Chapter 6
The PI3K Pathway in Colorectal Cancers
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Abstract Phosphoinositide 3-kinase (PI3K) belongs to the intracellular lipid
kinases family involved in diverse physiological processes, including proliferation,
apoptosis, growth, and metabolism. Recent mutation analysis has shown that the
PI3K pathway is one of the most frequently dysregulated pathways in human can-
cer, including colorectal cancer (CRC). Accordingly, significant effort has been
made to develop pharmacological inhibitors targeting PI3K or key nodes in this
pathway, such as AKT and mTOR. There are currently more than 20 unique com-
pounds targeting the PI3K pathway being assessed in numerous cancer-related clin-
ical trials. In addition, the mutation status of PI3K pathway in cancers may have
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predictive and prognostic implications. After 3 decades of the discovery of PI3K,
we are now at an exciting intersection in translating our knowledge of the PI3K
signaling pathway into developing effective therapeutics for the treatment of cancer.
A comprehensive understanding of circuits and regulations of this pathway are
essential to the rational development of such therapies. In this chapter, we will dis-
cuss recent advances in our understanding of the functions and mutations of PI3K
signaling pathway in the pathogenesis of CRC. We will also review current drug-
discovery efforts and challenges targeting PI3K signaling for the treatment of CRC.

6.1 Introduction

Colorectal cancer (CRC) is one of the most common cancers, with an estimated
143,460 new diagnoses and 51,690 deaths in the United States in 2012. CRC
remains the third most frequent cancer in the United States, as well as the third most
common cause of cancer-related death, accounting for roughly 9 % of US cancer
deaths for both men and women. Despite advances in screening, nearly 20 % of
patients present with metastatic disease, which carries a poor prognosis, with 5-year
survival rates of 12 % (Grothey 2009). While cytotoxic fluorouracil (5-FU)-based
regimens have been standard of care as adjuvant and first-line metastatic therapies
for CRC treatment, advances have been slow and the efficacy of these agents has
reached a plateau (Cook et al. 1969). As such, recent efforts have shifted toward the
development of novel therapeutic agents that inhibit specific molecular pathways.
Inhibiting the epidermal growth factor receptor (EGFR) with monoclonal antibod-
ies, such as cetuximab and panitumumab, and blocking angiogenesis with antibod-
ies against vascular endothelial growth factor receptor (VEGFR), such as
bevacizumab, are successful examples of targeted therapies in CRC. However, the
clinical benefits of these targeted therapies in most cases are short-term and often
limited to subgroups of patients, indicating the need for evaluating novel biomark-
ers and identifying new targets for drug therapy of CRC.

The phosphoinositide 3-kinase (PI3K) pathway is one of the most deregulated
pathways in human cancer. Several components of this pathway, including PI3K,
the v-akt murine thymoma viral oncogene homolog (AKT), and the mammalian
target of rapamycin (mTOR), are druggable and plausible targets for cancer therapy.
Consequently, the development of therapeutics targeting this pathway has occurred
at a rapid pace over the past 10 years, and preclinical and early clinical studies are
beginning to suggest strategies to increase efficacy.

In this chapter we provide a comprehensive analysis of genetic alterations in the
PI3K pathway detected in CRC and discuss their value as prognostic indicators and
potential roles as predictive biomarkers for anti-EGFR therapy. In order to frame the
discussion, we begin with a review of the current understanding of the PI3K signal-
ing pathway and the effects that it confers on cellular growth, proliferation, survival,
and metabolism. Finally, we discuss some of the current and emerging therapeutic
approaches to targeting the PI3K pathway in CRC.
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6.2 The Key Players of the PI3K Pathway

6.2.1 PI3Ks

PI3Ks are divided into three classes (I, II, and III) according to their structural char-
acteristics and lipid substrate preferences (Fig. 6.1). Different classes of PI3K also
have distinct roles in cellular signaling pathways (Engelman et al. 2006). Class I
enzymes are the best characterized of the PI3K classes and are the major class
known to be associated with cancer. Therefore, we will mainly focus on class I PI3K
throughout this chapter. All PI3K classes catalyze the phosphorylation of inositol-
containing lipids, known as phosphatidylinositols (PtdIns), at the 3’-position of the
inositol ring. The primary substrate of class I PI3K is phosphatidylinositol
(4,5)-bisphosphate (PIP,), which is converted to phosphatidylinositol (3,4,5)-
trisphosphate (PIP;). PIP; is an important second messenger in cell physiology.
Through direct interactions with pleckstrin homology (PH) domains on a wide vari-
ety of signaling proteins, including Tec family protein-tyrosine kinases, AKT fam-
ily kinases, and PDK1 (3-phosphoinositide-dependent protein kinase-1) and with
various guanine exchange factors (GEFs) and GTPase-activating proteins (GAPs)
of low molecular weight GTP-binding proteins, PIP; orchestrates a set of events
controlling cellular growth, metabolism, proliferation, and survival. In contrast to
PIP;, which is produced only from Class I PI3Ks, phosphatidylinositol-3-phosphate
(PI3P) is produced by both Class II and Class III PI3Ks. This lipid binds to FYVE
domains and PX domains in a variety of proteins to control intracellular membrane
trafficking, especially trafficking through early endosomes. Also of interest in can-
cer is phosphatidylinositol-3,4-bisphosphate (PI3, 4P,), which is produced by Class
II PI3KSs via phosphorylation of the 3’ position of phosphatidylinositol-4-phosphate
or by SHIP family phosphatases via dephosphorylation of the 5’ position of PIP;.
PI3, 4P,, like PIP;, binds to AKT and PDK1 to facilitate AKT activation, but fails to
bind to most of the other PIP; targets.

