2005). Rapamycin
(sirolimus, Wyeth; compound 15, Fig. 3), a macrolide isolated from Streptomyces
hygroscopicus is an allosteric inhibitor of the mTORCI activity displaying antifun-
gal and immunosuppressive effects. The unfavorable physicochemical properties of
rapamycin have triggered the development of rapamycin derivatives suitable for
clinical development, such as Everolimus (RADOO1, Novartis Pharma AG; com-
pound 16, Fig. 3) Temsirolimus (CCI-779, Wyeth; compound 17, Fig. 3), and
Deforolimus (AP23573, Merck/Ariad; compound 18, Fig. 3). The identification
and clinical development of these compounds have been extensively reviewed in
numerous publications (Abraham and Eng 2008) and is not covered herein. Recent
evidence has shown that ATP-competitive catalytic inhibition produces a more
profound anti-proliferative effect than rapamycin analogs. In addition to inhibition
of the mTORC2 complex, this increased efficacy is thought to be due to a more
complete inhibition of mMTORC1 and to the blockade of a rapamycin insensitive
pool of mTORCI1 pool (Feldman et al. 2009). These findings have catalyzed an
interest in developing mTOR active-site inhibitors.

KU-0063794 is a pyridopyrimidine derivative (compound 19, Fig. 4) lacking
PI3K inhibition (ICsq of 8,867, >30,000, 5,251, and >30,000 nM for PI3Ka, B, 8,
and v, respectively) but inhibiting the mTOR kinase with an ICs, of 2.5 nM. As
expected for an mTOR inhibitor, KU-0063794 is able to reduce S473P-Akt
(mTORC?2 inhibition, ICsq of 100 and 43 nM in U87MG and MCF7, respectively)
and pRPS6 (mTORCT1 inhibition, ICsy of 150 and 230 nM in U87MG and MCF7)
levels in cells. When administered at dose levels above 50 mg/kg to mice tumor
bearing animals, the compound resulted in stable disease in MCF7 and U87MG
models (Davies et al. 2008).
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AZDB8055 is an mTOR catalytic that is currently being developed by Astra
Zeneca. The compound entered Phase I trials in patients with solid tumors, in
July 2008. The structure has not yet been disclosed but it is likely that this molecule
belongs to the same chemical series as KU-0063794. The profile of this molecule is
very similar to KU-0063794 (ICsq of 3,590, 18,900, 3,200, and >14,780 nM for
PI3Ka, B, 6, and v, respectively, and 0.8 nM for mTOR). Differences are seen
in vivo, as efficacy (tumor regression) is achieved for dose levels of 10 mg given
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b.i.d or 20 mg once a day, orally given to U§7MG tumor bearing animals (Chresta
et al. 2009).

WYE-354 (compound 20. Fig. 4) is an optimized pyrazolopyrimidine (Zask
et al. 2009a), originating from a high-throughput screen performed by Wyeth, and
is highly selective for mTOR (ICsq of 5 nM) over Class I PI3K (>100- to 500-fold
versus pl110a and p110y, respectively). Similar to KU-063794, WYE-354 potently
shuts off mMTORC1 and mTORC?2 signaling in cells, resulting in profound protein
translation and subsequent cell cycle arrest in G1. These effects were superior to
those observed with mTORCI allosteric inhibitors such as rapamycin, in agreement
with other reports (Feldman et al. 2009; Thoreen et al. 2009). Long term exposure
to the compound also induced cell death in some of the cell lines tested such as the
HER?2 positive breast cancer line MDA-MB361 cells. Finally, when given by the
i.p. route, b.i.d, to PC3 tumor bearing animals, WYE-354 caused tumor stasis at a
dose of 50 mg/kg (Yu et al. 2009). WYE-132 (structure not disclosed) is the clinical
development candidate probably from the same chemical class, and with a similar
profile to WYE-354 (subnanomolar activity against mTOR, 6,000 selectivity over
the class I PI3K’s). WYE-132 was shown to shrink MB-361 tumors in mice at a
dose of 20 mg/kg, given orally, once a day, showing its superiority with regard to
biopharmaceutical and pharmacokinetic properties compared to WYE-354 (Zask
et al. 2009b).

The structure of OXA-01 has not been disclosed, but the generic scaffold is a
pyrrolo[2,3-d]-pyrimidine, reminiscent of the one used for the identification of the
IGFI1-R inhibitor OSI-906. The compound is a potent inhibitor of mTOR (ICs:
29 nM), and very selective over p110B and the class IV DNAPK (ICs, > 30,000
and 3,200 nM, respectively). The compound inhibits mTORC1 and mTORC2
effectors in cells but the activity is modest with respect to downstream markers
of pathway activity (ICsp of 1.1, 1.7 and 1.7 uM against pAEBP1, pRPS6, and pAkt,
respectively). Not surprisingly, OXA-01 displays modest anti-proliferative acti-
vities (ICsps ranging from 0.5 to 4.5 puM). In in vivo studies, OXA-01 achieved
a T/C of 40% when administered to BT474 tumor bearing mice, at a dose of
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100 mg/kg once a day, and regression is observed at a dose of 75 mg/kg, twice a day
(Bhagwat et al. 2008). It is not clear if this compound has yet reached Phase I
clinical trials, and if the compound claimed to be in development OSI-027 is
actually OXA-01. These compounds are being developed by OSI Pharmaceuticals.

Exelixis is currently working on the selection of mTOR catalytic inhibitors for
further clinical development. No information is available yet either in terms of
chemical series and structure. Preclinical profile has been presented for a selection
of four molecules (Miller 2008) but no information regarding potential Phase I trials
with these molecules have been presented up to now.

4 Akt Kinase Inhibitors and Perifosine

After the discovery of Akt, non-selective Akt inhibitors based on staurosporine
(compound 21, Fig. 5; ICsy = 48 to 11 nM for Akt-1) and derivatives thereof were
extensively used as tool compounds to elucidate the role of this kinase in the
biology of human cancers (Li and Zhu 2002; Kumar and Madison 2001). As for
other serine/threonine kinases, the identification of potent and selective Akt kinase
inhibitors has proven particularly difficult and only recently the first compounds
with some level of selectivity for Akt have entered clinical trials. As shown in this
section, the acute hyperglycemia observed in animal models has raised concerns
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that the therapeutic application of Akt inhibitors will be limited by mechanism-
based metabolic toxicities.

A-443654 (compound 22, Fig. 5) is a potent Akt modulator (Ki = 160 pM for
Aktl) that shows some level of selectivity against other members of the AGC
family: PKA, 40-fold; PKCy, 150-fold; PKC$, 200-fold, and PDK1, >120,000-fold
(Luo et al. 2005). As determined by X-ray crystallography, the reported differences
in potency of A-443654 for Akt compared to PKA seem to arise as a result of one of
the three key residue differences between the ATP-binding clefts: namely the
presence of methione-282 in place of leucine at the base of the Akt cleft (Davies
et al. 2007). The change in the bulkiness of the side-chain allows the inhibitor to
adopt a folded, energetically favorable conformation where it can form increased
lipophilic contacts with the enzyme.

The compound decreases the phosphorylation of Akt downstream targets in cells
(e.g., GSK3a/p FOXO3, TSC2, and mTOR) and in vivo in a dose-dependent
manner. Interestingly, these biological effects appear to induce significant Akt
Ser-473 phosphorylation in human cancer cell lines, including PTEN- and TSC2-
deficient cell lines (Han et al. 2007). Studies performed with catalytically inactive
mutants of Akt showed that binding of a low molecular mass compound to the ATP-
binding cleft is sufficient to cause the observed phosphorylation of the regulatory
amino acids. Additional experiments to determine the mechanism(s) involved in
this experimental observation and the biological consequences of this occurrence
show that Akt ATP-competitive inhibitors impart regulatory phosphorylation of
their target kinase (Okuzumi et al. 2009). Although not fully proven this can be due
to a change in the conformation of the protein that makes it (1) more susceptible to
kinase phosphorylation and/or (2) less prone to dephosphorylation by phosphatases.
The impact of this finding on the development of Akt-modulators is unclear at this
point in time.

In preclinical in vivo efficacy experiments, the compound showed significant
anti-tumor activity as a single agent and in combination regimens in a number of
human tumor xenografts, but the dosing period was limited due to malaise and
weight loss (Shi et al. 2005). Recently, compounds with improved potency, selec-
tivity, and cardiovascular safety as compared with A-443654 and derivatives
thereof have been reported by Abbott (Zhu et al. 2007), but none of these inda-
zole-pyridine based compounds have entered clinical trials yet.

GSK690693 (compound 23, Fig. 5) is an ATP-competitive, pan-AKT kinase
inhibitor (ICs¢ = 2, 13 and 9 nM for Akt-1, -2 and -3, respectively) that recently
entered Phase I clinical trials (Rhodes et al. 2008). This aminofurazan derivative is
also active (ICsy < 80 nM) against members of the AGC, CAMK, and group II
PAK kinase families that can contribute to its reported pre-clinical anti-tumor
activity. Thus, the compound suppresses the proliferation of multiple human
tumor cell lines, including breast carcinoma BT-474 and SK-BR-3, and prostate
cancer LNCaP (ICsy = 0.021-0.298 uM). A single intraperitoneal dose treatment of
SCID mice bearing BT474 tumors with GSK690693 (20 mg/kg) resulted in acute
hyperglycemia with blood glucose levels returning to baseline as the circulating
drug concentration decreases. A rapid elevation of plasma insulin levels was also



From the Bench to the Bed Side: PI3K Pathway Inhibitors in Clinical Development 225

observed, reaching an 880-fold increase in relation to the baseline level at 4 h post-
dosing. Preclinical studies in mice to determine the mechanism of GSK690693
induced hyperglycemia have shown that this adverse effect is related to peripheral
insulin resistance, increased gluconeogenesis, and/or glycogenesis. Specific dietary
modifications (e.g., a low carbohydrate diet) or pre-dose fasting could reduce the
magnitude of the increase in glucose and insulin. In spite of these observations, the
compound was well tolerated in in vivo efficacy experiments with i.p. administra-
tion once daily and showed significant anti-tumor activity in human cancer xeno-
grafts (e.g., SKOV-3, LNCap, BT474 and HCC-1954).

A first in human, Phase I study to investigate the safety, tolerability, PK, and
pharmacodynamics of GSK690693 given weekly or twice weekly (25, 50, 75 and
115 mg) as an i.v. infusion over 1-4 h is ongoing. Assessment of Akt inhibition in
peripheral blood mononuclear cells and glucose levels in plasma indicated target
modulation with doses of 50 mg and higher. In concordance with the pre-clinical
AE findings, drug-related increases in blood glucose levels above 250 mg/dL have
already been reported at the 50 and 75 mg doses (LoRusso et al. 2008). The
compound is being developed by GlaxoSmithKline.

Other pockets besides the ATP-binding cleft have been exploited for the identi-
fication and development of selective Akt kinase modulators. It is notable that
allosteric inhibitors of Akt containing the 2,3-diphenylquinoxaline or 5,6-diphenyl-
pyrazin-2(1H)-one scaffolds have been described (Barnett et al. 2005; Zhao et al.
2005; Lindsley et al. 2005). The original hits were identified by screening around
270,000 compounds using a homogenous time-resolved fluorescence kinase assay.
The Akt inhibitors exhibited a linear mixed-type inhibition against ATP and peptide
substrate, showed isozyme selectivity, and were only active against the full length
protein (e.g., compound 24, Fig. 5; ICs 2.7 uM for Aktl versus IC5q > 250 pM for
APH-Aktl). Although the mechanism of inhibition by these allosteric kinase
inhibitors has not been fully elucidated and there is no structural data yet, it
seems that these molecules may bind outside the ATP-binding pocket, interacting
with the PH domain and/or hinge region likely promoting the formation of an
inactive kinase conformation.

Several follow-up papers have illustrated medicinal chemistry efforts directed to
improving the potency and drug-like properties of this compound class (Zhao et al.
2008; Hartnett et al. 2008). This optimization work resulted in the identification of
MK-2206 (compound 25, Fig. 5), which has recently entered Phase I clinical trials.
This compound, which is developed by Merck & Co, inhibits the kinase activity of
Akt isozymes 1, 2, and 3 with ICs values of 5, 12, and 65 nM, respectively. As for
the previous precursors, MK-2206 is dependent on the Pleckstrin homology domain
for activity, and was highly selective for Akt, with no inhibitory activity observed
against a panel of 250 protein kinases when profiled at 1 M. When tested against a
panel of human cancer cell lines, additive or synergistic interactions were found
with MK-2206 and cytotoxic agents with different mechanisms of action (e.g.,
doxorubicin, camptothecin, gemcitabine, 5-FU, docetaxel, and carboplatin) and
targeted anticancer agents (e.g., erlotinib or lapatinib). Oral administration at
240 mg/kg was associated with significant inhibition of Akt in A2780 ovarian
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s.c. xenografts in mice. The same oral dose when administered three times a week
inhibited tumor growth by 60%.

Single doses of MK-2206 in the range of 0.25-100 mg were generally well
tolerated in healthy volunteers enrolled in a randomized, double-blind, placebo-
controlled study. The most common adverse events were headache, common cold,
and diarrhea, but no serious clinical adverse events were reported. Pharmacokinetic
evaluation yielded a Ty,,x of 68 h, median half-life of 55-78 h, and dose-propor-
tional exposure for doses between 2 and 100 mg. Single doses of 40, 80, and 100 mg
inhibited Akt in whole blood, with maximum inhibition obtained at 6 h post-dose
for the 80 and 100 mg doses. Akt inhibition lasted as long as 24 h. The compound
has also been tested in a safety and tolerability Phase-I clinical trial in cancer
patients. In this study, the compound was administered q.o.d in 28-days cycles at
30, 60, 75, and 90 mg. Dose escalation is complete and the 60 mg q.0.d has been
identified as the MTD since CTCAE G3/4 skin rash and CTCAE G3 mucositis were
reported at higher doses. The PK parameters are similar to the ones identified in the
healthy volunteer study and evidence of target modulation was observed in whole
blood and included reversible CTCAE G1/2 hyperglycemia and CTCAE G1 insulin
c-peptide elevation. The compound is currently undergoing Phase I studies to
compare safety and tolerability at two different doses in combination with chemo-
therapy and targeted therapy agents (e.g., carboplatin + paclitaxel, docetaxel, or
erlotinib) in patients with locally advanced or metastatic solid tumors.

It is important to note that these allosteric inhibitors are slightly less potent than
the classical ATP-competitive inhibitors in blocking the kinase activity of a
recently reported Aktl mutant found in breast cancer samples. The mutated protein
contains a lysine amino acid instead of glutamic acid at position 17 in the lipid-
binding pocket of Aktl (Carpten et al. 2007). This single amino acid mutation leads
to constitutive association of Aktl with the plasma membrane, constitutive activa-
tion of the pathway, and induces leukemia in mice. In spite of relatively low
frequency, the sensitivity of this mutant to the currently reported Akt modulators,
including the allosteric inhibitors reported in the preceding paragraphs, may serve
as a clinically relevant predictive marker for directing Akt drug development.

In addition to directly targeting the kinase activity of Akt, alternative therapeutic
modes have been pursued to control the enzymatic activity of this protein. Thus,
phospholipid containing molecules have also been used to modulate membrane
function and signaling targets that use naturally occurring lipid moieties as sub-
strates or co-factors. Perifosine (KRX-0401/NSC 639966/D-21266 compound 26,
Fig. 5), which is an alkylphosphocholine structurally related to miltefosine, appears
to block the activation and phosphorylation of Akt in cellular settings (Kondapaka
et al. 2003; Ruiter et al. 2003). Although the mechanism of action of perifosine,
which is currently developed by Keryx Biopharmceuticals, is not fully understood,
one hypothesis is that, following insertion into the intracellular membrane, perifo-
sine interferes with Akt membrane localization by inhibiting the association of
its PH domain with PtdIns(3,4,5)P5. In keeping with this notion, perifosine blocks
Akt plasma membrane localization as assessed by immuno-fluorescence imaging
(Kondapaka et al. 2003).
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Perifosine has marked cytotoxic effects on human tumor cell lines when used
alone or in combination with targeted anticancer agents (Dasmahapatra et al. 2004;
Li et al. 2006; Huston et al. 2008). Moreover, immuno-modulation may partly
contribute to the anticancer activity of this compound (Safa et al. 1998). Despite
these data, the specific anti-tumor mechanisms of perifosine and its relationship to
Akt inhibition remain unclear.

An extensive Phase II clinical program is currently under way with perifosine,
including trials in breast, head and neck, kidney, lung, prostate, renal cell carci-
noma, glioma, leukemia, sarcoma, and multiple myeloma. Nausea, vomiting, and
diarrhea (grade 1-3) have been described as the most common side effects.
Although encouraging evidence of anti-tumor activity was reported in Phase I
clinical trials, no major clinical breakthrough has been reported yet.

