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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 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,
P13 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 | 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.

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 surrounded 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 111 astrocytomas (high-grade without
pseudopalisading necrosis) comprise “malignant gliomas”. Standard-of-care therapy for
GBM includes surgery and radiation therapy, resulting in a median survival of
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approximately 1 year from the time of diagnosis (reviewed in Persson et al. 2007). Over the
past decade, 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 RTK/RAS/PI3K pathway is distinguished
in requiring a number of key kinase intermediates, and currently represents the pathway
most amenable to pharmacologic intervention. Mutations such as amplification of EGFR
(45%), gain of function 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 RTKSs, 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 EGFRuvIII 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. Overactivity 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 Il 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 I trial also reported the
ineffectiveness of gefitinib in patients with high-grade 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 EGFRvIII.
Partial response rates of 6% were reported in a phase 11 study, in which progression free
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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 11 study demonstrated that
erlotinib in combination with temozolomide chemotherapy resulted in improved survival,
again correlating with PTEN immunopositivity (Prados et al. 2009).

Amplification of EGFR is prominent in glioma. It was, therefore, quite disappointing
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 abundance 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

P13Ks are lipid kinases activated by a wide range of RTKSs to generate the second messenger
phosphatidylinositol-3,4,5-trisphosphate (PIP3). PIP3 couples PI3K to downstream effectors
such as Akt, a serine-threonine kinase that suppresses apoptosis, promotes growth and drives
proliferation. PIP3 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 PIP3 to antagonize PI3K signaling and shows frequent inactivation, deletion, or
epigenetic silencing in GBM. Inactivation of PTEN and activating mutations in PI3K itself
collectively occur in a substantial fraction of GBM tumaors, effectively uncoupling PI13K
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 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 EGFRuvIII allele, established 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
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inhibitors, now in clinical trials, has to date precluded clinical trials that test this
combination.

4 Isoform Specific Inhibitors of Class | 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 | PI3K isoforms (a, B, 3, and y), 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 potential when overexpressed. PI3Kj is associated with development of
thrombotic diseases through activation of platelets (Jackson et al. 2005). Both PI3K$ and
P13Ky play major roles in the immune system. Knockout of either the & or y isoforms of
PI13K led to impaired immune responses (Okkenhaug et al. 2002; Sasaki et al. 2000).

Two recent studies show that the PI3Kp also has a role in glucose metabolism that was not
required for Akt activation. In conditional knock out mice, ablation of PI3Kf 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 PI3Kp (but not PI3Ka)
blocked prostate tumor formation in genetically engineered mice deleted for PTEN, and was
associated with decreased levels of p-Akt in this setting. Mice expressing a catalytically
inactive PI3Kp (K805R) developed mild insulin resistance detectable from 6 months of age,
and were protected from breast tumor formation driven by a Her2 transgene (Ciraolo et al.
2008). Comparison of wild-type MEFs and MEFs homozygous for the deleted or inactive
PI3Kp 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 LY294002 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 | 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, including 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
PI13K alpha inhibitors were effective as antiproliferative agents. These observations suggest
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that PI13K alpha is the principal PI13K 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 PI1-103 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 PI3Ko and mTOR. This combined
inhibition of p110a 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 mTOR was largely overlooked during initial development of these
drugs, likely because mTOR 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).

5 Targeting mTOR Signaling

The mTOR kinase (also known as FRAP, RAFT or RAPT) is intimately linked to PI3K/Akt
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 (RADO001), and deforolimus
(AP23573) represent allosteric mTOR inhibitors that posses antiproliferative 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 Il 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. mMTORCL 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 mTORC?2 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). Rapamycin 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 mTORC1 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 mTORC2 function). Preclinically, these compounds were more effective
antiproliferative agents than rapamycin. Studying MEFs deficient in components of
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MTORC?2 enabled a direct comparison of allosteric inhibition of mMTORC1 versus ATP-
competitive inhibition of this same complex. Surprisingly, the improved antiproliferative
proficiency of ATP-competitive inhibitors was traced to inhibition of mMTORC1 and to the
improved activities of ATP competitive inhibitors in blocking cap-dependent translation and
in inducing autophagy (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.

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 crosstalk 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 observation 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 demonstration 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 EGFR and PI3K inhibitors (Fan et
al. 2007, 2009).

We went on to show that neither blockade nor knockdown of Aktl, 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-indolylmaleic 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.

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2011 January 1.
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7 Combination Strategies Within the EGFR-PISK-mTOR Axis to Improve
Therapeutic Efficacy

Current targeted therapies that inhibit EGFR and downstream PI3K signaling pathways 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 components 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 mMTOR 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 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 PI3BK/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
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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 mMTOR 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 PI3BK/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 mMTOR 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 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 PI3BK/mTOR inhibitor P1-103. PI-103 efficiently inhibited 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 U87MG 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 PI3BK/Akt/mTOR blockade.

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2011 January 1.
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Inhibition of PIBK/mTOR pathway typically induces autophagy, raising the possibility 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 sSiRNA-mediated knockdown or using Akt inhibitors did not
induce significant apoptosis, but rather markedly increased autophagy in the PTEN-null
human prostate cancer cell line PC3 and in the glioma cell line U87MG (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 imaging, 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.
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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 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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Fig. 1.

P13 kinase signaling pathway in glioma. Class | PI3 kinases are activated by upstream
signals from receptor tyrosine kinases (RTKSs) including EGFR and other RTKSs. PI3 kinase
catalyzes production of the second messenger PIP3, which actives both Akt and PKC. Akt
and PKC phosphorylate multiple downstream substrates. We found Akt was dispensable for
mitogenic signaling between EGFR and mTOR in glioma cells, whereas PKC was critical
(33). PIP3 is negatively regulated by the tumor suppressor PTEN, a phosphatase driving
dephosphorylation of PIP3
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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 disappointing 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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Table 1
Combination strategies through EGFR-PI3K-mTOR axis to improve therapeutic efficacy

Agent Targets Biological Effects

Erlotnib + mTOR EGFR, mTOR Antiproliferative

Erlotnib + PI3BK/mTOR EGFR, p110a, mTOR Antiproliferative

shAkt123 + hyroxychloroquine  Akt, lysosomotropic Antiproliferative, apoptosis?

PI3K/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. Combining 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
mTORCL1 and dual inhibitors of PI3K and mTOR are currently being tested clinically. See text for details
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