6.2.1.1 Class IA PI3Ks and Cancer

Class IA PI3Ks have been most frequently associated with human cancer. These
enzymes are heterodimers of p110 family catalytic subunits and p85 family regula-
tory subunits. PIK3R1 encodes p85a (and its alternative start site variants pS5a and
p50a). PIK3R2 and PIK3R3 encode the p85f and p55y isoforms of the p85 regula-
tory subunit, respectively. This group of subunits is collectively called p85
(Engelman et al. 2006; Bader et al. 2005). The class IA p85 regulatory isoforms
have a common structure composed of a p110-binding domain (also called the inter-
SH2 domain, iSH2) flanked by two Src-homology 2 (SH2) domains and this core
structure is conserved back to worms and flies. The two longer isoforms, p85a and
p85pB, have an extended N-terminal region containing a Src-homology 3 (SH3)
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Fig. 6.1 Classification and domain structure of phosphatidylinositol 3-kinase (PI3K). PI3Ks are
divided into three classes (I, II, and III) based on their structural characteristics and lipid substrate
preference. Class I PI3Ks are further divided into two subfamilies, IA and IB, according to the
receptors with which they interact. Class IA PI3Ks are heterodimers consisting of a p110 catalytic
subunit and a p85 regulatory subunit. There are three p110 catalytic isoforms: p110e, p110f, and
p1108, which all have a p85-binding domain (p85BD) at the N-terminus, followed by a Ras-
binding domain (RBD), a putative membrane-binding C2 domain (C2), and helical domain
(Helical D), and a C-terminal catalytic domain (Catalytic D). The p85 regulatory subunits share a
core structure consisting of a pl10-binding domain called the iSH2 domain, flanked by SH2
domains. The two longer isoforms, p85a and p85p, have an SH3 domain and BCR homology
domain (BHD) located in their extended N-terminal region. Class IB PI3K is a heterodimer com-
posed of the catalytic subunit p110y and the regulatory subunit plO1. pl110y is activated by G
protein-coupled receptors (GPCRs). Class II PI3Ks consist of only a p110-like catalytic subunit.
There are three class II PI3K isoforms: PI3KC2a, PI3KC2f, and PI3KC2y, each of which has an
extended divergent N-terminus followed by a RBD, a C2 domain, a helical domain, a catalytic
domain, PX (Phox homology), and C2 domains at the C-termini. The class III PI3K consists of a
heterodimer of the catalytic subunit, VPS34 (homologue of the yeast vacuolar protein 34; also
known as PIK3C3 in mammal) and a regulatory subunit, VPS15 (also known as PIK3R4 in mam-
mal). Vpsl5 consists of a catalytic domain (which is thought to be inactive), HEAT domains
(which might mediate protein—protein interactions), and WD repeats, which have structural and
functional characteristics similar to a Gf§ subunit

domain and a BCR homology domain (BHD) (Fruman et al. 1998). The SH3 and
BHD are speculated to have a negative regulatory role toward the catalytic activity
of the p110 subunit. This is consistent with the observation that the p55a and p50a
subunits are more effective activators of p110 than is p85a (Vivanco and Sawyers
2002; Inukai et al. 1997; Ueki et al. 2000). Three genes, PIK3CA, PIK3CB, and
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PIK3CD, encode the highly homologous p110 catalytic subunit isoforms p110a,
pl110p, and p110d, respectively. These three p110 subunits are comprised of five
domains; an N-terminal adaptor binding domain (ABD) that interacts with the p85
regulatory subunit, a Ras-binding domain (RBD) that mediates activation by the
small GTPase Ras, a C2 domain that might be important for membrane anchoring,
a helical domain, and a C-terminal catalytic domain. The last four domains have
significant sequence homology among all isoforms.

The p85 regulatory subunit is essential for mediating class IA PI3K activation by
receptor tyrosine kinases (RTKs), such as EGFR, platelet-derived growth factor
receptor (PDGFR), and IGF-1R (insulin-like growth factor-1 receptor). The SH2
domains of p85 bind to phosphotyrosine residues arranged in a pY XXM (in which
“pY” indicates a phosphorylated tyrosine) motif on activated RTKs. In some cases,
the p85—RTK interactions occur indirectly through adaptor proteins, such as the insu-
lin receptor substrates (IRS1 and IRS2) downstream of IGF-1R (Vivanco and
Sawyers 2002; White 1998). Binding of p85 to RTKs or phosphoprotein intermediar-
ies relieves the basal inhibition of p110 by p85 and recruits the p85-p110 heterodi-
mer to the plasma membrane, where it phosphorylates the membrane lipid PIP, to
produce PIP; (Yu et al. 1998a, b). This leads to activation of various cellular pro-
cesses, such as proliferation, growth, survival, and metabolism. Interestingly, the
p110p isoform is regulated not only by the p85 regulatory subunit but also by binding
to Gy subunits of heterotrimeric G proteins, suggesting that p1 10p might integrate
signals from GPCRs as well as RTKs (Kurosu et al. 1997; Roche et al. 1998).
However, the implication of the p110p activation by GPCRs in cancer remains less
well defined. p110a and p110p are expressed ubiquitously, whereas p1109 is pre-
dominantly expressed in lymphocytes. Although p110a, p110p, and p110d have very
similar structures and share the p85 regulatory subunits, numerous studies indicated
that they may have distinct functions. For example, germline deletion of either p110a
or pl110p results in embryonic lethality (Bi et al. 1999; Foukas et al. 2006). Mice
heterozygous for kinase dead mutation in p110a were viable and fertile, but showed
severe defects in the insulin pathway such as hyperinsulinemia, glucose intolerance,
and increased adiposity (Foukas et al. 2006). p1103, although not essential, has an
important role in the regulation of the immune compartment, especially B-cell
growth (Fruman 2004). As we will be discussed in detail later, both PIK3CA (p110a)
and PIK3R1 (p85x) are somatically mutated in various cancers including CRC
(Ikenoue et al. 2005; Mizoguchi et al. 2004; Philp et al. 2001; Samuels et al. 2004).