S ATPase Inhibitors of Hsp90

As an alternative to targeting the enzymatic function of components of the PI3K
pathway directly, inhibitors of heat-shock protein 90 (Hsp90) have been pursued to
block the abnormal activation of the PI3K pathway in cancer cells. Heat-shock
proteins are ATP-dependent molecular chaperones involved in the conformational
maturation, stability, and function of a selected range of substrates, the so-called
“client proteins” (Whitesell and Lindquist 2005). The Hsp90 family of chaperones
is composed of four isoforms: Hsp90a, Hsp90pB, GRP94, and TRAP-1. The 90KDa
chaperone binds to “client proteins” in the presence of other partner proteins to
produce a multi-protein complex that folds the target substrate into its biologically
active conformation(s). Binding and release of Hsp90 “client proteins” is regulated
by the activity of the N-terminal ATPase domain and is driven by the hydrolysis of
ATP to ADP and by ATP/ADP exchange.

Many of the proteins that interact with Hsp90 are key players in signal transduc-
tion pathways that are essential to mediate and sustain tumor cell growth and
survival. For example, a functional Hsp90 multi-chaperone complex is required
for the correct folding and stability of Akt and PDK1 (Basso et al. 2002; Fujita et al.
2002; Solit et al. 2003), which are key components of the PI3K pathway. Loss
of chaperone function causes client proteins to be degraded by the ubiquitin-
proteasome pathways. Given the prevalence of a high-affinity form of Hsp90 in
tumor cells and the oncogenic addiction of cancer cells to certain client proteins
of hsp90, inhibition of Hsp90 has emerged as a possible strategy for the treatment of
human tumors. This section is focused on the identification and clinical develop-
ment of several structurally diverse inhibitors that target the N-terminal ATP
binding cleft of Hsp90 (for a recent review on this topic, see Bishop et al. 2007).

As for other therapeutic targets covered in this chapter, the initial discovery of
the potential use of Hsp90 inhibitors as novel anticancer agents was based on two
natural products, geldanamycin (compound 27, Fig. 6) and radicicol (also called
monorden, compound 28, Fig. 6). The successful preclinical target validation
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Fig. 6 Selected examples of Hsp90 inhibitors

achieved with these tool compounds has catalyzed the identification of derivatives
with improved pharmaceutical properties and better toxicological profile. In the
case of geldanamycin, extensive medicinal chemistry efforts have been made to
replace the 17-methoxy substituent and one of these derivatives, 17-allyamino-17-
demethoxygeldanamycin (17-AAG, compound 29, Fig. 6) (Jia et al. 2003) has been
the first Hsp90 modulator to enter Phase I clinical trials — (Phase I studies are
reviewed in Egorin et al. 2002). In spite of its relative low affinity to Hsp90 (Chiosis
et al. 2003), a considerable amount of understanding has been obtained from the
clinical experience of this compound using several intravenous formulations. Thus,
KOS953 (tanespimycin; Kosan Biosciences), which contains a proprietary form of
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17-AAG in a novel, optimized formulation, has achieved clinical proof-of-concept
with trastuzumab. This combination was well tolerated and tumor regressions were
observed exclusively in patients with human epidermal growth factor receptor
2 (erbB2)-positive metastatic breast cancer whose disease progressed following
treatment with trastuzumab (clinical benefit rate was 57%) (Modi et al. 2007).
Phase III monotherapy and combination trials with bortezomib are currently under-
going in relapse and refractory multiple myeloma cancer patients. 17-AAG has also
been formulated in an oil-in-water nanoemulsion (CNF1010; Conforma Therapeu-
tics), but this alternative delivery system is not currently pursued.

Additional geldanamycin analogs with increased potency, chemical/metabolic
stability, and formulation options have been reported. Included among these
are, 17-(2-dimethylaminoethyl)-amino-17-demethoxygeldanamycin (17-DMAG,
KOS1022/Kosan Biosciences; alvespimycin; compound 30, Fig. 6) (Tian et al.
2004) and IPI-504 (compound 31, Fig. 6) each having entered clinical trials. The
clinical development of this last compound is still ongoing, while the progression of
alvespimycin was halted in March 2008 due to its unfavorable overall toxicity
profile.

IPI-504, which is a hydroquinone hydrochloride derivative of 17-AAG, inter-
converts with 17-AAG in vitro and in vivo via an oxidation/reduction equilibrium
(Ge et al. 2008). It shows a comparable binding affinity to Hsp90 (ECs5o = 63 nM)
and Grp94 (ECso = 119 nM), and potently inhibits the growth of tumor cell lines
that overexpress Hsp90 client protein Her2 (e.g., SKBR3, Glso = 22 nM and
SKOV3, GlIsg = 52 nM). It is preferentially retained in tumor tissues relative to
plasma, which seems to be a general feature of all Hsp90 modulators. The com-
pound is efficacious alone (e.g., 100 mg/kg 2xw) and in combination with the 20S
proteasome inhibitor bortezomib when administered i.v. to mice bearing the RPMI-
8226 multiple myeloma model (Sydor et al. 2006). On the basis of its significant
improvement in water solubility (>250 mg/ml vs. 50 pg/ml) and pharmacological
properties in relation to 17-AAG, IPI-504 entered Phase I clinical trials in 2005, and
its i.v. formulation is currently in advanced clinical trials. Clinical activity (as
defined by PET response) has been reported for IPI504 in advanced non-small
cell lung cancer tumors and in Gastro-intestinal stromal tumors (GIST). Orphan
drug designation was assigned to the compound by the FDA for the treatment of
GIST, but, in spite of early signs of therapeutic activity (as defined by PET
response), the development of IPI-504 was discontinued for this indication due to
a higher than anticipated mortality rate in the Phase III trial that was initiated in
August 2008. Phase II trial to evaluate IPI-504 with trastuzumab in patients with
pretreated, locally advanced, or metastatic erbB positive breast cancer is ongoing.
This compound is being developed by Infinity Pharmaceuticals.

Despite the clinical activity and improvements in pharmacological properties,
several drawbacks of the current geldanamycin derivatives, including instability in
solution, drug resistance, hepatoxicity, and variable pharmacokinetics, may limit
their optimal clinical development. To address the preceding limitations, novel
Hsp90 inhibitor chemotypes based on structure-based design and high-throughput
screening approaches have been identified (Bishop et al. 2007; Janin 2005).
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Representative examples of low-molecular mass Hsp90 modulators that have
entered clinical trials are described in the following paragraphs.

BIIBO021 (originally called CNF2024; compound 32, Fig. 6) is a synthetic orally-
available Hsp90 modulator (ICs, = 30 nM) that entered clinical trials in October
2005 (Lundgren et al. 2007, 2009). BIIB021 promotes the degradation of the Hsp90
client protein HER-2 with an ECsq of 38 nM in MCF-7 cells and inhibits tumor
growth at tolerated doses (e.g., 125 mg/kg p.o., qdx5) in human tumor xenograft
models expressing high levels of HER2 (e.g., N87 and BT474 — 87% and 94%
tumor growth inhibition; respectively). CNF2024 is in Phase II clinical trials for the
treatment of GIST, Phase I trials in advanced solid tumors and B-cell chronic
lymphocytic leukemia, and in Phase Ib/Il in combination with trastuzumab in
patients with advanced breast cancer. Preliminary results indicate generally good
tolerance and evidence of biological activity. The compound is being developed by
Biogen Idec.

The SNX-2112 scaffold was identified using a protein affinity-displacement
assay. A compound library was tested and molecules that displaced Hsp90 family
members from the purine-based affinity resin were then identified by mass spec-
trometry. SNX-2112 (compound 33, Fig. 6) binds to Hsp90a and B with low
nanomolar affinity (ICso = 30 nM), with moderate selectivity over the other
hsp90 family members (ICsy = 862 and 4,275 nM for Trap-1 and Grp94, respec-
tively) (Chandarlapaty et al. 2008; Okawa et al. 2009). As in the case of geldana-
mycin and derivatives thereof, SNX-2112 significantly inhibits the proliferation of
tumor cell lines by inducing the degradation of relevant client proteins. SNX-5422
(compound 34, Fig. 6), which is a water soluble prodrug of SNX-2112, can be
administered orally to tumor bearing mice and is rapidly converted to SNX-2112
where it preferentially accumulates in tumor tissues. Anti-tumor activity as a single
agent (50 mg/kg, p.o., qdx5) was reported in BT474 and H1650 xenografts (partial
regression and 40% inhibition of tumor growth, respectively). SNX-5422 has
entered Phase I clinical trials, but no additional information is available for this
compound. The compound was originally discovered by Serenex and is being
developed by Pfizer.

NVP-AUY922 (compound 35, Fig. 6) is one of the most potent synthetic small-
molecular mass hsp90 inhibitor yet described (Ki = 9.0 and 8.2 nM for Hsp90a and
B, respectively (Brough et al. 2008; Eccles et al. 2008; Stiimer et al. 2008). This
isoxazole derivative resulted from the structure-based elaboration of a hit — 4,
S-diarylpyrazole scaffold — identified by a medium high-throughput screening
campaign. NVP-AUY922 inhibits the proliferation of a wide range of human
tumor cell lines with an average Glsq value of 9 nM, and induces marked accumu-
lation in either G, or G; plus G,-M phases in most cell lines (Eccles et al. 2008).
Daily dosing of NVP-AUY922 (50 mg/kg i.p. or i.v.) to mice bearing human tumor
xenografts with diverse oncogenic profiles produced statistically significant growth
inhibition and/or regression, and significant target inhibition evidenced by deple-
tion of client proteins and induction of hsp72. Significant antitumor activity was
also observed when the compound was administered on a weekly i.v. schedule
(Jensen et al. 2008). NVP-AUY922 is currently in Phase I/II studies in patients with
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a range of cancer indications. The compound is administered i.v. on a once a week
schedule. FDG-PET scans have demonstrated partial metabolic responses at well
tolerated doses. The compound was originally identified by Vernalis and is cur-
rently being developed by Novartis Pharma AG.

STA-9090 (structure not disclosed, Synta Pharmaceuticals) is a novel Hsp90
inhibitor based on the triazolone scaffold. As the other compounds covered in this
section, it induces the proteasome degration of multiple Hsp90 client protein and
significantly inhibits the in vitro and in vivo growth of tumor cell lines (Lin et al.
2008). The compound is undergoing Phase I clinical trials.

Other compound that are currently undergoing Phase I clinical trials are
KW2578 (Kyowa Hakko), AT13387 (Astex Therapeutics), and HSP990 (Novartis
Pharma AG); structures not disclosed.

6 Outlook

The development of modulators of the PI3k/Akt/mTOR pathway either as single
agents or in combination with inhibitors of other oncogenic pathways is progressing
rapidly. Based on known roles of the components of this pathway in diverse
biological functions including glucose homeostasis, cellular proliferation, and
immune cell function, there are obvious safety signals that will need to be moni-
tored in the clinic. In the case of PI3K, the first inhibitors to enter the clinic inhibit
multiple isoforms although they have exquisite selectivity over protein kinases and,
to less extent, over lipid kinases. This broad spectrum activity will guide our
understanding of the liabilities associated with the inhibition of PI3K isoforms
and may facilitate the development of inhibitors for non-cancer indications such as
chronic inflammatory conditions. In addition to PI3K, other intracellular compo-
nents of this pathway have been successfully targeted leading to current panoply of
clinical trials of inhibitors of Akt and mTOR in man, including Hsp90, which is an
indirect way to block the preceding targets. The clinical efficacy and tolerability of
this new generation of anticancer agents are eagerly awaited.
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Abstract mTOR (mammalian Target of Rapamycin) is the hub of the phosphoi-
nositide 3-Kinase (PI3-K)—Akt—mTOR pathway, which is one of the most com-
monly mutated pathways in cancer. PI3-Ks and mTOR are related kinases which
share an evolutionarily related kinase domain, although the former is a lipid kinase
and the latter is a protein kinase. As a result of their similar ATP sites, the
prototypical PI3-K inhibitors LY294002 and wortmannin inhibit both kinases,
although the compounds have been primarily thought of as inhibitors of PI3-Ks.
The widespread use of these reagents to understand PI3-K signaling and the
likelihood that many of their effects are confounded by dual inhibition of PI3-K
and mTOR make it essential to develop selective mTOR inhibitors in part to
understand the unique cellular effects of inhibition of this key downstream
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component in the growth factor pathway. Rapamycin has historically provided a
means for selective mTOR inhibition, yet it is not a typical ATP competitive
inhibitor, making its effects difficult to reconcile with LY294002 and wortmannin.
Several groups have recently reported pharmacological agents which inhibit mMTOR
but not PI3-K, providing a new pharmacological approach to selective mTOR
inhibition. The TOR kinase domain inhibitors of mTOR have been termed TORKi-
nibs to distinguish their mode of action from rapamycin and its analogs (rapalogs).
These inhibitors bind to the ATP binding site of the kinase domain of mTOR and as
a result inhibit both mTOR complexes, TORC1 (rapamycin sensitive) and TORC2
(rapamycin resistant). These molecules have allowed a reinvestigation of mTOR
and in particular a reinvestigation of the mechanistic basis for incomplete prolif-
erative arrest of cells by Rapamycin. A consensus has quickly emerged from the
study of various TORKinibs that Rapamycin is ineffective at blocking cell prolif-
eration because it only partially inhibits the activity of mTORCI1. The profound
anti-proliferative effect of TORKinibs suggests that as the molecules enter the
clinic they may be successful in the treatment of cancers where rapamycin has
failed.

1 Two TOR Complexes and Rapamycin Studies in S. Cerevisiae

Immediately after the discovery of TOR as the target of rapamycin in yeast (Heitman
etal. 1991; Cafferkey et al. 1993), it was recognized that some essential functions of
TOR are resistant to rapamycin. TOR is a serine threonine kinase related to PI3K.
Yeast have two genes coding for TOR, TOR1 and TOR2 (Kunz et al. 1993; Helliwell
et al. 1994). Rapamycin blocks the growth of wild-type yeast, yet mutation of a
conserved amino acid in either of the two yeast genes for TOR allows them to grow
in the presence of rapamycin. The ability of rapamycin to block yeast growth also
requires the presence of the proline isomerase FPR1. Rapamycin inhibits wild-type
TOR by nucleating the formation of a ternary complex containing FPR1, rapamycin
and TOR, and the formation of this complex prevents TOR from phosphorylating its
substrates. The resistance alleles of TOR1 and TOR2 prevent the formation of this
inhibitory complex (Zheng et al. 1995). Yet TOR1 and TOR2 are not redundant
because of the two yeast TOR genes; TOR?2 is essential while TOR1 can be deleted.
This presents a paradox because mutation of either TOR1 or TOR2 leads to
rapamycin resistance, yet only TOR2 is essential. Resolving this paradox led to
the recognition that TOR possess rapamycin resistant functions.

Understanding how yeast can have two target of rapamycin genes, TOR1 and
TOR?2, yet only one of these genes, TOR2, is essential, revealed that some functions
of TOR2 are resistant to rapamycin. The logic for this conclusion is as follows.
TOR?2 is an essential gene in yeast and if rapamycin inhibited all the functions
of TOR2, then treating yeast with rapamycin would be equivalent to deletion of
TOR2. Yet treating yeast with rapamycin and deleting TOR2 are not equivalent
because rapamycin-resistance mutations in TORI1 allows yeast to grow in the
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presence of rapamycin, but not in the absence of the essential TOR2. Treating yeast
with rapamycin is, therefore, not equivalent to deleting the essential TOR2. Thus,
TOR2 must have an essential function that is unaffected by rapamycin. Mutation of
TORLI is sufficient to allow yeast to grow in the presence of rapamycin, because
mutant TOR1 can provide the essential TOR functions that are usually sensitive to
rapamycin, while wild-type TOR2 continues to provide TOR functions that are
resistant to rapamycin.

TOR was found to belong to two protein complexes TORC1 and TORC2 and the
rapamycin resistant functions of TOR were ascribed to TORC2. While activity of both
TOR complexes is required for yeast growth, rapamycin can only inhibit TORC1
(Loewith et al. 2002). TOR2 is essential because it can participate in either TOR
complex, while TOR1 can only belong to the rapamycin sensitive TORCI1 and is
excluded from TORC2. Rapamycin-FPR1 inhibits TOR by binding to FKBP-Rapa-
mycin Binding (FRB) Domain of TOR. TORC2 is resistant to rapamycin because one
of the components of TORC?2 likely occludes the FRB domain of TOR and prevents
the binding of rapamycin-FPR1. Although these elegant yeast experiments clearly
established that TORC?2 is resistant to rapamycin, they do not exclude the possibility
that TORCI also has rapamycin resistant functions. Even though it is widely assumed
that rapamycin is a complete inhibitor of TORCI, the experiments in yeast that
identified rapamycin-resistant functions of TORC2 leave open the possibility that
TORCI1 also has functions that are resistant to rapamycin, but are nonetheless
dependent on catalytic activity rather than a scaffolding function.