6.2.1.2 Class IB PI3Ks

Similar to class TA PI3Ks, class IB PI3Ks are heterodimers composed of the cata-
lytic subunit p110y and the regulatory subunit p101 (Fig. 6.1). Although p110y is
highly homologous with the class IA p110 proteins, the p101 regulatory subunit is
distinct from the p85 Class IA regulatory subunit. Recently, two additional regula-
tory subunits, p84 and p87PIKAP (PI3Ky adaptor protein of 87 kDa), have been
identified (Voigt et al. 2006; Suire et al. 2005). The regulatory subunits complexed
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with p110y do not have SH2 domains, and thus do not interact with RTKs. Instead,
p110y is activated exclusively by GPCRs through direct interaction with the Gfy
subunit of trimeric G proteins. p110y is primarily expressed in leukocytes but is also
found in the heart, pancreas, liver, and skeletal muscle (Sasaki et al. 2000).

6.2.2 PIP; Phosphatases

The main consequence of class I PI3K activation is the generation of PIP; in the
plasma membrane. PIP; functions as a second messenger to activate effector protein
kinases such as AKT. Thus, in most tissues, PIP; has a pivotal role in the actions of
insulin, growth factors, and cytokines, thereby mediating effects of diverse physio-
logical processes including proliferation, apoptosis, growth, and metabolism. The
cellular levels of PIP; are hardly detectable in mammalian cells under unstimulated
growth conditions and are tightly regulated by the opposing activity of several PIP;
phosphatases (PTEN, SHIP1, and SHIP2). PTEN (phosphatase and tensin homo-
logue, deleted on chromosome ten), also called MMACT1 and TEP1, is an important
tumor suppressor and is the PIP; phosphatase most clearly involved in cancer. Loss
of PTEN function occurs through mutations, deletions, or epigenetic silencing in a
variety of human cancers at high frequency, making PTEN the second most fre-
quently mutated tumor suppressor gene after pS3 (Stokoe 2001). PTEN functionally
antagonizes PI3K activity through its intrinsic lipid phosphatase activity that
decreases the cellular level of PIP; by converting PIP; back into PtdIns (4,5)P,
(PI4,5P,) (Fig. 6.2). Thus, loss of PTEN results in constitutively active signaling
through the PI3K pathway, leading to tumor development (Cully et al. 2006).

The SHIP phosphatases also act on PIP;, but remove phosphate from the
5-position instead of 3-position, generating PtdIns (3,4)P, (PI3, 4P,) (Fig. 6.2). PI3,
4P, can function as a second messenger to recruit certain PH-domain-containing
proteins, such as AKT and PDK1 to the plasma membrane. But several PIP; binding
proteins, such as TEC family protein-Tyr kinases, fail to bind to PI3, 4P,. Therefore,
although both PTEN and SHIP reduce the level of PIP; in cells, PTEN terminates all
downstream PI3K signaling, while SHIP only terminates a subset of downstream
signals. To completely shut off downstream signaling, PI3, 4P, is dephosphorylated
by distinct 4-phosphatases called INPP4A and INPP4B. INPP4B has also been
identified as a tumor suppressor in breast and ovarian cancers (Agoulnik et al.
2011). Targeted deletion of PTEN recapitulates many of the ramifications of PTEN
loss in human cancers. Homozygous deletion of PTEN causes embryonic lethality,
indicating an essential role of PTEN during embryonic development (Di Cristofano
et al. 1998). Mice that are heterozygous for PTEN are viable, but have a high inci-
dence of T-cell lymphomas, germline tumors and cancers in several epithelial tis-
sues, including the intestine, endometrium, prostate, and mammary glands (Di
Cristofano et al. 1998). Tissue-specific homozygous deletion of PTEN in the pros-
tate epithelium leads to aggressive prostate carcinoma (Wang et al. 2003). Likewise,
PTEN deletion in T cells and mammary glands causes aggressive lymphomas and
breast tumors, respectively (Kishimoto et al. 2003).
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Fig. 6.2 Structureand generationofphosphatidylinositol-3,4,5-trisphosphate. Phosphatidylinositol-
3,4,5-triphosphate (Ptdlns(3,4,5)P5) is an essential second messenger that regulates many cellular
processes. Class I PI3Ks phosphorylate the inositol ring of phosphatidylinositol-4,5-triphosphate
(PtdIns(4,5)P,) at the 3-position, to generate PtdIns (3,4,5)P;. PTEN (phosphatase and tensin
homologues) is a lipid phosphatase that removes phosphate at the 3-position of PtdIns (3,4,5)P;,
converting it back to PtdIns (4,5)P,. Additionally, PtdIns (3,4,5)P; can be dephosphorylated at the
5-position by SHIP1 or SHIP2 to generate PtdIns (3,4)P,