2 A Single Mammalian TOR in Two Complexes
(mTORC1 and mTORC?2)

TOR is conserved in all eukaryotes examined so far, including mammals. Mammals
have a single TOR gene called mTOR for mammalian TOR (Brown et al. 1994;
Sabatini et al. 1994; Chiu et al. 1994; Chen et al. 1994; Sabers et al. 1995), yet like
yeast TOR, mTOR belongs to two protein complexes, mMTORC1 and mTORC2
(Loewith et al. 2002; Kim et al. 2002; Sarbassov et al. 2004). The major compo-
nents of mMTORC1 are mTOR, LST8 and Raptor. mTORC?2 also contains mTOR
and LST8, but instead of Raptor, mMTORC2 contains Rictor and the additional
component Sinl. Like yeast TORC1, mTORCI is sensitive to rapamycin because
rapamycin mediates the formation of an inhibitory complex between the FRB of
mTOR and a proline isomerase FKBP-12, the mammalian ortholog of the yeast
FPR1. Rapalogs such as CCI-779 (Rini et al. 2007) and RADOO1 (Sedrani et al.
1998) are analogs of rapamycin that exhibit better pharmacokinetic properties than
rapamycin, but share the same basic pharmacological mechanism. Because rapa-
mycin resistant functions in yeast are associated with TORC2, and mTORC?2 is also
clearly resistant to rapamycin, it has been widely assumed, without any experimen-
tal evidence, that rapamycin is a complete inhibitor of mMTORCI1. The key finding
made clear by using TORKinibs is that mMTORC1 has important functions that are
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resistant to rapamycin, and rapamycin-resistance is, therefore, distributed between
both mTOR complexes. By analogy, yeast TORC1 may also possess rapamycin
resistant functions, though these have not yet been described.

mTORC?2 is resistant to inhibition by rapamycin, although, as discussed below,
long term treatment with rapamycin can prevent the assembly of mTORC2 in some
cell lines (Sarbassov et al. 2006). The inhibition of mTORC?2 assembly by rapa-
mycin may explain why mTORC?2 is resistant to acute treatment with rapamycin.
Upon long-term treatment with rapamycin, it is thought that newly synthesized
mTOR binds to rapamycin—FKBP before it has a chance to be incorporated into
mTORC?2. Once bound by rapamycin—FKBP, mTOR can no longer be incorporated
into mTORC?2, probably because binding of rapamycin—FKBP to the FRB domain
of mTOR prevents the subsequent association of one of the core components of
mTORC?2 such as Sinl or Rictor. The binding of rapamycin—-FKBP to mTOR,
therefore, appears to be mutually exclusive to the binding of Sinl and/or Rictor.
Sinl and/or Rictor probably use the FRB domain as part of their binding surface to
mTOR, and therefore they cannot bind to mTOR when the FRB domain is already
occupied. Conversely, Sinl and/or Rictor probably prevent the association of
rapamycin—FKBP with mTORC?2 by covering the FRB domain of mTOR, thereby
rendering mTORC2 resistant to rapamycin.

The two mTOR complexes regulate cell growth by phosphorylating members of
the AGC (protein kinase A/protein kinase G/protein kinase C) kinase family (Jacinto
and Lorberg 2008). mTORC1 also phosphorylates eIF4E-Binding protein (4EBP)
(Brunn et al. 1997; Burnett et al. 1998) a regulator of Cap-dependent translation,
which is not an AGC kinase. Because rapamycin only inhibits mTORCI, it was
widely assumed that active site inhibitors of mMTOR (TORKinibs, Fig. 1.) would slow
cell growth more effectively than rapamycin through dual inhibition of mTORC1/
mTORC2 (Guertin and Sabatini 2007). Surprisingly, TORKinibs show enhanced
antiproliferative activity as compared to rapamycin through their affect on
mTORCI1 (Feldman et al. 2009; Garcia-Martinez et al. 2009; Thoreen et al. 2009).
TORKIinibs revealed that rapamycin resistant functions of mTOR are not limited to
mTORC?2, and mTORCT1 activity is partially resistant to rapamycin. These rapamy-
cin-resistant activities will be examined below after we discuss the known substrates
of mTOR and its regulation as the hub of the PI-3K— Akt—mTOR pathway.

3 Regulation of AGC Kinases Through Hydrophobic
Motif Phosphorylation by TOR

Regulation of AGC kinase phosphorylation by mTOR has been thoroughly
reviewed (Jacinto and Lorberg 2008), and we will focus our discussion on p70
S6-Kinase (S6K), Akt and Serum and Glucocorticoid induced Kinase (SGK)
because these are the best validated AGC kinase substrates of mTOR and further-
more these three kinase are all activated by phosphorylation in response to growth
factor stimulation of PI3-K.
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active-site inhibitors of mTOR. Torinl could not be included because its structure has not been
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AGC kinases share a 30-amino acid stretch of sequence homology C-terminal to
their kinase domains. At the end of this region of C-terminal homology, AGC
kinases often contain a phosphorylation site within a stretch of hydrophobic resi-
dues called the hydrophobic motif (HM). Because its phosphorylation and activa-
tion is acutely sensitive to rapamycin, S6K was one of the earliest discovered
substrates of mMTOR. mTOR phosphorylates the HM of S6K at T389 (Pearson
et al. 1995). Another important HM phosphorylation is S473 on Akt (Fig. 2).
Because the phosphorylation of Akt is not acutely sensitive to rapamycin, it was
not initially recognized that mMTOR was the kinase for S473-P on Akt and several
other putative kinases for S473 on Akt were proposed (Chan and Tsichlis 2001).
RNAI targeting of Rictor revealed that the rapamycin-resistant mTOR Complex 2 is
the HM kinase for Akt (Sarbassov et al. 2005). Cells from knockout mice lacking
mTORC?2 have confirmed that phosphorylation of Akt at S473 is dependent on
mTORC2 (Jacinto et al. 2006; Guertin et al. 2006; Shiota et al. 2006). SGK is
highly related to Akt and it is also phosphorylated by mTORC2 (Garcia-Martinez
and Alessi 2008). Further experiments will be required to determine if the HMs of
other AGC kinases are also phosphorylated by mTOR. These studies will be greatly
helped by the ability to acutely inhibit mTOR using TORKinibs.

HM phosphorylation by mTOR can directly increase the activity of AGC
kinases. Once phosphorylated, the HM of an AGC kinase binds to a docking site
on the N-lobe of its own kinase domain. Binding of a phosphorylated HM to the
kinase N-lobe, orders the kinase active site (Yang et al. 2002) and increases the
activity of the kinase by five- to tenfold in the case of Akt (Andjelkovic et al. 1997).

HM phosphorylation is, however, not the most important determinant of kinase
activity. Activation loop phosphorylation by PDKI1 is more critical for kinase
activity than HM phosphorylation. For example, the activity of Akt with T308
(Fig. 2) mutated to alanine is 100-fold lower than the wild-type kinase (Andjelkovic
et al. 1997). mTOR, however, cooperates with PDK1 to activate AGC kinases.
Unlike most AGC kinases, PDK1 lacks the C-terminal HM. Despite lacking a HM,
PDK1 still possesses a binding site for phosphorylated HMs on the N-lobe of its
kinase domain. The HM binding site in PDK1 is called the PIF pocket and it can
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interact with the phosphorylated HMs of its kinase substrates. For example, HM
phosphorylation of S6K by mTOR creates a binding site for PDK1 on S6K, thereby
priming S6K for activation loop phosphorylation by PDK1. Using cells in which the
PDK1 PIF pocket was mutated to no longer bind to phosphorylated HMs, it was
found that S6K, RSK and SGK all require prior HM phosphorylation to prime them
for activation loop phosphorylation by PDK1 (Collins et al. 2003). In contrast,
phosphorylation of the activation loop of Akt at T308 was retained in cells with the
mutant PIF pocket, suggesting that activation loop phosphorylation Akt by PDK1
does not require priming HM phosphorylation by mTOR. The turn motif (TM) is a
third conserved phosphorylation site on AGC kinases. The TM is located between
the kinase domain and the HM. Phosphorylation of the TM stabilizes the binding of
the HM to the kinase N-lobe (Kannan et al. 2007). TM phosphorylation of Akt at
T450 (Fig. 2) is absent in cells that lack mTORC?2. Lacking TM phosphorylation,
Akt is unstable in these cells and associates chaperones such as HSP90. Unlike the
highly regulated HM and activation loop phosphorylations, TM phosphorylation is
constitutive (Facchinetti et al. 2008; Ikenoue et al. 2008).

4 TORCI1 Substrate 4EBP-1

In addition to S6K, mTORCT1 is known to phosphorylate 4EBP, a key regulator of
cap-dependent translation (Brunn et al. 1997; Burnett et al. 1998). Most proteins are
translated from mRNAs through 5’ cap-dependent translation rather than internal
ribosome entry site (IRES) dependent translation (Sonenberg et al. 2000). The up
regulation of cap-dependent translation is emerging as a key feature of the onco-
genic program resulting from oncogene/tumor suppressor induced activation of the
Ras—MAPK and the PI3-K—Akt—mTOR pathways which are the two most
commonly activated signaling pathways in cancer (Ruggero and Sonenberg 2005;
Ruggero and Pandolfi 2003; Ruggero et al. 2004). 4EBP binds to the major mRNA
5" cap binding protein eIF4E and inhibits the ability of eIF4E to nucleate the
formation of the translation preinitiation complex. Phosphorylation of 4EBP by
mTOR releases 4EBP from eIF4E, relieving the inhibition of eIF4E by exposing a
surface on elF4E for the binding of eIF4G. elF4G is a large scaffolding protein
which recruits the remaining preinitiation complex members including eIF3, the
40S subunit of the ribosome and a helicase composed of e[F4A and the helicase
cofactor e[F4B. Once formed, the entire preinitiation complex, known as elF4F,
scans forward through the 5’-untranslated region (UTR) of the mRNA to find the
start codon and begin translating the mRNA. The helicase activity provided by
elF4A and elF4B allows the preinitiation complex to unwind the secondary struc-
ture of 5-UTRs that would otherwise stall the scanning process and preventing
translation initiation. Some messages contain highly structured 5’-UTRs that are
difficult to unwind. For example, the 5'-UTRs of some key oncogenic proteins such
as VEGF, ODC, HIF1uq, etc., are highly structured (Richter and Sonenberg 2005).
The translation of these oncogenic messages likely requires more translation
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initiating activity which may account for the need to upregulate cap-dependent
translation as part of the oncogenic program downstream of oncogenic events
within the RAS—MAPK and PI3K— Akt—mTOR pathways.

5 mTOR is Both Upstream and Downstream of Akt

The discovery that Akt is phosphorylated by mTORC2 was exciting because
mTORCI1 was already known to be regulated in part by Akt activity (Fig. 3). The
regulation of Akt by mTORC?2, therefore, places mTOR both upstream and down-
stream of Akt within the critical oncogenic PI3-K— Akt—mTOR pathway. Prior to
the discovery of Akt’s regulation by mTORC2, an analysis of the molecular basis of
Tuberous Sclerosis had shown that Akt is a major regulator of mTORC1 (Inoki and
Guan 2009). Tuberous sclerosis is a genetic disorder caused by the loss of either of
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the tuberous sclerosis genes TSC1 or TSC2. Loss of TSC1 or TSC2 causes the
growth of benign tumors throughout the body and it characterized at the molecular
level by constitutively active mTORCI1 leading to the hyperphosphorylation of
S6K, S6 and 4EBP. The TSC1/2 complex is, therefore, a negative regulator of
mTORCI1. TSC2 is a GTPase activating protein (GAP) for the GTPase Rheb which
when bound to GTP is an activator of mMTORC1. TSC2 promotes the hydrolysis
GTP in Rheb to GDP. TSC2 is not stable on its own, but must form a complex with
TSC1 in order to be stable. Loss of either TSC1 or TSC2, therefore, leads to an
accumulation of GTP::Rheb which activates mMTORC1. TSC2 is a substrate of Akt.
Phosphorylation of TSC2 by Akt inhibits the ability of TSC2 to act as a GAP for
Rheb and similar to loss of the TSC1/2 complex, leads to an accumulation of GTP::
Rheb and activation of mMTORCI. In wild-type cells with an intact TSC1/2 complex,
Akt activates mTOR by phosphorylating TSC2, while in cells that lack TSC1/2,
mTORCT is constitutively activated even in the absence of growth factor stimula-
tion of Akt through upstream PI3-K activation.

6 Rapamycin Induces Feedback Activation of Akt

In addition to providing insight into the regulation of mTORCI1 by Akt, studying
Tuberous Sclerosis also revealed a mechanism by which activated mTORCI1
inhibits upstream activation of PI3-K and Akt. In cells lacking the TSC1/2 complex,
mTORCI1 is constitutively active and S6K is constitutively phosphorylated as
discussed above. In addition to hyperactivation of mMTORC1 and its downstream
substrates, cells lacking TSC1/2 show a deficit in Akt phosphorylation and activity
(Manning et al. 2005). Conversely, cells treated with the mTORCI1 inhibitor
rapamycin, which strongly inhibits S6K phosphorylation by mTORCI, often
show an increase in the phosphorylation of Akt (Wan et al. 2007). Active S6K
phosphorylates IRS1, an important adapter that allows certain receptor tyrosine
kinases such as the insulin receptor and the insulin like growth factor receptors
(IGF) to activate PI3-K. Serine/Threonine phosphorylation of IRS1 by S6K targets
IRS1 for degradation and therefore inhibits the activation of PI3-K by RTKSs such as
the insulin receptor and IGF-1 (Taniguchi et al. 2006). Highly active S6K in TSC1/
2 null cells phosphorylates IRS1, targeting IRS1 for degradation and limiting the
ability of some RTKs to activate PI3-K and Akt. By inhibiting mTORCI1 and S6K,
rapamycin has the opposite effect of relieving feedback inhibition of IRS1 from
S6K. Rapamycin treatment, therefore, often results in more efficient activation of
PI3-K by RTKSs, leading to hyperphosphorylation of Akt. Because IRS1 scaffolds
the upstream activators of the MAPK pathway including Grb2, SOS and Ras,
rapamycin treatment can also cause hyperactivation of the MAPK pathway
(Kinkade et al. 2008; Carracedo et al. 2008). Hyperactivation of both Akt and the
MAPK pathway in response to rapamycin treatment for cancer may actually
accelerate the progression of the cancer in some cases.
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7 mTOR Inhibitors for Cancer

The oncogenic potential of the PI3K— Akt—mTOR pathway became clear as the
PIP; phosphatase PTEN was identified as the second most commonly mutated
tumor suppressor (Li et al. 1997) after pS3 and sequencing efforts identified
activating mutations in PI3-K driving a wide variety of cancers (Samuels et al.
2004). The activation of mTORC]1 downstream of PI3-K, suggested that mTOR
inhibitors and in particular inhibitors of mMTORCI, such as rapamycin, would be
effective anti-cancer therapies. Several findings challenged this assumption. First of
all, although rapamycin and analogs of rapamycin developed to alter the pharma-
cokinetic properties of rapamycin (rapalogs) have been evaluated for the treatment
of a broad variety of cancers, so far rapamycin has only been approved for the
treatment of renal cell carcinoma. Rapamycin’s lack of broad efficacy as a cancer
therapeutic was generally thought to stem from its inability to inhibit mTORC?2;
however, in some cell lines, long-term rapamycin treatment appeared to act as a
dual inhibitor of mTORC1/2, by blocking the assembly mTORC2 in addition to
directly inhibiting mMTORC1 (Sarbassov et al. 2006). The ability of rapamycin to act
as a dual inhibitor of mMTORC1/2 challenged the explanation that it was a poor anti-
cancer therapeutic because it did not inhibit mMTORC2 and suggested that despite
the compelling logic of the PI3-K— Akt—mTOR pathway, mTOR might not be a
good target for cancer treatment. Furthermore the fact that rapamycin is extremely
well tolerated when taken as an immunosuppressant (Abraham and Wiederrecht
1996) suggested that it did not possess the type of potent anti-proliferative activities
of an anti-cancer therapeutic.

Although the failure of rapamycin to effectively treat many types of cancers
suggested that mTOR might not be a good target for cancer therapy, the surprising
in vitro efficacy of inhibitors targeting both PI3-K and the active site of mTOR
challenged this view (Fan et al. 2006; Maira et al. 2008). At the very least, these
studies argued that inhibition of mTOR in addition to PI3-K might be important in
the treatment of cancer and they left open the possibility that active site inhibitors of
mTOR alone might be powerful anti-proliferative agents. Although mTOR is a
protein kinase, it is a member of the PI3-K family of lipid kinases and small
molecule inhibitors of the active-site of PI3-K often inhibit the active site of
mTOR as well. Indeed, the classic pan-PI3-K inhibitor LY294002 (Fig. 1.) inhibits
both mTOR and PI3-K with similar potency (Brunn et al. 1996). Many of the
cellular functions attributed to PI3-K using LY294002 may, therefore, be due to
active-site inhibition of mTOR or at least dual inhibition of PI3-K and mTOR.
A structurally similar but much more potent PI3-K inhibitor, PI-103, also inhibits
PI3-K and mTOR (Knight et al. 2006) and the clinical PI3-K inhibitor NVP-BEZ235
also targets mTOR (Maira et al. 2008). PI-103 showed surprising efficacy in the
inhibition of glioma cell proliferation in vitro through its dual inhibition of PI3-K
and mTOR (Fan et al. 2006). In this study, PI-103 was better at inhibiting cell
proliferation than the pure PI3-K inhibitor PIK-90. It was unclear, however, how a
pure active-site inhibitor of mTOR would compare with a pure PI3-K inhibitor.
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8 Active-Site Inhibitors of mTOR

The placement of mMTORC2 upstream of Akt and mTORC1 downstream of Akt
suggested that an active-site inhibitor which targets mMTORC1 and mTORC2 should
be efficacious in cancer. Although long term treatment with rapamycin can inhibit
mTORC?2 (Sarbassov et al. 2006), this affect is limited to a minority of cell lines and
it is unclear whether it could be relied on to inhibit mTORC2 in cancer cells in vivo.
Because of the highly compelling pathway logic and as a hedge against the
possibility that dual PI3-K/mTOR inhibitors might be poorly tolerated in the clinic,
much effort was recently invested to develop specific inhibitors of the mTOR active
site. These efforts are coming to light with the recent release of multiple papers
documenting the effect of specific active-site inhibitors of mTOR (Feldman et al.
2009; Garcia-Martinez et al. 2009; Thoreen et al. 2009; Chresta et al. 2010; Zask
et al. 2009; Yu et al. 2009; Nowak et al. 2009).

Structures of these inhibitors are shown in Fig. 1. Except for the pyrazolopyr-
imidines, PP242 and PP30, all the ATP site inhibitors of mTOR described so far
share the aryl-morpholine pharmacophore of LY294002. The inhibitors from Astra-
Zeneca (AZD8055 and Ku-0063794) contain two morpholines. It is interesting that
the morpholine continues to be a critical pharmacophore in both the AZ and Wyeth
series, which can be traced directly back to Eli Lilly’s initial 1994 report of
LY294002 (Vlahos et al. 1994). Just two years after the first report of LY294002,
Abraham and colleagues reported that L Y294002 was also an inhibitor of mTOR
(Brunn et al. 1996). The fact that it required almost 13 years for selective mTOR
inhibitors to be reported is quite surprising considering the increasing appreciation
of the importance of mTOR in the past decade. One potential explanation for this
slow pace of inhibitor discovery was the availability of rapamycin and its amazing
potency and selectivity for mTOR, and the difficulty of carrying out biochemical
assays of mTOR kinase activity in a high throughput assay.

Although no crystal structure has been reported for the kinase domain of mTOR,
based on the published structure of LY294002 and other drugs bound to the related
PI3-Ky (Walker et al. 2000) we can make a tentative guess about the orientation of
each drug in the mTOR binding site. A key feature is an H-bond acceptor (morpho-
line ether oxygen circled in red) in the AZ and Wyeth series, which is predicted
to bind to the N-H bond of Val2240 in mammalian mTOR. Interestingly, the
morpholines in the AZ series contain alkyl substitutions compared to LY294002
which may enhance binding to mTOR or diminish binding to the PI3K. The binding
orientation of PP242 can be predicted based on a similar analysis to structures of
the related PP102 bound to PI3-KY. In this case the pyrimidine ring N-1 supplies
the H-bond acceptor function of the morpholine ether oxygen in the other series.
In the PP242 series, the hydroxy-indole function exerts critical interactions in the
so-called “affinity pocket” of mTOR. Small modifications of this heterocycle, cause
severe diminution of binding affinity or selectivity within the PI3K/mTOR family
(Apsel et al. 2008).
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Initial work with the active site inhibitors in vitro quickly led to a re-evaluation
of the mechanism of action of rapamycin and a new understanding for the partial
effect of rapamycin as an anti-proliferative (Feldman et al. 2009; Garcia-Martinez
et al. 2009; Thoreen et al. 2009) and anti-cancer agent (Chresta et al. 2010; Zask
et al. 2009; Yu et al. 2009; Nowak et al. 2009). These studies revealed that the
problem with rapamycin was not that it missed mTORC2, but that it only partially
inhibits mMTORCI1. This has refocused our attention on the importance of mTORC1,
4EBP1 and protein translation in the treatment of cancer.

9 TORKinibs and Akt

Because it was expected that TORKinibs would differ from rapamycin in their
ability to inhibit mTORC?2, the effect of TORKinibs on the mTORC2 dependent
phosphorylation of Akt phosphorylation at S473 was examined. S473-P is potently
inhibited by TORKinibs in all cell lines examined so far (Feldman et al. 2009;
Garcia-Martinez et al. 2009; Thoreen et al. 2009; Chresta et al. 2010; Zask et al.
2009; Yu et al. 2009; Nowak et al. 2009). Preliminary in vivo experiments, showed
inhibition of S473-P in fat and liver of mice following acute administration of
PP242 (Feldman et al. 2009). Unexpectedly, S473-P in skeletal muscle appeared
resistant to inhibition by PP242. Consistent with the possible resistance of muscle
S473-P to TORKIinibs, a muscle specific knockout of the rictor, which is required
for the formation of mTORC2, shows only partial rather than complete loss of
S473-P (Kumar et al. 2008). These results suggest that in muscle a kinase other than
mTOR, such as DNA-PK, might play a role in the phosphorylation of Akt on S473,
but these tissue specific effects of TORKinibs need to be repeated using multiple
inhibitors.

When studies using RNAi discovered that mMTORC2 was the kinase for S473-P
on Akt, it was seen that disabling mTORC2 using RNAi also caused a loss of
T308-P in most of the cell lines examined (Sarbassov et al. 2005; Hresko and
Mueckler 2005). In contrast, subsequent genetic knockout of integral mTORC2
components such as Rictor, SIN1 and LST8 led to inhibition of S473-P with no
effect on T308-P (Jacinto et al. 2006; Guertin et al. 2006; Shiota et al. 2006).
In MEFs derived from mice lacking mTORC2, both basal and growth factor
stimulated phosphorylation of T308-P was largely unperturbed. Closer examination
revealed that, in addition to S473, these cells also lacked TM phosphorylation of
Akt at T450. Loss of TM-P reduced the stability of Akt leading to its association
with HSP90 and causing its expression level to be somewhat variable (Facchinetti
et al. 2008; Ikenoue et al. 2008).

Whereas all current TORKinib studies see potent in vitro inhibition of S473-P,
the influence of TORKinibs on T308-P varies. Inhibition of mTOR using the
TORKinibs PP242 and PP30, led to a reduction in T308-P, but the ECsy for
inhibition of T308-P was fourfold weaker than for inhibition of S473 (Feldman
et al. 2009). To confirm that the weaker inhibition of T308-P was not due to an off
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target of PP242 or PP30, it was shown that these TORKinibs had no effect on
T308-P in Sinl ™/~ cells. Sinl ™/~ cells lack mTORC2 and S473-P, but retain
T308-P. Because these cells lack the TORKinib target mTORC2 and already
show a complete loss of Akt S473-P, the only way TORKinibs could affect
T308-P is through inhibition of an off target. The TORKinibs, PP242 and PP30
had no effect on T308-P in Sin1 '~ cells, while in matching wild-type cells with
mTORC?2 and S473-P they inhibited S473-P and T308-P. In a conceptually identi-
cal experiment, the TORKinib Torinl had no effect on the phosphorylation of
T308 in mLST8 /™ cells which like Sinl /", also lack mTORC?2 (Thoreen et al.
2009). Furthermore, another TORKIinib, Ku-0063794, had no effect on T308-P in
Rictor /~, mLST8 "~ and Sinl '~ cells which all lack mTORC2, but it inhibited
T308-P in wild-type MEFs where mTORC?2 is intact (Garcia-Martinez et al. 2009).
The lack of an effect of TORKinibs on T308-P in cells lacking mTORC?2 suggests
that in WT cells the inhibition of T308-P is due indirectly to inhibition of
mTORC2’s phosphorylation of S473-P of Akt.

In wild-type cells where mTORC?2 is present, S473-P and T308-P appear to be
somewhat “tethered”, such that inhibition of S473-P also inhibits T308-P, though to
a lesser extent (Guertin et al. 2009). The partial dependence of T308-P on S473-P
might be because PDK1 finds it easier to phosphorylate Akt when it is already
phosphorylated on T308, perhaps due to an interaction between the PIF pocket of
PDK1 and S473-P. Alternately, S473-P might protect T308-P from dephosphory-
lation. In either case, in cells that lack mTORC?2, the dependence of T308-P on
S473-P is apparently lost through an unknown compensatory mechanism.

The pharmacological finding that T308-P is linked to S473-P underscores the
importance of deciphering the logic of complex kinase signaling pathways using
specific kinase inhibitors rather than genetic knockouts. Genetic knockouts of a key
survival kinase such as mTORC2, often generate a complex phenotype that is not
due primarily to loss of the kinase activity being studied (Knight and Shokat 2005).
Instead the phenotype generated by a kinase knockout is often an amalgam of
effects due to loss of the scaffolding role of the kinase protein itself and compensa-
tory signaling changes within the kinase network. Together these effects obscure
the phenotype that would be seen if the kinase activity were acutely inhibited.
Important aspects of kinase signaling often become apparent only once a network is
probed using specific inhibitors. Even studying kinase signaling using specific
inhibitors is not without peril because when a kinase inhibitor binds into the active
site of a kinase it alters the conformation of the kinase, sometimes leading to
unexpected consequences. For instance the binding of inhibitors to the active site
of Akt alters the conformation of Akt leading to massive hyperphosphorylation of
Akt on both S473 and T308 (Okuzumi et al. 2009). If simply altering the confor-
mation of a kinase using a small molecule can distort the logic of a kinase pathway,
removing a kinase entirely may have a correspondingly greater effect on a kinase
pathway.

Although the studies mentioned above with PP242, PP30 and Ku-0063794
found a tethering between S473-P and T308-P in a variety of wild-type cell
lines (Feldman et al. 2009; Garcia-Martinez et al. 2009) and even in vivo
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(Feldman et al. 2009), studies using AZD8055 (Chresta et al. 2010) and WAY-600
(Yu et al. 2009) see a striking lack of effect of TORKinibs on T308-P, even at
concentrations much higher than required to effect S473-P. Whether the differences
are due to inherent differences in the pharmacological properties of the molecules
or simply differences in experimental setup such as choice of cell line will require
directly comparing all the current TORKinibs in a side by side experiment.
Comparing the effects from multiple compounds with different structures that all
target a singe kinase is a very effective way to avoid pitfalls when using kinase
inhibitors. Although the results obtained with a single compound might be spurious
because they are due to the inhibition of a known or perhaps unknown off target,
the compendium of results obtained using two or more compounds increases the
likelihood that the effects seen in the experiment are due to inhibition of the
intended target. In this regard it is scientifically irresponsible when research with
new pharmacological agents is presented without releasing the structure of these
new molecules (Thoreen et al. 2009). The report of the activity of a small molecule,
without revealing its structure prevents the fundamental requirement of all science,
the replication of results. Luckily for those in the mTOR field, multiple TORKinibs
have been structurally reported (Fig. 1), even two from major pharmaceutical
companies. Just as most journals require the release of protein structure coordi-
nates, all journals must require the release of the structure of pharmacological
agents used in a study. The patent process allows for the free circulation of new
inventions while protecting commercial interests. Rather than opposing disclosure
of chemical structures in scientific literature, authors should secure patent protec-
tion for their inventions prior to publication if they have commercial interests.

Despite differing in their affect on T308-P, all TORKinibs cause some inhibition
of Akt substrate phosphorylation. In the case of PP242 and Ku-0063794, their
inhibition of Akt substrate phosphorylation generally tracks with their inhibition
of Akt at T308 (Feldman et al. 2009; Garcia-Martinez et al. 2009). Using AZD8055
and WAY-600, although no inhibition of Akt T308-P was seen, these molecules
inhibited Akt substrate phosphorylation at concentrations slightly higher than those
required to inhibit S473 (Chresta et al. 2010; Yu et al. 2009).

10 Cell Proliferation and Rapamycin Resistant mTORC1

Across multiple cell lines, rapamycin causes a potent (ECsg 1-10 nM), but only
partial (40-60%) inhibition in cell proliferation. Prior to the introduction of TOR-
Kinibs, it was assumed that rapamycin could only partially inhibit cell proliferation
because it could not inhibit mMTORC2. Reassuringly, cell proliferation is in most
cases completely inhibited by TORKinibs, at concentrations that are not substan-
tially higher than the biochemical ECs for inhibition mTOR as judged by the
phosphorylation of S473 on Akt or T389 on S6K. Surprisingly, however, the
proliferation of cells lacking mTORC2, including Sin1 ™/~ (Feldman et al. 2009),
Rictor '~ (Thoreen et al. 2009) and mLST8 ~/~ (Garcia-Martinez et al. 2009) MEFs
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is only partially sensitive to rapamycin, while TORKinibs fully inhibit the prolifer-
ation of these cells (Table 1). The presence of mTORC?2 is, therefore, not required
for rapamycin and a TORKinib to have a differential effect on cell proliferation,
suggesting that rapamycin and TORKinibs differ in their effects on mTORC1, and
indicating that important activities of mMTORCI] are resistant to rapamycin.

S6K and 4EBP1 are the best characterized substrates of mTOR and naturally
their phosphorylation was examined in cells treated with TORKinibs. Surprisingly,
whereas S6K-P was potently inhibited by rapamycin and TORKinibs, 4EBP1
phosphorylation was fully inhibited only by TORKinibs, but not rapamycin.
A pair of threonine phosphorylations on 4EBP1, T37/46, which were known to
be quite resistant to rapamycin (Wang et al. 2005; Gingras et al. 2001), were found
to be highly sensitive TORKinibs. It had been previously asserted that because
T37/46 were constitutively phosphorylated they were, therefore, partially resistant
to rapamycin, perhaps because only a small amount of mTOR activity might be
required to maintain their phosphorylation (Gingras et al. 1999). The sensitivity of
T37/46-P and S6K-P to TORKinibs is nearly identical, however, suggesting that
rapamycin is simply not a good inhibitor of mTOR’s phosphorylation of 4EBP1 at
T37/46. In this way, rapamycin is acting as a substrate specific inhibitor of mTOR
in that it inhibits mTOR’s phosphorylation of S6K but not 4EBP. 4EBPs have a
major role in the regulation of cap-dependent translation and across a wide range of
assays it was found that treating cells with TORKinibs, inhibited cap-dependent
translation and total protein synthesis to a much greater extent than rapamycin. The
greater inhibition of 4EBP-P and cap-dependent translation could, therefore,
account for the much greater ability of TORKinibs to block cell proliferation
when compared with rapamycin. It is also possible that other substrates of
mTORCI1 are, like 4EBP, resistant to rapamycin and the combined inhibition of
4EBP-P as well as other rapamycin-resistant substrates of mTORC1 accounts for
the profound antiproliferative effects of TORKinibs. In addition, studies showing
that TORKinibs can inhibit cell proliferation to a greater extent than rapamycin
even in the absence of mMTORC2, were only performed on MEFs. It is likely that in
other cell types and especially in cancer cells with activated PI3-K and Akt, that the
full inhibition of mTORC1 by a TORKinib will cooperate with inhibition of
mTORC?2 to fully inhibit cell proliferation. Luckily, by targeting the active site of
mTOR, TORKinibs naturally inhibit the all the activity of mMTORC1 and mTORC?2.

Despite the general finding that rapamycin is only a partial inhibitor of cell
proliferation, at very high concentrations, rapamycin is able to completely inhibit
proliferation of some cell lines (Shor et al. 2008). Typically, cell proliferation slows
by approximately 40% in cells treated with 1-10 nM rapamycin. Increasing the
concentration of rapamycin above 10 nM causes no further decrease in cell prolif-
eration until around 10-50 uM when cell proliferation is suddenly affected once
again and cell proliferation is often fully inhibited by these micromolar concentra-
tions of rapamycin. Surprisingly, the inhibition of cell proliferation by micromolar
concentrations of rapamycin is independent of FKBP12. Micromolar concentra-
tions of rapamycin, therefore, inhibit mTOR through a distinct mode of action from
nanomolar rapamycin which depends on binding FKBP12 to mTOR. Like the



M.E. Feldman and K.M. Shokat

256

(6007) 'Te 19 YemoN 001 (0o1)

‘(6007) Te 10 nx souty Jowny ofdnnpy $T90 96°1 6000 surpruiiAdojozeskd-ourjoydiopy 009-AVM
(oom (oo

(6002) “I& 12 YseZ deDN'T ¥0°0 L0 $+000°0 surprwtifdojozeiAd-ourjoydiopy €T-URAM

8¢SH 200

6vSV S0°0 (200 (202

(0102) Te 32 BisaIy) OIN-L8N S0°0 9¢ £1000°0 surprwiiAdoprid-ourjoydiopy $508AZV
(6007) (000°1) (0o1)

[e 12 ZoUILIBIA-RIOIRD) SIHN _, 8LSTW % LM > 01< 01070 surprwiiAdoprkd-ourjoydiopy $6L£900-103
oD on

(6007) 'Te 32 usatoy], SIHN _, 10101 % LM ST0> 81 €000 umouyup) [uLog,
oD on

(6007) T 39 uBWp[] SIHN _, TUIS % LM 9 € 080°0 suiprwiiAdojozeikq 0¢dd
oD on

(6007) 'Te 30 uBWp[] STHIN _,_ INIS % LM 90 96'1 8000 surprwiiAdojozeikq Tvedd
aury 112D T 0501 w1 1d JoLw

(AT [dLV]D)
‘mum EOENH@MEOHQ :00 21 chH Obﬁr ur mm.ﬁo TNQMEQQU UCSOQEOU

SQUUISIOL PA19[AS Jo sansadoid T AqeL



New Inhibitors of the PI3K-Akt-mTOR Pathway: Insights into mTOR Signaling 257

inhibition of mTOR by TORKinibs, micromolar, but not nanomolar rapamycin
causes a large decrease in protein translation. Micromolar rapamycin and TORKi-
nibs both cause a strong decrease in protein synthesis and cell proliferation suggest-
ing that micromolar rapamycin, like TORKinibs, may be acting as a complete
inhibitor of mTORCI1. Reaching micromolar concentrations may be possible and
actually achieved when cancer patients are treated with rapalogs having enhanced
pharmacokinetic properties such as RADOOIL. It is possible that some of the
promising effects observed with rapalogs as anti-cancer agents may depend on
reaching micromolar rather than nanomolar concentrations with these agents.