6.2.3 AKT: Direct Effector of PIP;

AKT, also known as protein kinase B (PKB), the human homologue of the retroviral
oncogene v-Akt, is the main downstream executor of the PI3K signaling pathway
(Fig. 6.3). This serine-threonine protein kinase has three isoforms—AKT1, AKT2,
and AKT3. The three isoforms share a similar structure: an amino-terminal pleckstrin
homoloy (PH) domain, a central catalytic domain, and a short carboxy-terminal regu-
latory domain. AKT is activated by a dual regulatory mechanism that requires both
translocation to the plasma membrane and phosphorylation at Thr308 and Ser473
(Alessi et al. 1997; Stephens et al. 1998). The generation of PIP; at the plasma mem-
brane by activated PI3K facilitates the recruitment of both AKT and a second protein
kinase, PDK1, to the membrane due to the ability of the PH domains of these proteins
to bind to PIP;. PIP; binding induces a conformational change in AKT, resulting in
the exposure of Thr308 for phosphorylation by PDK1. Full activation of AKT requires
phosphorylation of Ser473 by TORC2, or in certain situations, another PIK-family
protein kinase such as DNA-PK or ATM (Sarbassov et al. 2005). After dual-phos-
phorylation and activation, AKT phosphorylates an array of target proteins contain-
ing the amino acid sequence RxRxxS/T-B (where x represents any amino acid and B
is any bulky hydrophobic residue) (Alessi et al. 1996). Currently, more than 100 dif-
ferent AKT substrates have been reported, although it is not clear that all of these are
direct substrates in vivo (Manning and Cantley 2007). This variety of substrates indi-
cates broad biological functions mediated by multiple downstream effectors.
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Fig. 6.3 Schematic of signaling through the PI3K/AKT pathway. PI3K signaling affects processes
related to tumorigenesis such as cell survival, proliferation, growth, and metabolism. Arrows rep-
resent activation, while bars reflect inhibition

The three AKT isoforms are very similar in amino acid sequence and might have
indistinguishable substrate specificity in vitro (Walker et al. 1998), yet many
isoform-specific substrates may exist in vivo (Stambolic and Woodgett 2006). One
possible scenario suggesting isoform-specific AKT substrates is that a different cel-
lular localization of the three isoforms could determine their accessibility to a selec-
tive group of substrate proteins (Bhaskar and Hay 2007). Furthermore, it is possible
that each AKT isoform possesses different functions, as demonstrated by germ line
deletions in mice. AKT1 null mice show developmental defects especially in the
thymus and testes (Chen et al. 2005; Cho et al. 2001a), AKT?2 null mice have defects
in glucose homeostasis (Cho et al. 2001b; Garofalo et al. 2003), and AKT3 null
mice display defects in brain development (Easton et al. 2005; Tschopp et al. 2005).
The relative expression of the three isoforms also differs in mammalian cells in that
AKT]1 is predominantly expressed in the majority of tissues, AKT?2 is the predomi-
nant isoform in insulin-responsive tissues such as adipocytes and muscle tissues,
while AKT3 is the predominant isoform in the brain and testis (Manning and
Cantley 2007). All three AKT isoforms have been found to be mutated or amplified
in in subsets of human cancers, albeit at a relatively low frequency.
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6.3 Biological Effects of PI3K/AKT Activation

The primary biological effects of AKT activation can be classified into four catego-
ries—survival, proliferation (increased cell number), growth (increased cell size), and
metabolism (Fig. 6.3). AKT has additional effects on tumor-induced angiogenesis
that are mediated, in part, through hypoxia-inducible factor 1, alpha subunit (HIF1A),
and vascular endothelial growth factor (VEGF) (Vivanco and Sawyers 2002).

6.3.1 Cell Survival

The balance of proliferation and apoptosis is critical for normal homeostasis.
Increased proliferation and/or decreased apoptosis is the basis of tumorigenesis.
Even before the relevant substrates were identified, several groups showed a critical
role for AKT in promoting cell survival by preventing apoptosis. For example,
dominant-negative alleles of AKT induce cell death (Dudek et al. 1997) and consti-
tutively active AKT rescues PTEN-mediated apoptosis (Li et al. 1998). Later, numer-
ous studies led to the discovery that many of the apoptosis-related proteins are
directly or indirectly regulated by AKT. AKT protects cells from death by directly
phosphorylating several downstream substrates that are involved in apoptosis. AKT
negatively regulates the function or expression of several Bcl-2 homology domains
(BH3)-only proteins, which exert their pro-apoptotic effects by binding to and inac-
tivating pro-survival Bcl-2 family members. For instance, BAD, a BH3-only protein
is a pro-apoptotic member of the Bcl-2 family of proteins that promote cell death by
binding to the survival factor BCL-X,, thereby blocking the function of BCL-X;.
Phosphorylation of BAD by AKT creates a binding site for 14-3-3 proteins, which
triggers release of BAD from BCL-X| (Datta et al. 1997, 2000; del Peso et al. 1997).
The consequence is restoration of BCL-X;’s anti-apoptotic function. AKT also
inhibits the expression of BH3-only proteins through effects on FOXO transcription
factors. Phosphorylation of FOXO proteins by AKT allows 14-3-3 proteins to bind
to FOXOs, resulting in their inactivation through sequestration in the cytoplasm
(Tran et al. 2003). Through this mechanism, AKT blocks FOXO-mediated transcrip-
tion of target genes that promote apoptosis, cell-cycle arrest, and metabolic processes
(see below). Two major pro-apoptotic targets of FOXO are the BH3-only protein
BIM and cytokine FAS ligand (Fas L) (Dijkers et al. 2002; Brunet et al. 1999).
AKT can also influence cell survival through indirect effects on two central regu-
lators of cell death—nuclear factor of kB (NF-kB) and p53. MDM2 is a negative
regulator of p53 that targets pS3 for degradation by the proteasome through its E3
ubiquitin ligase activity. AKT phosphorylates MDM?2, promoting its translocation
to the nucleus where it binds to p53 to promote ubiquitination and degradation
(Mayo and Donner 2001; Zhou et al. 2001). The BH3-only proteins Puma and Noxa
are two transcriptional targets of p53 that seem to be the important targets in
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pS3-induced apoptosis (Villunger et al. 2003). NF-xB is a transcription factor that
can promote survival in response to several extracellular stimuli. When it forms a
complex with IkB (inhibitor of NF-kB), it remains in the cytoplasm. AKT can have
a positive effect on NF-xB function by phosphorylation and activation of IkB kinase
(IKK), a kinase that induces degradation of IxkB (Ozes et al. 1999; Huang and Chen
2009). Degradation of IkB releases NF-kB from the cytoplasm, and the free NF-kB
enters the nucleus to activate its target genes related to increased cell survival.

6.3.2 Cell Proliferation (Cell Cycle)

AKT can stimulate proliferation through multiple downstream targets regulating
cell-cycle machinery. The cell cycle is regulated by the coordinated action of cyclin-
dependent kinase (CDK) complexes and CDK inhibitors (CKIs). Glycogen syn-
thase kinase-3 (GSK3) phosphorylates cyclin D1 and cyclin E and transcription
factors c-Jun and c-Myc, which all play an important role in the G1/S phase cell-
cycle transition, targeting them for degradation by the proteasome (Diehl et al.
1998; Wei et al. 2005; Welcker et al. 2003; Yeh et al. 2004). AKT directly phos-
phorylates GSK3 and blocks its kinase activity, thereby enhancing the stability of
these G1/S transition-related proteins. AKT can also negatively regulate the func-
tion of the CKI p21 (also known as CIP1 or WAF1). The expression of p21 can also
be negatively regulated by activation of MDM2 by AKT (Mayo and Donner 2001;
Zhou et al. 2001). Activated MDM2 subsequently down-regulates p53-mediated
transcription of p21. Moreover, Akt inhibits p27 expression and retinoblastoma-
related protein p130 through phosphorylation and inhibition of the FOXO transcrip-
tion factors. p27 and p130 are known to cooperate to inhibit the cell cycle at the
G1/S transition (Liang and Slingerland 2003).

6.3.3 Cell Growth

One of the well-characterized functions of AKT is its role in promoting cell growth
(i.e., an increase in cell size). The major mechanism by which AKT regulates cell
mass increase is through activation of the mTOR complex 1 (mTORC1), which is
regulated by both nutrients and growth factor signaling. mTOR (mammalian target
of Rapamycin), a catalytic subunit of mTORCI, is one of the best-studied down-
stream responders to AKT activation and belongs to a group of serine-threonine
protein kinases of the PI3K superfamily, referred to as class IV PI3Ks, which also
includes ATM, ATR, and DNA-PK. mTOR exists in two distinct complexes—
mTORC1 and mTORC2. mTORCI1 consists of the mTOR catalytic subunit, regula-
tory associated protein of mMTOR (RAPTOR), proline-rich AKT substrate 40 kDa
(PRAS40) and a common regulatory subunit called mLST8 (Wullschleger et al.
2006). mTORC?2 consists of mTOR, rapamycin-insensitive companion of mTOR
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(RICTOR), mammalian stress-activated protein kinase interacting protein 1 (SIN1)
and mLST8 (Liu et al. 2009). The mTORC1 complex is strongly inhibited by
rapamycin treatment, while mTORC?2 is not affected by acute treatment and only
chronic rapamycin treatment at high concentration inhibits its assembly and signal-
ing capacity (Sarbassov et al. 2000).

mTOR has a dual role in PI3K/AKT signaling; when in the TORC2 complex it
participates in activation of AKT via phosphorylation of AKT at Ser473 (as dis-
cussed above) and when in the TORC1 complex it is activated downstream of AKT.
AKT activates mTORC1 multiple ways. The major mechanism appears to be
through phosphorylation and inactivation of TSC2 (tuberous sclerosis complex 2,
also called tuberin) (Inoki et al. 2003a; Manning et al. 2002). TSC2 shares homol-
ogy with GAPs, and its heterodimerization with TSCI is required to exert a GAP
activity toward the small GTPase Rheb (Ras homolog enriched in brain) (Castro
et al. 2003; Garami et al. 2003; Inoki et al. 2003b). The GTP-bound form of Rheb
strongly activates mTORCI, through direct binding to this complex. Therefore,
AKT activates mTORCI indirectly by phosphorylating and inhibiting the Rheb-
GAP activity of TSC2, thereby allowing Rheb-GTP to activate mTORCI1 signaling
(Manning and Cantley 2007). The most extensively characterized downstream tar-
gets of mTORCI are ribosomal protein S6 kinase (S6K; also known as p70S6K)
and eukaryotic translation-initiation factor 4E-binding protein 1 (4EBP1). mMTORCI1
mediates phosphorylation of S6K at a threonine residue (T381) in a hydrophobic
motif at the C terminus of the kinase domain. Phosphorylation at this site allows the
recruitment and subsequent phosphorylation and activation of S6K by PDK1 (Pullen
and Thomas 1997; Pullen et al. 1998). Active S6K1 appears to play multiple roles
in the initiation of protein synthesis through phosphorylation of S6 Ribosomal pro-
tein (S6, a component of the ribosome) and other components of the translational
machinery, thereby enhancing the translation of mRNAs containing 5" polypyrimi-
dine tracts (Peterson and Schreiber 1998). Phosphorylation of 4EBP1 by mTORCI
suppresses its ability to bind and inhibit the translation-initiation factor eIlF4E
(Pause et al. 1994; Gingras et al. 1998). eIF4E that is not inhibited by 4EBP binds
an mRNA 5’ cap structure and ultimately bring it to the ribosome, increasing trans-
lational efficiency of mRNAs (Pause et al. 1994).