11 Inhibition of mMTORC1 by Rapamycin

At nanomolar concentrations, rapamycin is a substrate specific inhibitor of
mTORCI, fully inhibiting S6K while only partially inhibiting 4EBP. Furthermore,
protein translation is largely unaffected by nanomolar rapamycin and cell prolifer-
ation is only partially inhibited. In contrast, TORKinibs and probably micromolar
rapamycin act as direct and complete inhibitors of mTORCI1. Through complete
inhibition of mMTORC1, TORKinibs cause full dephosphorylation of 4EBP, strong
inhibition of protein synthesis and full inhibition of cell proliferation. It is unclear
exactly how rapamycin—-FKBP binding to the FRB domain of mTOR prevents
mTOR from phosphorylating S6K. Similarly, it is unclear how 4EBP phosphoryla-
tion can escape inhibition by rapamycin. However, knowing that rapamycin inhibits
mTORCI in a substrate specific fashion, helps to narrow the possible models for
how rapamycin inhibits mTOR. Several models are presented below to explain the
partial inhibition of mTORCI1 by rapamycin.

One model for the inhibition of S6K phosphorylation by mTOR asserts that
rather than directly inhibiting the kinase activity of mTOR, binding of rapamycin—
FKBP to the FRB domain of mTOR occludes the association of mTOR with its
substrates (Zheng et al. 1995). Within the framework of this model, the inhibition of
S6K, but not 4EBP phosphorylation by rapamycin can be explained if binding of
rapamycin—FKBP to the FRB domain of mMTORC1 only interferes with the binding
and phosphorylation of S6K, but has a minimal effect on the phosphorylation of the
smaller substrate 4EBP.

Just as Rictor or Sinl probably protects mMTORC?2 from inhibition by rapamycin,
there may exist a subtype of mMTORC1 whose FRB is protected from rapamycin by
an as yet undiscovered protein partner. This subtype of mMTORCI1, which we will
hypothetically name mTORCI1, may be primarily responsible for the phosphory-
lation of 4EBP, while the hypothetical mTORC1a, which is fully sensitive to
rapamycin, is responsible for the phosphorylation of S6K. This model might be
verified through the discovery of new protein co-factors of mTORCI.

Binding of rapamycin to the FRB domain of TOR is conserved through evolu-
tion from yeast to mammals. The conservation of rapamycin binding probably not
due to an evolutionary need to conserve the ability of mTOR to bind rapamycin.
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Instead, the conservation of rapamycin binding probably reflects the need for the
FRB domain of mTOR to perform an important cellular role and conservation of
this cellular role has constrained the evolution of mTOR and inadvertently con-
served its binding to rapamycin. Rapamycin’s binding surface with TOR is highly
hydrophobic, suggesting that the FRB domain of TOR might be involved in lipid
binding. A solution structure of PA bound to the FRB of mTOR has been solved by
NMR (Veverka et al. 2008), and experiments suggest that mTORCI is regulated
might be regulated in part through activation by PA (Fang et al. 2001; Foster 2007).
The conserved binding site on mTOR for rapamycin, may reflect the constraint that
mTOR maintain a binding site for PA through evolution. PA is generated by the
hydrolysis of phosphatidyl-choline by phospholipase D, or by the phosphorylation
of diacyl-glycerol (DAG), by diacyl-glycerol kinase, or by the acylation of lysopho-
sphatidic acid (LPA) by LPA acyltransferase (LPAAT) (Foster 2007). Phospholi-
pase D is probably responsible for the bulk production of PA and phospholipase D
can be inhibited by n-butanol and to lesser extent sec-butanol while it is unaffected
by tert-butanol. S6K phosphorylation is inhibited by n-butanol, but less so by sec-
butanol and unaffected by tert-butanol, suggesting a pathway in which PA produced
by phospholipase D either activates mTOR or cooperates with other inputs to
mTOR to facilitate its phosphorylation of S6K. For instance, binding of mTOR to
PA might localize it to a membrane compartment where S6K is present and waiting
to be phosphorylated. Rapamycin by binding to the FRB domain of mTOR, likely
occludes binding of PA and may prevent the PA dependent activation or localiza-
tion of mTOR. Rapamycin might primarily affect mTOR’s phosphorylation of
S6K, while having less effect on 4EBP, if the pathway activating mTOR to
phosphorylated 4EBP does not rely on PA. For instance, while S6K might require
PA binding to mTOR to properly associate mTOR and S6K, mTOR’s phosphory-
lation of 4EBP might not require membrane association. By being regulated
independently of PA, mTOR’s phosphorylation of 4EBP would escape inhibition
by rapamycin.

12 Using Inhibitors of mTOR to Treat Cancer

The assignment of antiproliferative effects from active-site TOR inhibitors to
mTORC1 over mTORC2, while interesting, is a rather academic enterprise,
because there is no specific inhibitor of mTORC2. A specific inhibitor of
mTORC2 would undoubtedly be highly interesting and might well prove useful
for some cancers as suggested by genetic studies in which eliminating mTORC2
(Guertin et al. 2009) block the development of cancer in the mouse. But, such an
inhibitor would likely require inhibiting protein—protein interactions necessary for
the assembly of mTORC?2 or allosterically inhibiting mTORC2 without affecting
mTORCI. Given that our ability to discover specific inhibitors of protein—protein
interactions and allosteric inhibitors is still in its infancys, it is unlikely we will soon
see the discovery of a specific inhibitor of mTORC2 with the potency and
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pharmacological properties needed for even preclinical work. Instead, the compel-
ling question right now is what type of inhibitor (PI3K, dual PI3K/mTOR, isoform
specific PI3-K, TORKinib or Rapamycin) from our current arsenal of potent
inhibitors will be the best for treating each subtype of cancer.

Of the many hallmarks of cancer (Hanahan and Weinberg 2000), hyperprolifera-
tion is often the basis for targeting cancer using conventional chemotherapy. In this
sense, mTOR inhibitors seem to follow a similar logic. However, while conven-
tional chemotherapy targets cancer cells by targeting hyperproliferating cells in
general, mTOR inhibitors present a slightly different logic; they seek to inhibit the
pathways that drive cell proliferation. By blocking the proliferation of cancer cells,
TORKIinibs may even antagonize conventional chemotherapy because chemother-
apy relies on hyperproliferation to distinguish between cancer and non-cancer cells.
Alternately, because the PI3-K— Akt—mTOR pathway drives cell survival, inhi-
bitors of mTOR and/or PI3-K may synergize with chemotherapeutic agents that
cause or activate apoptosis. Careful awareness and evaluation of these possibilities
is critical as TORKinibs are brought into the clinic.
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Abstract The PI3-K family is one of the most intensely pursued classes of drug
targets. This chapter reviews some of the chemical and structural features that
determine the selectivity of PI3-K inhibitors, by focusing on a few key compounds
that have been instrumental in guiding our understanding of how to design drugs
against this family.

1 Introduction

PI3-K was first identified in the late 1980s as an enzyme activity associated with
immunoprecipitates of oncogenic tyrosine kinases (Kaplan et al. 1986; Whitman
et al. 1985, 1988) and activated growth factor receptors (Kaplan et al. 1987;
Ruderman et al. 1990). In 1992, PI3-K (p110a) was purified and cloned
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(Hiles et al. 1992), and it was shown to have sequence homology to VPS34, a yeast
gene required for protein sorting (Robinson et al. 1988). This led to the rapid
discovery of a family of 15 kinases, termed the PI3-K family, that share a conserved
phosphoinositide kinase (PIK) domain but otherwise vary in their substrate speci-
ficity, expression pattern, and modes of regulation.

Most attention has focused on the four class I PI3-Ks, which contain a 110-kDa
catalytic domain (termed p110a, p110B, p1103, or p110y) that heterodimerizes
with a family of adaptor molecules (termed p85 or p101, among others). The class I
enzymes are activated by receptor tyrosine kinases (RTKs) or G-protein coupled
receptors (GPCRs) to synthesize phosphatidylinositol-3,4,5-trisphosphate (PIP3), a
lipid second messenger that acts as a recruitment site at the plasma membrane for
downstream proteins, including Akt and PDK1. These downstream proteins in turn
regulate a wide range of cellular processes that include growth, nutrient uptake,
survival, chemotaxis, and proliferation.

In addition to the class I enzymes, the PI3-K family includes four further classes
of kinases. These include the class II and class III PI3-Ks, which synthesize
phosphatidylinositol-3-phosphate (PI(3)P) or phosphatidylinositol-3,4-bisphosphate
(PI(3,4)P2), and the PI4-Ks, which synthesize phosphatidylinositol-4-phosphate
(PI(4)P). The biological roles of these kinases are still being elucidated, but all
appear to participate in the regulation of the intracellular trafficking of proteins or
vesicles. Finally, the PI3-K family encodes five kinases that phosphorylate proteins
rather than lipids. These phosphoinositide 3-kinase-related kinases (PIKKs) include
mTOR, which is a key regulator of cell growth, and ATM, ATR, hSmg1, and DNA-
PK, which monitor genomic integrity and initiate the DNA damage response.

Recently, there has been considerable excitement about the potential of PI3-Ks
as targets for the treatment of cancer and autoimmune disease. In the field of cancer,
a key discovery was the finding that PIK3CA, the gene encoding pl110a, is a
frequently mutated oncogene (Samuels et al. 2004). Recent estimates suggest that
PIK3CA may be mutated at a cumulative frequency of up to 15% across all tumor
types (Karakas et al. 2006), which would make p110a the most frequently mutated
kinase in cancer. In addition, the lipid phosphatase PTEN, which inhibits PI3-K
signaling, is one of the most commonly inactivated tumor suppressors (Cantley and
Neel 1999). Together, these and other data have led to the view that PI3-K is a
critical node that controls cancer cell growth and survival (Chang et al. 1997; Shaw
and Cantley 20006).

The potential of PI3-Ks as targets for autoimmune disease was suggested by the
finding that the expression of p110y and p1109 is restricted (primarily) to leuko-
cytes. Inactivation of these kinases in mice (either by deletion of the gene or by
substitution of a kinase-dead allele) demonstrated that they are required for the
immune response but otherwise have a limited role in normal physiology (Hirsch
et al. 2000; Okkenhaug et al. 2002; Sasaki et al. 2000). This indicated that inhibitors
of these kinases might have anti-inflammatory activity with limited side effects,
and, indeed, pharmacological inhibition of p110y or p110d has shown efficacy in
preclinical models of arthritis (Camps et al. 2005), lupus (Barber et al. 2005), and
the allergic response (Ali et al. 2004).
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In response to this data, the pharmaceutical industry has made intense effort in
recent years to develop potent and selective PI3-K inhibitors. As recently as 2003,
only two PI3-K inhibitors were widely known — wortmannin and LY294002.
Today, dozens of new chemotypes of PI3-K inhibitors have been described, either
in the peer-reviewed or patent literature, and the first such compounds entered
clinical trials in late 2007. These new chemotypes have been comprehensively
reviewed (Marone et al. 2008).

In this chapter, I summarize what has been learned over the past few years about
the chemical determinants of PI3-K inhibitor selectivity. I do this by focusing on a
few key compounds that have been instrumental in guiding our understanding of
how to design drugs that target this family.

2 LY294002

In the early 1990s, Eli Lilly initiated a screening effort to identify natural products
that inhibit PI3-K. This led to the identification of the flavonoid quercetin (Fig. 1) as
a PI3-K inhibitor with an ICs, of 3.8 pM (Matter et al. 1992).

Flavonoids often display promiscuous biological activity (Davies et al. 2000;
Knight and Shokat 2005), and, by 1992, quercetin had already been shown to inhibit
several targets unrelated to PI3-K (Matter et al. 1992). To identify compounds with
improved selectivity, analogs of quercetin were synthesized that replaced the
catechol moiety with more drug-like substituents (Fig. 1). This led to the discovery
in 1994 of LY294002, a reversible, ATP competitive inhibitor of most enzymes in
the PI3-K family (Vlahos et al. 1994). LY294002 inhibits the class I PI3-Ks,
mTOR, and DNA-PK in vitro with ICsy values in the 1-10 uM range (Brunn
et al. 1996; Knight et al. 2004; Vlahos et al. 1994). Unlike quercetin, LY294002
is selective for PI3-K relative to most protein kinases; exceptions include CK2
(Davies et al. 2000) and PLK1 (Liu et al. 2005).

The enhanced PI3-K selectivity of LY294002 relative to quercetin is due to the
introduction of the morpholine ring in LY294002 (Fig. 1). In the crystal structure of
LY294002 bound to p110y, the morpholine ring adopts a chair conformation that
enables it to make close hydrophobic contacts with a complementary region of the
ATP-binding pocket (Walker et al. 2000). The morpholine oxygen also makes a
critical hydrogen bond to the backbone amide of V882. This hydrogen bond is made
by the N1 of the adenine ring of ATP, as well as every PI3-K inhibitor that has been
described to date, suggesting that this hydrogen bond is required for high-affinity
binding. A requirement for a similar hydrogen bond is found among inhibitors of
the protein kinase family. Remarkably, although LY294002 was discovered as an
analog of quercetin, the crystal structures of these two compounds revealed that
they bind to PI3-K in opposite orientations (Fig. 1).

The core pharmacophore in LY294002 is an aromatic ring linked to a morpho-
line. This “aryl morpholine” pharmacophore is a privileged structure for PI3-K
inhibition: it is embedded within many newer classes of PI3-K inhibitors, including



266 Z.A. Knight

Quercetin Wortmannin

Y867 D964

V882

-0
SO D
LY294002 3 H,N

N

electrophilic
. O <— K833 furan

8-phenyl enamine
adduct
R4
Oy
\—
Rs

aryl morpholine
pharmacophore

Fig. 1 Classical PI3-K inhibitors. Chemical structure and relative orientation in the ATP-binding
pocket of p110y of the PI3-K inhibitors quercetin, LY294002, and wortmannin. Hydrogen bonds
to residues in pl10y are indicated by straight arrows. The nucleophilic attack of K833 on
wortmannin is indicated by a curved arrow

molecules that target p110a (Alexander et al. 2008; Folkes et al. 2008; Hayakawa
et al. 2006, 2007; Knight et al. 2006; Perry et al. 2008a, b; Raynaud et al. 2007,
Yaguchi et al. 2006), p110p (Jackson et al. 2005; Knight et al. 2004), DNA-PK
(Barbeau et al. 2007; Desage-El Murr et al. 2008; Griffin et al. 2005; Hardcastle
et al. 2005; Hollick et al. 2007; Knight et al. 2004; Leahy et al. 2004), mTOR
(Knight et al. 2006), and ATM (Hickson et al. 2004; Hollick et al. 2007). Structure—
activity relationship (SAR) data and co-crystal structures indicate that the aryl
morpholine in all of these compounds binds in an orientation similar to the aryl
morpholine in LY294002. In this sense, these newer compounds are all analogs of
LY294002.
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LY294002 and its partner wortmannin (discussed below) have been two of the
most widely used tool compounds in biological research. Much of what is known
about PI3-K signaling was first learned by using these reagents. Nonetheless, it is
now clear that the cellular selectivity of LY294002 is limited. To fully inhibit PI3-K
activity in cells, LY294002 is often applied at concentrations above 10 pM. In this
concentration range, LY294002 targets several unrelated proteins, including cal-
cium channels (Welling et al. 2005), potassium channels (Sun et al. 2004; Wu et al.
2009), phosphodiesterases (Abbott and Thompson 2004), and the estrogen receptor
(Pasapera Limon et al. 2003). Therefore, some of the cellular functions attributed to
PI3-Ks based on the use of LY294002 are probably mediated by these secondary
targets. For example, LY294002 induces apoptosis in some cell lines and acute
toxicity in mice, which are not observed with more potent and selective PI3-K
inhibitors.

3 Wortmannin

Wortmannin is a steroid-like natural product that was originally isolated from the
fungus Penicillium wortmanni (Brian et al. 1957). Early experiments revealed that
wortmannin had potent antiproliferative and anti-inflammatory activity (Wiesinger
et al. 1974). The specificity of this activity was suggested by the finding that
wortmannin blocked, at low nanomolar concentrations, the respiratory burst of
neutrophils activated by fMLP, yet did not directly inhibit NADPH oxidase (Bag-
giolini et al. 1987). This led to the hypothesis that wortmannin may “interfere with
the signal transduction sequence initiated by the particulate stimulus” in neutro-
phils, even though the components of that signaling pathway had not been fully
characterized.