6.3.4 Cellular Metabolism

More than 80 years ago, the biochemist Otto Warburg observed that cancer cells
consume glucose fervently and produce more lactate, even in the presence of ample
oxygen, as compared with normal cells (Warburg 1956; Vander Heiden et al. 2009).
Research over the past few years reinforced his observation—a high rate of glycoly-
sis in cancer, also called “Warburg effect”—and also revealed altered metabolism of
lipids, amino acids, and nucleotides in cancer cells (Vander Heiden et al. 2009).
Oncogenic events, most notably the uncontrolled activation of the PI3K/AKT
pathway, have been found to be directly related to altered metabolisms in cancer.
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Under normal conditions, AKT2, the primary isoform in insulin-responsive tissues,
has been associated with glucose transporter 4 (GLUT4)-containing vesicles upon
insulin stimulation, increasing glucose uptake in fat and muscle tissues (Calera et al.
1998; Kohn et al. 1996). GLUT]1 is the main glucose transporter in most cell types.
Unlike GLUT4, GLUT1 seems to be regulated mainly through alterations in expres-
sion levels. Activation of mTORCI, through AKT-mediated phosphorylation of
TSC2, regulates both HIF1a-dependent transcription of glycolytic enzymes, includ-
ing Glutl, and cap-dependent translation of Glutl mRNA (Taha et al. 1999; Zelzer
et al. 1998). Another translational target of mTORCI is c-Myc, capable of also
inducing expression of various glycolytic genes, thus increasing glycolysis (West
et al. 1998; Gordan et al. 2007). Furthermore, AKT-mediated phosphorylation and
inhibition of GSK3 prevents GSK3 from phosphorylating and inhibiting its sub-
strate glycogen synthase, promoting glycogen synthesis. In the liver, AKT inhibits
gluconeogenesis by blocking FOXO-mediated transcription of gluconeogenic
enzymes, such as phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-
phosphatase (G6Pase).

In addition to glucose metabolism, lipid synthesis is also regulated by the PI3K/
AKT pathway. The PI3K/AKT pathway has been shown to up-regulate lipogenic
gene expression through activating SREBP (sterol regulatory element-binding pro-
tein) transcription factors, the master regulators of genes involved in cholesterol,
fatty acids, triglycerides, and phospholipids synthesis (Gasic 1994; Sundqvist et al.
2005; Porstmann et al. 2005, 2008; Yecies et al. 2011). AKT has also been reported
to directly activate ACL (ATP citrate lyase), which functions in an important step in
fatty acid biosynthesis (Berwick et al. 2002).

6.4 PI3K Pathway Alterations in CRC

6.4.1 Known PI3K Pathway Mutations in CRC

CRC formation is a multistep process involving cellular transformation proceeding
from normal mucosa to microadenomas, to adenomas with increasing dysplasia, to
carcinoma. The stepwise CRC model involves many changes in epithelial morphol-
ogy and is accompanied by characteristic genetic and epigenetic alterations. Both
epidemiological (Yoong et al. 2011) and in vitro (Hanahan and Weinberg 2000)
studies have shown that cellular transformation requires the accumulation of at least
6—12 mutational events, possibly more (Wood et al. 2007; Sjoblom et al. 2006), a
process facilitated by genetic instability (Lengauer et al. 1997; Hirota et al. 1998).
The PI3K pathway is one of the most frequently mutated pathways and has been
implicated in driving the progression of pre-invasive adenoma to CRC. Mutations in
one or often more than one member of this pathway are found in the majority of
CRCs, providing a challenge, and at the same time a potential target, for the treat-
ment of PI3K-addicted CRC tumors with pan-specific or isoform-specific PI3K
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inhibitors. Activating mutations in PIK3CA, the gene encoding the p110a catalytic
subunit of PI3K, were initially detected in approximately one-third of 234 CRCs, but
only in 2 of 76 adenomas (Samuels et al. 2004). More recent data evaluating the muta-
tion frequency of PIK3CA in CRC show that it is almost exclusively mutated in estab-
lished carcinomas and at a lower rate (~13 %, out of n=9,108 (http://www.sanger.
ac.uk/genetics/CGP/cosmic, thereafter COSMIC database) than previously reported,
yet still remaining one of the most commonly mutated genes in this tumor type

In CRC, there are three mutation hotspot regions within PIK3CA—the H1047R,
the E545K, and the E542K mutations. The H1047R mutation is located at the
C-terminal portion of the kinase domain, while E545K and E542K mutations are
located within the region encoding the helical domain of the protein (Samuels et al.
2004) (Fig. 6.3a). The three aforementioned PIK3CA mutations account for more
than 90 % of all the PIK3CA mutations found in CRC. They are all missense (a type
of non-synonymous mutation) and confer constitutive lipid kinase activity that pro-
motes cell growth and invasion of human cancer cells (Samuels et al. 2005). Most
of the remaining PIK3CA mutations either code for a different amino acid change
or target a region adjacent to the hotspot mutations. A list of complete PIK3CA
mutations in CRC is summarized in Fig. 6.1.