In 1993, PI3-K was identified as the direct target of wortmannin responsible for
its inhibition of the neutrophil response to fMLP (Arcaro and Wymann 1993).
Within the PI3-K family, the most potent targets of wortmannin are the class I
enzymes, which are inhibited with ICs, values in the 1-10 nM range. Wortmannin
also potently inhibits the class II enzyme PI3K-C2B (ICs5o = 1.6 nM), but is
somewhat less active against PI3-KC2a, (ICsq = 420 nM), PI4-KIIIB (IC5, = 320
nM), mTOR (ICsy = 200 nM), and DNA-PK (IC5o = 150 nM) (Arcaro et al. 1998;
Balla et al. 2008b; Brunn et al. 1996; Domin et al. 1997; Hartley et al. 1995).
Interestingly, the wortmannin sensitivity of VPS34, the class III PI3-K, is species
dependent: the human and fly enzymes are sensitive (ICsy = 10 nM), whereas the
yeast enzyme is resistant (ICsq = 3 uM) (Fruman et al. 1998; Stack and Emr 1994).
Despite this striking difference in sensitivity between orthologs, efforts to use this
information to alter the wortmannin sensitivity of p110y by mutagenesis were
unsuccessful (Walker et al. 2000).

Wortmannin inhibits PI3-Ks by covalent inactivation of the enzyme (Walker
et al. 2000; Wymann et al. 1996): the electrophic furan ring of wortmannin is
attacked by a lysine residue in the kinase active site (K833 in p110y), resulting in
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ring opening and formation of a stable enamine (Fig. 1). This lysine residue is
conserved in all PI3-Ks as a result of its role in catalysis, and this conservation may
contribute to the potent inhibition of several PI3-Ks by wortmannin. Nonetheless,
noncovalent interactions are also critical for the high-affinity binding of this
molecule. The co-crystal structure of wortmannin bound to pl10y revealed a
network of five hydrogen bonds and extensive hydrophobic interactions between
the natural product and the enzyme (Fig. 1) (Walker et al. 2000).

The electrophilic furan ring of wortmannin is sensitive to cellular nucleophiles,
and wortmannin rapidly decomposes in tissue culture media (half-life ~10 min)
(Holleran et al. 2003). Nonetheless, wortmannin treatment of cells results in durable
PI3-K inhibition. This “wortmannin paradox” may reflect the slow reversibility of
the covalent reaction of wortmannin with some cellular nucleophiles, which results
in the gradual regeneration of active drug (Yuan et al. 2007). This observation has
enabled the design wortmannin pro-drugs with improved pharmacological proper-
ties (Yuan et al. 2006).

4 p1106 Inhibitors and the Selectivity Pocket

In 2003, scientists from ICOS described IC87114 (Fig. 2), an isoquinolinone purine
that inhibits p110d with an ICsq value of 0.5 pM (Sadhu et al. 2003b). IC87114
displays remarkable selectivity for p1100 relative to the rest of the PI3-K family: it
is 100-fold more potent for p110d than p110f or p110y, and it is essentially inactive
against all other PI3-K family members. This molecule was the first selective PI3-K
inhibitor to be described, and it has been widely used to probe the role of p110d in
processes such as the allergic response (Ali et al. 2004, 2008; Zhang et al. 2008),
neutrophil activation (Sadhu et al. 2003a, b), and leukemic cell proliferation
(Billottet et al. 2006; Sujobert et al. 2005).

The impressive selectivity of IC87114 raised the question of how this molecule
discriminates between the class I PI3-K isoforms. IC87114 is ATP competitive, but
the ATP-binding pocket of the class I PI3-Ks is highly conserved: among the
residues that directly contact the adenine of ATP, there is only one difference
among the class I PI3-Ks (a conservative substitution of a valine for isoleucine in
p1107y). While these kinases do diverge in sequence on the periphery of the ATP-
binding pocket, it is unclear how these differences could be targeted by a small
molecule to achieve selectivity. Like most kinase inhibitors, IC87114 was discov-
ered through chemical optimization of a screening hit, rather than through struc-
ture-based design.

In 2006, the crystal structure of an analog of IC87114 (called PIK-39) was
reported in complex with pl110y, along with crystal structures of several other
novel PI3-K inhibitors (Knight et al. 2006). Comparison of the binding mode of
PIK-39 with that of other inhibitors suggested a rationale for its unique selectivity.
Most PI3-K inhibitors bind to the kinase in a flat orientation, in which the drug sits
primarily within the plane defined by the adenine of ATP. By contrast, the PIK-39
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Fig. 2 Isoform selective PI3-K inhibitors. Chemical structure and relative orientation in the PI3-K
ATP-binding site of four selective inhibitors. Hydrogen bonds observed in crystal structures are
indicated by solid red arrows; those predicted from models are indicated by dashed red arrows

structure revealed that the isoquinolinone moiety of the drug projects upward
toward the roof of the ATP-binding pocket (Fig. 3). To accommodate the drug
and avoid a steric clash, the kinase undergoes a conformational rearrangement in
which the side chain of Met804 moves downward, creating a new hydrophobic
pocket at the entrance to the ATP binding site. This inducible pocket, which is not
observed in any other PI3-K crystal structure, buries approximately 180 A? of
solvent-accessible surface area of the drug.

These structural data revealed the existence of an inducible drug-binding pocket,
gated by Met804, located at the entrance to the PI3-K active site. To test whether
this inducible pocket is required for the selectivity of PIK-39, resistance mutants
were designed in which Met804 was mutated to a B-branched residue (isoleucine or
valine); modeling indicated that a B-branched side chain would be unable to move
and thereby accommodate the drug. These resistance mutations blocked the binding
of PIK-39 (and IC87114) to p1104 but had no effect on other classes of inhibitors
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Fig. 3 Structure of the ATP-binding pocket of pl110y. Left, crystal structure of ATP bound to
p110y, indicating hydrogen bonds to the backbone of residues E880 and V882, and the relative
location of the regions occupied by the adenine of ATP, the inducible selectivity pocket, and a
deeper region occupied by potent inhibitors (affinity pocket). Right, an overlay of the crystal
structures of structurally diverse PI3-K inhibitors bound to p110y. Multitargeted compounds are
shown in blue and PIK-39 is shown in orange. Met804 (red) is highlighted to show the conforma-
tional change that occurs upon binding of PIK-39. These figures are reproduced with permission
from (Knight et al. 2006)

(Knight et al. 2006). This confirmed that the inducible pocket is required for the
unique selectivity of the isoquinolinone chemotype.

It is likely that different PI3-K isoforms vary in their ability to form this
inducible pocket, as a result of sequence differences that are distal to the ATP-
binding site (e.g., second and third shell interactions). If so, this provides an
explanation for how PIK-39 can discriminate between PI3-K isoforms even though
the residues that directly contact the drug are the same. This prediction has been
supported by the recent crystal structure of pl110a, which showed that the loop
containing the residue equivalent to Met804 in p110a adopts an orientation that
would preclude the conformational rearrangement of Met804 observed in the PIK-
39 structure (Amzel et al. 2008). Finally, it is worth noting that this mechanism of
drug selectivity, which is based on differences in conformational flexibility
between targets, is well characterized in the field of protein kinase inhibitors. The
first example of this was the drug imatinib, which distinguishes between the closely
related kinases Abl and Src through binding to a differentially accessible inactive
conformation (Schindler et al. 2000).

5 pl1103, DNA-PK, and ATM Inhibitors: A Shared
Selectivity Mechanism?

In 2004 and 2005, a series of selective inhibitors of p1 10p were described (Jackson
et al. 2005; Knight et al. 2004). These compounds are analogs of LY294002 that
replace the 8-phenyl substituent of LY294002 with bulkier and more extended
groups (Fig. 2). A representative compound is TGX221, which is a potent inhibitor
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of pl10B (ICso = 0.005 pM) and displays impressive selectivity for p110f over
pl110a and p110y (~1,000-fold). The selectivity of these compounds for p110f
over p110d is much less (two- to tenfold) (Knight et al. 2004). However, the
residual pl110d activity of these compounds has not limited their usefulness,
because highly selective p110d inhibitors such as IC87114 have been available.
Thus, it has been possible to dissect the specific contribution of p110f in cell-based
experiments by using these two classes of inhibitors in combination. Compounds
from the TGX series have been employed in this way to assign a role for p110f in
thrombus formation by platelets (Jackson et al. 2005), in fine-tuning insulin signal-
ing in muscle cells (Knight et al. 2006), and in driving cell proliferation in PTEN-
null tumors (Torbett et al. 2008), among other functions.

During the same time period, scientists from KuDOS published a series of
papers describing their efforts to identify selective DNA-PK inhibitors (Griffin
et al. 2005; Hollick et al. 2003, 2007; Leahy et al. 2004). These molecules were
identified by synthesizing focused libraries that introduced diversity around the
8-phenyl group of LY294002 and then screening these compounds for selectivity
within the PI3-K family. One of the most selective compounds to emerge from this
effort was NU7441, which contains a sterically demanding dibenzothiophene in
place of the 8-phenyl moiety of LY294002 (Fig. 2). This compound potently
inhibits DNA-PK (IC5y = 0.020 pM) and displays 100- to 1000-fold selectivity
against other kinases in the PI3-K family (Leahy et al. 2004).

KU-55933 is a second important compound that originated from KuDOS (Fig. 2)
(Hickson et al. 2004). KU-55933 is a potent inhibitor of ATM (ICsy = 0.013 uM)
and displays a high degree of selectivity relative to all other PI3-K family members
(~1,000-fold). Like TGX-221 and NU7441, KU-55933 introduces a bulky substit-
uent (a thianthrene ring) into the approximate region occupied by the 8-phenyl of
LY294002. This compound has become a widely used probe for ATM signaling.
One early application of this compound demonstrated the potential of ATM as a
therapeutic target for HIV, based on the fact that ATM mediates a DNA damage
response required for viral integration (Lau et al. 2005).

Crystal structures have not been reported for NU7441, KU-55933, or the TGX
series of p110f inhibitors. Therefore, the precise structural basis for their selectivity
is unknown. However, based on SAR data, it is clear that the aryl morpholine
moiety in these drugs binds to PI3-Ks in the same orientation as LY294002. This
has made it possible to generate models for how these drugs bind to PI3-Ks, by
using the LY294002 crystal structure as a template (Knight et al. 2006). These
models indicate that all three drugs project a large hydrophobic substituent out of
the plane occupied by ATP and toward the region of the kinase that forms the
inducible selectivity pocket in the PIK-39 structure (Fig. 2). In each case, it appears
that a conformational change in the kinase would be necessary to accommodate the
drug (although in the case of ATM, sequence differences in the residues in this
region may also be relevant (Knight et al. 2006)). Thus, it is likely that these varied
inhibitors achieve their selectivity, in part, by exploiting differences between PI3-Ks
in conformational flexibility around the region that moves in the PIK-39 structure.
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Data from mutagenesis of pl110B is consistent with this hypothesis (Frazzetto
et al. 2008).

6 p110vy Inhibitors

Serono has described a series of selective p110y inhibitors (Camps et al. 2005;
Pomel et al. 2006). A representative compound is AS-605240 (Fig. 4), which has
low nanomolar activity against p110y and ~30-fold selectivity relative to p110f
and p1103. The selectivity of AS-605240 for p110y over p110a is less (~10-fold),
which is consistent with data from other chemotypes that it is unusually difficult to
identify small molecules that discriminate between these two isoforms (Knight
et al. 2006).

Compounds from this chemical series have two functional parts: (1) a hetero-
aromatic ring that binds in the region of the kinase active site occupied by the
adenine of ATP and makes a hydrogen bond to the backbone amide of V882; and
(2) a thiazolidinedione that occupies a deeper region of the ATP-binding pocket and
makes a hydrogen bond to K833 in p110y (Fig. 4). Crystal structures of several
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Fig. 4 Inhibitors of p110y and class I PI3-Ks. Chemical structure and relative orientation within
the ATP binding site of several classes of PI3-K inhibitors. Hydrogen bonds observed in crystal
structures are indicated by solid red arrows; those predicted from models are indicated by dashed
red arrows
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compounds from this series have been reported, but the interactions that determine
the p110y selectivity of these compounds are not apparent (Camps et al. 2005).
Unlike many classes of PI3-K inhibitors that have been reported, the p110y
inhibitors from Serono have favorable pharmacological properties, including low
molecular weight, high aqueous solubility, and oral bioavailability in mouse.

7 Class I PI13-K Inhibitors

Several classes of multitargeted drugs have been described that inhibit most or all of
the class I PI3-Ks. Representative chemotypes are shown in Fig. 4. These com-
pounds often also inhibit DNA-PK and, in some cases, have activity against mTOR.
One compound, PIK-93, has unusually potent activity against PI4KIIIf and has
become a useful probe for that kinase (Balla et al. 2008a, b). By contrast, potent
inhibition of ATM, ATR, or hSmg-1 by these drugs is uncommon.

An important early representative of this class was PI-103, an aryl morpholine
developed by Piramed (Knight et al. 2006; Raynaud et al. 2007). PI-103 inhibits the
class I PI3-Ks, DNA-PK, and mTOR at low- to mid-nanomolar concentrations
in vitro. As a result of this broad selectivity, PI-103 effectively inhibits almost all
PI3-K-dependent growth factor signaling, and PI-103 displays potent antiprolifera-
tive activity in most cells, typically as a result of a GoG cell cycle arrest rather than
apoptosis (Fan et al. 2006; Raynaud et al. 2007).

The antiproliferative activity of PI-103 requires direct inhibition of mTOR in
addition to the class I PI3-Ks in many cell types. This was unexpected, because it was
widely assumed that potent inhibition of PI3-Ks would be sufficient to block tumor
cell proliferation. However, a systematic comparison of a panel of structurally
diverse PI3-K inhibitors with varying target selectivities revealed that PI-103 was
uniquely active against several glioma cell lines (Fan et al. 2006). Compounds such
as PIK-90 (Fig. 4) that inhibit the class I PI3-Ks but are less potent against mTOR
were found to also have significantly less antiproliferative activity. By combining
PIK-90 with the mTOR inhibitor rapamycin, it was possible to phenocopy the cell
cycle arrest induced by PI-103, suggesting that inhibition of both PI3-Ks and mTOR
is required (Fan et al. 2006). This result has been reproduced in a range of tumor cell
lines (Apsel et al. 2008; Fan et al. 2007; Kharas et al. 2008; Park et al. 2008; Torbett
et al. 2008) and is also observed with newer inhibitors that are structurally unrelated
to PI-103 or PIK-90 (Apsel et al. 2008), arguing that direct mTOR inhibition may be
generally required for blockade of cell proliferation by PI3-K family inhibitors.
However, it remains unclear which mTOR targets mediate the additional antiproli-
ferative effect caused by direct mTOR inhibition, since upstream inhibition of PI3-K
is typically sufficient to block signaling through known mTOR pathway components.
In addition, it is unknown to what extent these differences in the drug sensitivity of
cell lines in vitro will predict the response to PI3-K inhibitors of tumors in vivo.

PI-103 has demonstrated activity in vivo against tumor xenografts (Fan et al.
2006; Raynaud et al. 2007) and in studies of insulin signaling (Knight et al. 2000).



274 Z.A. Knight

However, the use of this compound in vivo is limited by its low aqueous solubility
and rapid metabolism (Raynaud et al. 2007). Piramed has described medicinal
chemistry efforts to optimize the pharmacological properties of this compound,
resulting in an analog (GDC-0941) that has entered human clinical trials (Folkes
et al. 2008). This compound joins class I PI3-K inhibitors such as NVP-BEZ235
(Maira et al. 2008; Serra et al. 2008), XL-147, and XL-765 that have advanced to
clinical testing. These compounds are described in greater detail in a separate
chapter in this book.

8 Conclusions

Much has been learned over the past 5 years about the chemical principles that
control the selectivity PI3-K inhibitors, but some basic questions remain unan-
swered. Thus far, no highly specific inhibitor of p110a has been described, despite
the fact that this kinase is the primary target of most drug discovery efforts focusing
on the PI3-K family. This may reflect the fact that pl110a is challenging to
selectively inhibit with a small molecule; for example, SAR and structural data
indicate that the selectivity pocket exploited by p110d inhibitors is particularly
inaccessible in p110a. Alternatively, it may be that highly selective inhibition of
p110a is not an optimal strategy for the treatment of cancer. Preclinical data clearly
indicate that less selective PI3-K inhibitors, such as those that also target mTOR,
have enhanced antitumor activity. This has led to efforts to identify small molecules
whose selectivity has been expanded even further to target both tyrosine kinases
and PI3-Ks (Apsel et al. 2008). Moreover, it seems unlikely that enhanced selectiv-
ity for p110a would prevent the feared side effects of PI3-K inhibitors on glucose
metabolism, since pl110a is the primary kinase responsible for insulin signaling
(Foukas et al. 2006; Knight et al. 2006).

These questions can be resolved only through clinical testing, and, fortunately,
several chemotypes of PI3-K inhibitors are now being evaluated in clinical trials.
These human experiments should provide, at last, a verdict on the therapeutic
potential of PI3-K inhibitors, at least for the treatment of cancer. Judging from
the recent experience of other targeted therapies, however, these clinical data are
also likely to supply surprises that will require re-examination of our understanding
of PI3-K signaling.
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Abstract Gliomas represent the most common primary brain tumor and among the
most aggressive of cancers. Patients with glioma typically relapse within a year
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of initial diagnosis. Recurrent glioma is associated with acquired therapeutic
resistance. Although neurosurgical resection, radiation and chemotherapy provide
clear benefit, survival remains disappointing. It is, therefore, critical that we
identify effective medical therapies and appropriate tumor biomarkers in patients
at initial presentation, to promote durable responses in glioma. Pathways linking
receptor tyrosine kinases, PI3 kinase, Akt, and mTOR feature prominently in this
disease and represent therapeutic targets. Small molecules that inhibit one or more
of these kinases are now being introduced into the clinic and may have some
activity. Disappointingly, however, preclinical studies demonstrate these agents
to be primarily cytostatic rather than cytotoxic to glioma cells. Here, we detail
activation of the EGFR-PI3K-Akt-mTOR signaling network in glioma, review class
I PI3K inhibitors, discuss roles for Akt, PKC and mTOR, and the importance of
biomarkers. We further delineate attempts to target both single and multiple
components within the EGFR-PI3K-Akt-mTOR axes. Lastly, we discuss the
need to combine targeted therapies with cytotoxic chemotherapy, radiation and
with inhibitors of survival signaling to improve outcomes in glioma.