Aside from PIK3CA activating mutations, the PI3K pathway can be activated by
several other mechanisms in CRC, with the most common being loss or mutation of
the PTEN tumor suppressor. PTEN is a haploinsufficient tumor suppressor, hence it
is more frequently targeted for hemizygous deletions or inactivating mutations of a
single allele, thus retaining a normal wild-type allele. Inactivating mutations of
PTEN are detected in 6 % of CRCs (out of n=1,344, COSMIC database), while the
overall frequency of PTEN deletion in this tumor type is ~22 % (out of n=161,
COSMIC database) with ~5 % of these being focal, affecting in most cases only
PTEN. Another PI3K-related gene that is frequently deleted in CRC (~22 % overall,
~T % focal) is PIK3R1 (Beroukhim et al. 2010), the gene encoding the p85a inhibi-
tory subunit. PIK3R1 is also the target of point mutations in 4 % (out of n=560,
COSMIC database) of CRCs (Fig. 6.4).

Given that activation of PI3K signaling begins with the engagement of growth
factors by RTKSs and recruitment of adaptor proteins, many members of this signal-
ing pathway are altered, although somewhat infrequently, in CRC. Among these,
EGFR and the v-erb-b2 erythroblastic leukemia viral oncogene homolog 2 (ERBB2/
HER2) are both mutated in 4 % of CRCs (77/2152 for EGFR and 14/365 for
ERBB2, COSMIC database), with mutations affecting mostly tumors of the rectum.
The ERBB4 gene, on the other hand, has been noted to be mutated in 37 % of CRCs,
although the sample size for the mutation detection of this gene is relatively small
(out of n=65, COSMIC database).

The RTK KIT is mutated in 4 % of CRC (out of n=367, COSMIC database),
although activating mutations in this receptor are one of the main forces driving the
progression of gastrointestinal stromal tumors (GIST) and occur in >85 % of GISTs
(Lengauer et al. 1998). Mutations in the RTK MET and AKT1 are also detected at
very low frequencies (1-2 %), occurring in 7out of 310 and 7 out of 917 CRCs,
respectively (COSMIC database).
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Fig. 6.4 Mutations of PIK3CA identified in colorectal cancer. (a) Histogram displaying the posi-
tion of somatic mutations in the coding sequence of PIK3CA that are identified in CRC (total no
of mutations=787). (b) Schematic representation of the PIK3CA exons (1-20) and functional
domain of the PIK3CA protein based on the SMART database (http://smart.embl-heidelberg.de/).
(c) Pie chart showing the proportion of PIK3CA domain mutations in CRC. The frequencies and
position of PIK3CA mutations are based on the COSMIC database (http://www.sanger.ac.uk/
genetics/CGP/cosmic/)

6.4.1.1 Coexistence and Mutual Exclusivity of PI3K Pathway Mutations
in CRC

Cancer progression is considered to be a process of Darwinian evolution, where
most genetic alterations are products of selective pressure that drive tumor growth
and proliferation. The notion of “the survival of the fittest” would therefore prevent
mutations in functionally redundant isoforms of the same gene, and/or genes that lie
in the same signaling network. In spite of this, almost every known member of the
PI3K/Akt signaling network is frequently altered in most cancers, and certain tumor
samples carry two or more mutations in this pathway. Furthermore, the mutation
frequency of each of the target genes varies dramatically from one tumor type to
another, sometimes even among different tumors of the same origin, suggesting that
the genetic profiles of all cancers are determined by distinct somatic evolution that
drives the accumulation of mutations. In this section we explore the degree of coex-
istence and/or mutual exclusivity of PI3K pathway alterations in CRC and speculate
on mechanisms which drive the unique characteristics of this tumor type.
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There is some degree of mutual exclusivity in PIK3CA and PTEN mutations in
breast carcinomas and glioblastomas (Suire et al. 2002; Zhou et al. 2002), where the
frequency of coexistent mutations falls lower than that expected by chance. While
this is also evident for CRCs (Frattini et al. 2007; Yuan and Cantley 2008), the over-
all frequency of co-mutation varies significantly from one tumor type to another.
Endometrial cancers exhibit the highest incidence of co-mutation between PIK3CA
and PTEN (35-36 %). Studies have shown that knocking down PTEN expression in
HEC-1B cells that carry mutations in both KRAS and PIK3CA further enhances Akt
(S473) phosphorylation (Samuels et al. 2004), suggesting that the functional redun-
dancy in the mutation of PTEN and PIK3CA could be the product of selection for
combinatorial and additive effects. Furthermore, the PI3K/AKT pathway is complex
and often the target of multiple negative feedback loops. Although mutations in
either PTEN or PIK3CA can activate the PI3K pathway, tumors bearing both altera-
tions could circumvent negative feedback loops to sustain tumorigenesis.

One of the best understood forms of genetic instability in CRC is deficiency in the
DNA mismatch repair (MMR) system. A possible scenario is that concomitant muta-
tion of PIK3CA and KRAS in CRC is the product of a deficiency in the MMR sys-
tem. Loss of DNA MMR function can be caused by mutations, deletions, or epigenetic
silencing of, both copies of one of the major MMR genes, MLH1, MSH2, MSH6, or
PMS2. Failure to repair replication-associated errors due to a defective MMR system
allows persistence of mismatch mutations located throughout the genome, especially
in regions of repetitive DNA known as microsatellites, giving rise to the phenomenon
of microsatellite instability (MSI) (reviewed in (Velho et al. 2005)).