Abbreviations

CML Chronic myelongenous leukemia
EGFR  Epidermal growth factor receptor
GBM  Glioblastoma multiforme

mTOR Mammalian target of rapamycin
PKC Protein kinase C

PI3K Phosphatidylinositol 3’'kinase
RTK Receptor tyrosine kinase

1 Introduction

Gliomas represent the most common primary brain tumor and are among the most
lethal of all cancers. Prognosis for glioma differs from most other cancer types in
that grade (mitotic features, microvascular proliferation, and necrotic tissue sur-
rounded by anaplastic cells, so-called pseudopalisading necrosis) is much more
important than stage (extent of disease). Astrocytomas are the most frequently
occurring type of glioma. The vast majority of patients (~90%) present at diagnosis
with high-grade glioblastoma multiforme tumors (GBM). Both GBM (grade 1V)
and grade III astrocytomas (high-grade without pseudopalisading necrosis) com-
prise “malignant gliomas”. Standard-of-care therapy for GBM includes surgery
and radiation therapy, resulting in a median survival of approximately 1 year from
the time of diagnosis (reviewed in Persson et al. 2007). Over the past decade,
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Fig. 1 PI3 kinase signaling pathway in glioma. Class I PI3 kinases are activated by upstream signals
from receptor tyrosine kinases (RTKSs) including EGFR and other RTKs. PI3 kinase catalyzes
production of the second messenger PIP3, which actives both Akt and PKC. Akt and PKC phosphor-
ylate multiple downstream substrates. We found Akt was dispensable for mitogenic signaling
between EGFR and mTOR in glioma cells, whereas PKC was critical (33). PIP5 is negatively
regulated by the tumor suppressor PTEN, a phosphatase driving dephosphorylation of PIP;

addition of the alkylating agent temozolomide, administered both during and after
radiotherapy, has been justifiably viewed as a major advance in the care of these
patients, improving survival by approximately 3 m overall (Stupp et al. 2005).
Genetic alterations in GBM typically deregulate pathways involving tumor
suppressors p53 (87%), RB (78%), and receptor-tyrosine kinase (RTK)/RAS/
PI3K (88%) (Cancer Genome Atlas Research Network 2008). Among these, the
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RTK/RAS/PI3K pathway is distinguished in requiring a number of key kinase
intermediates, and currently represents the pathway most amenable to pharmaco-
logic intervention. Mutations such as amplification of EGFR (45%), gain of func-
tion in PIK3CA (15%), or loss of PTEN (36%) all activate the lipid kinase PI3K and
its downstream target, the plekstrin-homology-domain serine threonine kinase Akt.
Akt has over 40 downstream targets (Manning and Cantley 2007). Prominent
among these are GSK-3, PRAS40, FOXO, BAD, mTOR, and the TSC1/2 proteins
(Fig. 1). Although EGFR and downstream signaling components all represent
attractive targets for therapy, initial clinical studies focused on inhibiting EGFR
have been disappointing in glioma (Prados et al. 2006; Rich et al. 2004). In addition,
preclinical studies inhibiting EGFR and other RTKs, as well as PI3K and mTOR
have shown only modest efficacy in GBM. Can an understanding of the molecular
and genetic abnormalities in GBM lead to improved therapies using single agents or
combination protocols, enabling these pathways to be targeted effectively in
patients?

2 The Epidermal Growth Factor Receptor Pathway

EGFR is commonly mutated in GBM, leading to overexpression and activation of
downstream signaling pathways. The EGFR gene is amplified in 40-50% tumors,
and overexpressed in a majority of GBM. Approximately 40% of tumors with
EGFR amplification also have gene rearrangements, most commonly deleting the
ligand binding domain, resulting in a constitutively active EGFRVIII allele (Cancer
Genome Atlas Research Network 2008; Jones et al. 2008). EGFR signals through a
complex network of intermediates including PI3K, AKT, MAPK and PLCy. Over-
activity of the EGFR pathway results in proliferation, invasiveness, motility,
angiogenesis and inhibition of apoptosis, and is associated with resistance to
radiation and chemotherapy (reviewed in Brandes et al. 2008).

Since EGFR is a driving oncogene in malignant glioma, it was anticipated that
inhibition of EGFR signaling would represent an effective therapeutic strategy.
Two small-molecule tyrosine kinase inhibitors of the EGFR (erlotinib and gefitinib)
were evaluated in malignant gliomas. Initial results with EGFR inhibitors in GBM
have been disappointing however, with most patients not responding. Only patients
with high expression of wild-type EGFR and low levels of phosphorylated Akt in
one study (Haas-Kogan et al. 2005), and coexpression of EGFRVIII and wild-type
PTEN in another study (Mellinghoff et al. 2005) showed a radiographic response to
EGFR kinase inhibitors. It was not clear that these changes were durable, and such
patients represented a minority population (~10%).

Gefitinib (ZD1839, Iressa) is a small molecule inhibitor of the EGFR tyrosine
kinase that has been tested in a phase II study in recurrent GBM. Median event-free
survival was 8.1 weeks. No radiographic responses were observed and the 6-month
median progression-free survival (PFS) was 17% (Rich et al. 2004). Another phase
II trial also reported the ineffectiveness of gefitinib in patients with high-grade
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glioma (Franceschi et al. 2007). Gefitinib is rarely used currently in the treatment
of GBM.

Erlotinib (OSI-774, Tarceva) inhibits the tyrosine kinase activity of EGFR and
EGFRVIIL. Partial response rates of 6% were reported in a phase II study, in which
progression free survival for patients was 12 weeks. All patients progressed by 24
weeks (de Groot et al. 2008). It is unclear whether erlotinib is more effective than
gefitinib for radiographic response rate in high-grade glioma. A recently published
Phase II study demonstrated that erlotinib in combination with temozolomide
chemotherapy resulted in improved survival, again correlating with PTEN immu-
nopositivity (Prados et al. 2009).

Amplification of EGFR is prominent in glioma. It was, therefore, quite disap-
pointing although perhaps not surprising that blockade of this kinase had such a
modest effect in patients. At least two observations can help to explain this apparent
paradox. First, EGFR is one among many kinases activated in glioma. The abun-
dance of RTKs expressed in GBM suggests a redundancy that may preclude
observing clinical improvement in response to targeting any single RTK in this
disease (Stommel et al. 2007). This observation is somewhat at odds with one of
many lessons learned from CML patients treated with imatinib however; kinases
activated by mutation are generally better targets than kinases activated in the
absence of genetic mutation (Sawyers 2004). With so many RTKs apparently
over-expressed in glioma, why does mutational activation of EGFR occur so
much more commonly than mutational activation of other RTKs?

A second contributor to the failure of EGFR inhibitors in glioma relates to
EGFR-independent mutational activation in coupled signaling pathways, leading
to sustained activation of downstream signaling even in the setting of effective
upstream blockade. To fully understand this issue requires a brief review of lipid
kinase signaling downstream of EGFR.

3 The PI3K/Akt/mTOR Axis in Glioma

PI3KSs are lipid kinases activated by a wide range of RTKSs to generate the second
messenger phosphatidylinositol-3,4,5-trisphosphate (PIP3). PIP; couples PI3K to
downstream effectors such as Akt, a serine-threonine kinase that suppresses apo-
ptosis, promotes growth and drives proliferation. PIP; also indirectly activates the
protein kinase mTOR, which is critical for cell growth and contains a PI3K
homology domain (making mTOR a PIK related Kinase — PIKK), although
mTOR itself has no lipid kinase activity. The lipid phosphatase Pten acts on PIP;
to antagonize PI3K signaling and shows frequent inactivation, deletion, or epige-
netic silencing in GBM. Inactivation of PTEN and activating mutations in PI3K
itself collectively occur in a substantial fraction of GBM tumors, effectively
uncoupling PI3K from upstream control by EGFR.

It is perhaps not surprising then that inhibition of EGFR in PTEN mutant glioma
has shown little therapeutic effect, an observation made preclinically by us and
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others (Fan et al. 2003, 2007; Wang et al. 2006) and subsequently borne out
clinically in studies described above. That responses to clinical inhibitors of
EGFR were seen only in patients with tumors that were wild-type for PTEN, or
that showed low levels of phosphorylated Akt (a histological surrogate for PTEN
proficiency), suggests that responses were limited to tumors in which inhibition of
EGFR led to blockade of downstream PI3K signaling. The role played by PTEN
mutation in uncoupling EGFR and PI3K also suggests that the efficacy of EGFR
inhibition in PTEN mutant glioma should be augmented by addition of a PI3K
inhibitor. In preclinical studies, we therefore transduced PTEN mutant human
glioma cells with the constitutively active, tumor-derived EGFRvIII allele, estab-
lished flank xenografts, and treated these with the EGFR inhibitor gefitinib or the
pan-PI3K inhibitor LY294002. While low doses of either monotherapy had no
effect on tumor burden, combination low-dose therapy efficiently blocked further
growth of established tumor xenografts. These and other preclinical studies (Fan
et al. 2003; Wang et al. 2006) support the use of such a combination approach in
EGFR-driven, PTEN mutant glioma. However, the availability of clinical PI3K
inhibitors, now in clinical trials, has to date precluded clinical trials that test this
combination.

4 Isoform Specific Inhibitors of Class I PI3K Inhibitors

The PI3K-Akt-mTOR signaling pathway is currently one of the most attractive
therapeutic targets in GBM. The eight mammalian PI3Ks are divided into three
classes according to their structure, regulation, and substrate specificity. Most PI3K
enzymes consist of a p110 catalytic subunit that heterodimerizes with a separate
regulatory subunit. Of particular interest are the four Class I PI3K isoforms (a., B, 9,
and vy), which are activated by receptor tyrosine kinases or by heterotrimeric
G-proteins. Although gain-of function mutations in the p110a gene (PIK3CA) are
found uniquely in human cancers, other p110 isoforms also have oncogenic poten-
tial when overexpressed. PI3K[ is associated with development of thrombotic
diseases through activation of platelets (Jackson et al. 2005). Both PI3Kd and
PI3Ky play major roles in the immune system. Knockout of either the & or
v isoforms of PI3K led to impaired immune responses (Okkenhaug et al. 2002;
Sasaki et al. 2000).

Two recent studies show that the PI3Kf also has a role in glucose metabolism
that was not required for Akt activation. In conditional knock out mice, ablation of
PI3Kp in the livers led to impaired insulin sensitivity and glucose homeostasis
with little change in phosphorylation of Akt (Jia et al. 2008). Interestingly,
deletion of PI3Kf (but not PI3Ka) blocked prostate tumor formation in geneti-
cally engineered mice deleted for PTEN, and was associated with decreased
levels of p-Akt in this setting. Mice expressing a catalytically inactive PI3Kf}
(K805R) developed mild insulin resistance detectable from 6 months of age,
and were protected from breast tumor formation driven by a Her2 transgene
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(Ciraolo et al. 2008). Comparison of wild-type MEFs and MEFs homozygous
for the deleted or inactive PI3K[ kinase revealed that the catalytic function of
PI3KP was not required for Akt activation shortly after growth factor stimulation,
but was required for signaling via GPCRs.

Much of our understanding of the biology of PI3Ks has resulted from experiments
using panselective PI3K inhibitors such as L.Y294002 and wortmannin, which
inhibit a broad range of p110 enzymes. However, this same diversity of functions
within the PI3K family has limited the utility of panselective inhibitors of PI3Ks to
validate particular PI3K isoforms as potential therapeutic targets. In addition, use of
LY294002 and wortmannin has been restricted to preclinical studies because of lack
of selectivity, toxic effects, and poor pharmaceutical properties. Despite these
inadequacies, both compounds have proven invaluable for the early study of PI3K
inhibition and serve as pathfinders in the development of PI3K inhibitors.

To assess the impact of inhibiting individual PI3Ks, efforts in both academia and
industry have recently developed several isoform-selective inhibitors of class I
PI3Ks that show significant selectivity. All are ATP-competitive inhibitors.
Because ATP-binding pockets of different kinases are structurally similar, these
inhibitors generally show activities against a number of PI3 kinases. Several
isoform-selective inhibitors of the PI3Ks are therefore being evaluated in malignant
gliomas.

To test the efficacy of these agents, we screened a genetically heterogeneous
panel of glioma cell lines using a panel of small molecule PI3K inhibitors, includ-
ing chemotypes of compounds likely to be further developed as clinical inhibitors
(Fan et al. 2006; Knight et al. 2006). We observed biochemical activity (against
phospho-Akt) using a number of agents that blocked PI3K alpha and PI3K beta, but
not in response to a more limited number of agents that blocked PI3K gamma or
PI3K delta. Although agents blocking PI3K beta were equivalent to agents that
blocked PI3K alpha in terms of their activity against Akt, only PI3K alpha inhibi-
tors were effective as antiproliferative agents. These observations suggest that PI3K
alpha is the principal PI3K driving proliferation in glioma. That inhibitors of PI3K
beta showed activity against p-Akt but were ineffective in blocking proliferation
suggests that Akt is a poor biomarker for the antiproliferative activity of PI3K
inhibitors in glioma (discussed in further detail below).

Interestingly, the Piramed inhibitor PI-103 was unique among inhibitors tested
in showing the most potent antiproliferative activity. We traced the antiproliferative
activity of PI-103 to its independent inhibitory activities against both PI3Ka and
mTOR. This combined inhibition of p110oc and mTOR eliminated the increased
Akt signaling often observed using allosteric inhibitors of mTOR as monotherapy
(Fig. 2) and likely antagonizing the potential efficacy of mTOR inhibitors (Fan et al.
2006). Interestingly, the ability of this and other compounds to inhibit mMTOR was
largely overlooked during initial development of these drugs, likely because mMTOR
inhibition was presumed to be a consequence of PI3K blockade. We subsequently
demonstrated that inhibitors of PI3K do not block mTOR in glioma (Fan et al.
2009), suggesting that dual inhibitors of PI3K and mTOR in this disease affect two
parallel pathways, rather than a single linear one (see below).
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Fig. 2 Sites of action for inhibitors and shRNAs in the EGFR-PI3K-Akt-mTOR pathway. Agents
that inhibit the EGFR-PI3K-Akt-mTOR pathway at multiple sites may contribute to anticancer
effects in malignant glioma. Agents that inhibit only one target within the EGFR-PI3K-Akt-mTOR
axis generally show only modest efficacy and fail to induce appreciable apoptosis. This disap-
pointing efficacy stems in-part from multiple nodes of activation in the EGFR-PI3K-Akt-mTOR
axis. For example, loss of PTEN activates PI3K signaling. A feedback loop between S6K and IRS-1
also lead to PI3K activation. Inhibition of the PI3K-Akt-mTOR pathway may also induce
autophagy, enabling cancer cells to survive some small molecule inhibitors of this pathway
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5 Targeting mTOR Signaling

The mTOR kinase (also known as FRAP, RAFT or RAPT) is intimately linked to
PI3K/AKkt signaling and to the regulation of protein synthesis, cell growth and
survival. Activation of mTOR in response to growth factor signals is thought to
be regulated through the PI3K/Akt pathway. Stimulation of PI3K leads to activation
of Akt, with subsequent phosphorylation of mTOR on ser-2448 by phospho-Akt.
In addition, phospho-Akt is able to phosphorylate the Tsc1/2 (hamartin-tuberin)
complex on the Thr-1462 of tuberin that is inhibitory to mTOR.

Rapamycin and analogs temsirolimus (CCI-779), everolimus (RAD001), and
deforolimus (AP23573) represent allosteric mTOR inhibitors that posses antiproli-
ferative and antitumor activity as single agents both in vitro and in vivo, and have been
evaluated in a limited clinical setting in malignant glioma. Two recently published
phase II studies of temsirolimus monotherapy in recurrent GBM demonstrated a range
of radiographic improvement without survival benefit (Chang et al. 2005; Galanis
et al. 2005), suggesting that the efficacy of rapamycin analogs might be augmented
through combination therapy approaches. A recent Phase I trial tested geftinib and
CCI-779 in combination and showed very few responses, all of which were limited
to patients with amplification of EGFR and high levels of p-Akt (Reardon et al. 2006)

The mTOR kinase exists as a component of two distinct protein complexes.
mTORCI is activated by growth factors and nutrients, phosphorylates substrates
including S6K at Thr389 and EIF4E at Ser209, and is sensitive to rapamycin. In
contrast, the role played by growth factors and/or nutrients in regulating mTORC2
is less certain. The mTORC2 complex itself phosphorylates Akt at S473. Although
S473 is generally resistant to rapamycin and rapamycin-like inhibitors, some cancer
cell lines do show inhibition in response to rapamycin (Copp et al. 2009). Rapa-
mycin and its analogs inhibit mTOR by altering the conformation of this kinase,
inactivating mTORC1 (with limited effect on mTORC?2) and until recently defining
the activity of the mTORCI1 kinase complex. In contrast, dual inhibitors of PI3K
and mTOR compete with ATP in binding the active site of these kinases, and
inactivate PI3K, mTORC1 and mTORC2. Two recent reports have characterized
ATP-competitive inhibitors of mTOR kinase that do not concomitantly inhibit
PI3K (Feldman et al. 2009; Thoreen et al. 2009). In contrast to rapamycin, ATP
competitive inhibitors of mTOR blocked the phosphorylation of Akt at S473 and
prevented its activation (an mTORC?2 function). Preclinically, these compounds
were more effective antiproliferative agents than rapamycin. Studying MEFs defi-
cient in components of mMTORC?2 enabled a direct comparison of allosteric inhibi-
tion of mTORC1 versus ATP-competitive inhibition of this same complex.
Surprisingly, the improved antiproliferative proficiency of ATP-competitive inhi-
bitors was traced to inhibition of mMTORCI and to the improved activities of ATP
competitive inhibitors in blocking cap-dependent translation and in inducing autop-
hagy (Feldman et al. 2009; Thoreen et al. 2009). Thus, ATP-competitive inhibitors
of mTOR, alone or as a component of dual inhibitors of PI3K and mTOR provide a
new class of agents and therapeutics for glioma and other cancers.
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6 Targeting the EGFR-PI3K-Akt-mTOR Axis:
The Importance of Akt

The AKT family of serine threonine kinases consists of three members: Akt 1
(PKBa), Akt 2 (PKB), and Akt 3 (PKBY), all of which have been implicated in
cancer. Akt is a central node in the complex cascade of PI3K signaling, with cross-
talk and feedback loops influencing regulation of this kinase. Akt is also well
known for its antiapoptotic activity when overexpressed. Surprisingly, however,
inhibiting components of the PI3K-Akt pathway in glioma often does not typically
induce apoptosis (reviewed in Cheng et al. 2009). Several small molecule Akt
inhibitors with varying potencies and specificities for the different Akt isoforms
have now been developed.

Because inhibitors of PI3K should signal through Akt to mTOR, it is perhaps
surprising that dual inhibitors of PI3K and mTOR show enhanced efficacy when
compared with mono-specific inhibitors of PI3K. We presumed initially that mTOR
had additional upstream inputs, so that inhibition of PI3K would only partially
impair mTOR function. To test this hypothesis, we took advantage of the observa-
tion that EGFR-driven glioma cell lines wild-type for PTEN showed proliferative
arrest in response to inhibitors of EGFR, and that comparable cell lines mutant for
PTEN did not. In PTEN mutant lines, levels of phospho-Akt decreased significantly
in response to EGFR inhibition. These data were aligned with our earlier demon-
stration that inhibitors of PI3K beta showed pronounced activity against p-Akt in
the absence of affecting proliferation, and collectively suggest that p-Akt represents
a poor biomarker for the antiproliferative activity of EGFR and PI3K inhibitors
(Fan et al. 2006). In contrast, levels of p-mTOR and downstream kinases, including
p-rpS6 kinase were robust biomarkers for the antiproliferative activity of both
EGEFR and PI3K inhibitors (Fan et al. 2007, 2009).

We went on to show that neither blockade nor knockdown of Akt1, 2 or 3 (alone
or in combination) impacted proliferation or levels of p-mTOR and downstream
targets, even in a setting where the canonical Akt targets Tsc2 and Gsk3 were
potently inhibited (Fan et al. 2009). In addition, a constitutively activated allele of
Akt affected neither proliferation nor response to the EGFR inhibitor erlotinib in
glioma cells. Our observations suggest that Akt is not a central regulator of
proliferation in glioma. We subsequently identified protein kinase C as a key
intermediate linking EGFR and mTOR in glioma, and showed that PKC alpha
contributed prominently to this signaling. Since PKC signals downstream of EGFR
and PTEN, and upstream of mTOR, we hypothesized that inhibitors of PKC might
show efficacy even in PTEN mutant cells. Using the tool compound bis-indolyl-
maleic acid, a pan-PKC inhibitor, we showed that this agent blocked viability in
glioma irrespective of PTEN status. These data raise questions regarding whether
and how to incorporate inhibitors of Akt into a combination treatment regimen for
GBM, an important area of experimental therapeutic investigation more fully
detailed below.
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7 Combination Strategies Within the EGFR-PI3K-mTOR
Axis to Improve Therapeutic Efficacy

Current targeted therapies that inhibit EGFR and downstream PI3K signaling path-
ways in malignant gliomas have shown modest benefits. At least one component
contributing to the relatively disappointing anti-cancer efficacy of these agents stems
from multiple nodes of activation in the EGFR-PI3K axis, through which EGFR
inhibitors fail to block PI3K signaling as a function of PTEN or PIK3CA mutational
status. Given the complexity of cellular signal transduction and the ability of cancer
cells to compensate for acute changes in signaling (in-part through feedback loops
activated in response to treatment with kinase inhibitors) it is not surprising that agents
that target only one or a few kinases in the EGFR-PI3K-mTOR signaling pathway
may be disappointing as they enter clinical trials (Fig. 2). Thus, effective therapy in
GBM and other RTK-PI3K-driven cancers likely requires targeting multiple compo-
nents in EGFR-PI3K-mTOR axis, with the caveat that the toxicities associated with
a complex cocktail of agents remain acceptable to patients and clinicians.

Preclinical examples of such approaches include combination therapies using
EGFR inhibitors with dual PI3K/mTOR inhibitors, which were superior to either
monotherapy or therapy combining an EGFR inhibitor with either a PI3K inhibitor
or an mTOR inhibitor in blocking proliferation (but not in inducing apoptosis) in
glioma cell lines (Fan et al. 2007). The concept of combining inhibitors of EGFR
and mTOR is also translating into clinical trials using EGFR inhibitors with
allosteric inhibitors of mTOR in patients (Doherty et al. 2006).

What will the future hold? ATP-competitive inhibitors of EGFR and allosteric
inhibitors of mTOR are now in clinical use. Irreversible inhibitors of EGFR, ATP-
competitive inhibitors of PI3K and dual inhibitors of PI3K and mTOR are now in
clinical trials. ATP-competitive inhibitors of mTOR are likely to be tested clinically
in the near future. With such an array of compounds now available or soon to be
available, is there a logical approach to testing these alone and in combination in
GBM? In this section, we provide a rationale for preclinical therapeutic studies over
the next few years, ultimately with the goal of guide clinicians in prioritizing agents
for clinical studies.

8 A Role for EGFR Inhibitors in Combination Therapy

Inhibitors of EGFR present a paradox. Multiple RTKs are typically activated in
glioma (Stommel et al. 2007). EGFR is the most prominent of these, showing
mutational in addition to epigenetic activation. A simple solution to the problem of
multiple RTK activation would be to target downstream nodes into which these
signals coalesce; however aside from inhibitors of PI3K, such therapeutic reagents
are only slowly entering clinical use. At present therefore, there is a clear rationale
for continued use of EGFR inhibitors in order to block MAP kinase and other
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pathways not directly impacted by PI3K blockade, and for which specific targeted
therapies are not yet available. It is likely that irreversible inhibitors of EGFR will
be more active than the reversible agents currently available, and that these
irreversible inhibitors will show improved activity in GBM. Since many GBM
tumors are associated with RTK-independent activation of PI3K, it is likely that
inhibitors of EGFR should be combined with inhibitors of PI3K in GBM (Fig. 2).

9 Inhibitors of mTOR, PI3K and Dual PI3K/mTOR Inhibitors

Allosteric inhibitors of mTOR, inhibitors of PI3K and inhibitors of PI3K/mTOR are
now all in clinical trials. As mentioned above, inhibitors of PI3K fail to impact
mTOR in preclinical studies of GBM, providing a clear rationale for the clinical use
of dual inhibitors of PI3K and mTOR. Is there a setting where mono-specific
inhibitors of PI3K or allosteric inhibitors of mTOR should be used instead of dual
PI3K/mTOR inhibitors? Toxicity issues aside (which are as yet uncertain for PI3K
or PI3K/mTOR inhibitors), it is difficult to visualize a scenario in which these mono-
selective inhibitors would provide a therapeutic advantage over dual inhibitors.

If combination therapy with EGFR and PI3K/mTOR inhibitors represents the
future for glioma therapeutics, is there an additional preclinical rationale for use of
Akt inhibitors and/or ATP-competitive inhibitors of mTOR in this disease? In our
preclinical studies, inhibition of Akt had little effect on proliferation in glioma.
These observations do not preclude the importance of Akt inhibition as a regulator
of apoptosis however. A second issue is whether Akt blockade can be accomplished
using agents that inhibit kinases upstream of Akt. The ability of PI3K/mTOR
inhibitors to block Akt is well-established and raises questions as to whether
additional benefit will be derived from use of Akt-selective inhibitors (either
instead of or in combination with dual inhibitors of PI3K/mTOR). Further, the
two ATP-competitive inhibitors of mTOR studied to date also quite effectively shut
down Akt signaling, consistent with the idea that phosphorylation of Akt at S-473
(by mTORC?2) is a priming phosphorylation required in order to secondarily
phosphorylate T-308 (Feldman et al. 2009; Thoreen et al. 2009). Further studies
are needed to determine whether this class of agents shows activities equivalent to
or distinct from those displayed by PI3K/mTOR inhibitors, and comparing the
efficacy of these agents to that of Akt inhibitors.

10 Inhibitors of PKC

Is there a role for inhibitors of PKC in PTEN-mutant glioma and will such agents be
more active that EGFR inhibitors in PTEN-wild-type glioma? There are currently few
clinical agents in development against individual PKC isoforms, although enzastaurin,
a potent inhibitor of both PKC alpha and PKC beta (Graff et al. 2005), is currently
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being tested clinically in this disease. Whether this and future agents show efficacy in
glioma, and whether this class of targeted therapy offer any potential advantage over
inhibitors of mTOR remains to be determined.

11 Future Directions

11.1 Therapeutic Strategies to Promote Cytotoxicity in Glioma

The PI3K signaling pathway has risen to prominence as a key regulator of survival in
cancer cells, with downstream components Akt and mTOR having well-established
anti-apoptotic activities. However, inhibiting components of the PI3K-Akt pathway
generally fails to induce appreciable apoptosis in glioma. This is exemplified in our
recently study using the dual PI3K/mTOR inhibitor PI-103. PI-103 efficiently inhib-
ited phosphorylation of Akt and mTOR, concomitantly blocking proliferation of
glioma cell lines and xenografts (Fan et al. 2006). Even when used in combination
with EGFR inhibitors however, PI-103 blocked proliferation without the induction of
apoptosis (Fan et al. 2007). NVP-BEZ235, a dual PI3K/mTOR inhibitor currently in
phase I clinical trials, also showed strong antiproliferative activity with no obvious
affect on viability of US7MG cells (Maira et al. 2008). Further, clinical trials using
inhibitors of EGFR in GBM have shown only limited clinical responses, even in those
patients whose tumors are driven by EGFR and wild-type for PTEN. Why does
efficient inhibition of survival signaling in a number of cancers generally fail to
induce apoptosis in cancer cells? One possibility is that PI3K inhibition is inducing
one or more alternative survival pathways, enabling cancer cells to evade pro-
apoptotic signals mediated by PI3K/Akt/mTOR blockade.

Inhibition of PI3K/mTOR pathway typically induces autophagy, raising the possi-
bility that autophagy represents a candidate survival signal leading to cytostasis rather
than cytotoxicity in response to inhibitors targeting the PI3K-Akt-mTOR pathway.
Autophagy drives a pathway that enables cells to survive periods of catabolic stress by
cannibalizing themselves to preserve adenosine triphosphate (ATP) stores. During
autophagy, cells degrade their own proteins and organelles through formation of a
double-membraned vesicle (autophagosome) that fuses with a lysosome, leading to
self-digestion of cytoplasmic organelles and other constituents in the lysosomal
compartments. Although autophagy may not always allow cells to survive prolonged
periods of stress — ultimately resulting in cell death — this process allows cells to
recycle proteins and organelles as a source of new macromolecules, thereby evading
apoptosis at least for a limited time. Inhibiting autophagy can thus either promote or
impair cell death depending on the conditions and reagents used (Kroemer and Levine
2008). Can blockade of autophagy in the setting of PI3K or PI3K/mTOR enhance the
cytotoxicity of these agents in glioma? In support of this model, inhibition of Akt
activity by siRNA-mediated knockdown or using Akt inhibitors did not induce
significant apoptosis, but rather markedly increased autophagy in the PTEN-null
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human prostate cancer cell line PC3 and in the glioma cell line U§7MG (Degtyarev
et al. 2008). A number of lysosomotropic agents such as chloroquine or bafilomycin
Al cooperated with Akt siRNA or Akt inhibitors to precipitate PC3 cell death in vitro
and in vivo, although details of signaling required to achieve cell death in this
descriptive study remain unclear. Nevertheless, these results suggest that blockade
of autophagy preclinically may enhance the anticancer efficacy of at least some PI3K-
Akt-mTOR pathway inhibitors.

PI3K inhibition has also been shown to sensitize cells to chemically induced cell
death. Apoptotic cell death proceeds through one of two pathways: the extrinsic-
death ligand/receptor-mediated pathway; and the intrinsic-mitochondrial-mediated
pathway. Sensitivity of glioma cells to apoptosis induced through either of these
pathways can be enhanced by PI3K inhibition (Kao et al. 2007; Opel et al. 2008).
PI-103 a dual PI3K/mTOR inhibitor has been shown synergistically or additively to
promote the cytotoxic effects of either chemotherapy (BCNU and temozolomide)
or radiation therapy (Chen et al. 2008; Prevo et al. 2008). Take together, these
results suggest that inhibitors of PI3K may be useful in concert with traditional
therapies to enhance apoptosis in GBM.

12 Biomarkers to Stratify Patients and to Measure Responses

A second challenge in glioma is to improve our ability in identifying subgroups of
patients most likely to benefit from inhibition of the RTK-PI3K-Akt-mTOR axis,
and to develop biomarkers of response. While essentially all patients with GBM
have tumors resected as standard of care, additional surgeries are not always
performed at relapse, and routine sampling of tumors during therapy is essentially
not done. A potential model for future therapy in this disease was recently presented
by Cloughesy and colleagues who gave an allosteric mTOR inhibitor to GBM
patients with PTEN deficient tumors who had suffered a radiological relapsed
after standard treatment, and then biopsied relapsed tumors 1 week after starting
rapamycin (Cloughesy et al. 2008). This strategy allowed investigators to assess the
biochemical response to mTOR inhibition, while also limiting the trial to patients
with PI3K-driven tumors. While such an approach is clearly a move in the right
direction, future studies in glioma will likely be improved by development and
routine incorporation of non-invasive methods of assessment (metabolic PET imag-
ing, MRI with MR spectroscopy or serum markers) in order to clarify those patients
most likely to respond to these agents, and to monitor response to targeted therapies.

13 Conclusion

Advances in neurosurgical techniques and in radiation therapy continue to benefit
patients with glioma. In contrast, the comparatively modest effects of medical
therapy pose a challenge. In light of the relative failure of medical therapy in this



Targeting the RTK-PI3K-mTOR Axis in Malignant Glioma: Overcoming Resistance 293

Table 1 Combination strategies through EGFR-PI3K-mTOR axis to improve therapeutic efficacy

Agent Targets Biological Effects

Erlotnib + mTOR EGFR, mTOR Antiproliferative

Erlotnib + PI3K/mTOR EGFR, p110a, mTOR Antiproliferative

shAkt123 + hyroxychloroquine Akt, lysosomotropic Antiproliferative, apoptosis?
PI3BK/mTOR + temozolomide p110a, mTOR, nonspecifc Antiproliferative, apoptosis?
PI3K/mTOR + radiation p110a, mTOR, nonspecifc Antiproliferative, apoptosis?

Combination strategies to target multiple nodes within the EGFR-PI3K-mTOR network. Combin-
ing kinase inhibitors with cytotoxic chemotherapy, radiation, and with inhibitors off autophagy
may improve the therapeutic efficacy. Whether these approaches show improved efficacy and
whether their use is associated with acceptable levels of toxicity are areas of active basic and
clinical investigation. A number of allosteric inhibitors of mTORC1 and dual inhibitors of PI3K
and mTOR are currently being tested clinically. See text for details

disease, the need for effective targeted therapy in GBM is formidable. Agents only
recently introduced into clinical use, which mainly inhibit one component of the
EGFR-PI3K-Akt-mTOR pathway, have shown some activity, however agents that
significantly improve survival are sorely needed in this disease. As GBM at
recurrence is generally associated with enhanced therapeutic resistance, it is critical
to identify optimal effective medical therapies that up-front, can induce durable
responses in appropriate patient populations. Our ability to identify appropriate
patients, to target multiple components within the RTK-PI3K-Akt-mTOR axes, and
to combine these therapies with cytotoxic chemotherapy, radiation (Table 1), and
potentially with inhibitors of survival signaling including inhibitors of autophagy,
all represent challenges for the future. As the cocktail of agents grows increasingly
complex, a parallel challenge is to identify effective combinations that yield
cytotoxicity specifically in cancer cells, and that are tolerated by patients.
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