A high frequency of instability at microsatellites (MSI-H) is the hallmark of the
most common form of hereditary susceptibility to CRC, known as Lynch syndrome
(LS) (previously known as hereditary non-polyposis colorectal cancer syndrome,
HNPCC), but is also observed in 15-20 % of sporadic colonic cancers (and rarely in
rectal cancers). The mutational targets in MMR-deficient tumors are not random, in
that mutations occur preferentially in repetitive sequences; nonetheless there is no a
priori favoring of mutation site. However, the mutations in MMR-deficient CRC are
positively selected, presumably on the basis that they confer a selective advantage for
growth, survival and escape from immune surveillance. Interestingly, there is a strong
association between PIK3CA mutations and MSI status (P=0.0046) (Sjoblom et al.
2006), despite the fact that there is no repetitive nucleotide sequence within the
PIK3CA coding region. On the other hand, the frequency of KRAS mutations is sig-
nificantly lower in MSI-H colon cancers (Gupta et al. 2007), while PTEN is more
frequently mutated in these tumors, particularly in exons 7 and 8 because of the poly-
A tracts present in their sequence (Gupta et al. 2007). The co-mutation rate of PI3K/
Akt pathway genes is, therefore, likely to be dramatically different between MSI-H
and microsatellite stable (MSS) colon cancers and requires further investigation.
Uncoupling the coexistence or mutual exclusivity of PI3K alterations will likely be
critical in understanding the substantial evolutionary implications that drive the tumor-
igenic potential of CRC subtypes. A deeper understanding of this phenomenon will
guide identification of novel, more effective individualized treatment options neces-
sary to overcome the substantial burden of drug resistance and tumor recurrence.



172 J. Yun et al.

6.4.2 Relevance of PI3K Pathway Mutations in Human
Colorectal Cancer Therapy

The prognostic significance of PI3K-pathway genetic alterations is well established
in CRC, yet it appears to be much more complex than initially appreciated. PIK3CA
mutations have been associated with poorer survival of CRC patients (Amado et al.
2008), while PIK3CA gene amplification/gain was shown to be independent of
PIK3CA point mutations, and was positively correlated with longer survival in
patients who received adjuvant chemotherapy and/or radiotherapy (Engelman et al.
2008). However, both the clinical significance of PIK3CA gene amplification and
the degree in which this genetic alteration is observed in CRC are unclear. According
to recent high-throughput DNA copy number studies, the PIK3CA locus (3q26.32)
is the target of frequent amplification in ovarian, breast, and brain tumors (Karapetis
et al. 2008), but is very rarely, if ever, amplified in CRCs (Karapetis et al. 2008;
Linardou et al. 2008).

The coexistence or mutual exclusivity of PI3K pathway mutations is also likely
to have a great impact on the clinical utility of PIK3CA mutations. Interestingly, in
a large study of 450 resectable colon cancer biopsies, PIK3CA mutation showed a
clear association with higher colon cancer-specific mortality in both univariate and
multivariate analyses (Nosho et al. 2008). However, the effect on patient’s survival
differed significantly among patients with wild-type or mutant KRAS, with the lat-
ter group showing no association of PIK3CA mutation with poor prognosis. PTEN
loss of expression has also been suggested to serve as a poor prognosis indicator in
CRC. One study demonstrated that low PTEN-expressing tumors are significantly
associated with shorter median progression-free survival (PFS) (Yuan and Cantley
2008). Likewise, another study showed that loss of PTEN expression was associ-
ated with larger tumor size and depth of invasion, lymphatic invasion, lymph node
metastasis, higher Dukes’ staging, and reduced caspace-3 expression (Abubaker
et al. 2009). Several studies have shown that there are multiple effector pathways
downstream of PI3K/Akt activation, underlying the therapeutic challenge in treat-
ing PI3K-pathway-activated tumors. The degree in which the prognostic signifi-
cance of PI3K-pathway mutations are influenced by inherent or acquired resistance
to the conventional cancer therapeutic approaches is likely to be highly underrated.
The standard first-line treatment options for metastatic CRC remain primarily based
on traditional cytotoxic chemotherapies consisting of a 5-FU and folinic acid (FA,
also known as leucovorin) backbone. In the initial studies, 5-FU/Leucovorin dem-
onstrated a response rate of 20 % and a treatment-induced prolongation survival of
11 months compared with the median 5 month survival of best supportive care
(BSC) (Chee and Sinicrope 2010). Subsequent trials demonstrated the survival ben-
efit of adding the nonnephrotoxic platinum analogue oxaliplatin (FOLFOX) or the
topoisomerase 1 inhibitor irinotecan (CPT-11)(FOLFIRI) to 5-FU/FA backbone,
improving response rates to 35-53 %, PFS of 5-8 months and overall survival of
14—18 months (Laurent-Puig et al. 2009; Li et al. 2009; Loupakis et al. 2009). The
first FDA-approved oral chemotherapeutic agent capecitabine is enzymatically
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converted to 5-FU in vivo, and can be substituted for 5-FU as it has been suggested
to have milder side effects (Ogino et al. 2009).

Despite modest survival data, the overall response rate of palliative chemotherapy
in CRC is low and often associated with severe side effects, raising the need for the
development of targeted cancer therapies. Significant effort has been made in the
development of inhibitors that target the VEGF and EGFR pathways in CRC. There
are two main classes of EGFR inhibitors currently in clinical use: the anti-EGFR
monoclonal antibodies and the small-molecule EGFR tyrosine kinase inhibitors.
These inhibitors are not exclusive to the EGFR pathway and can block different
RTKs, including VEGF (Chee and Sinicrope 2010). Two clinical trials have evalu-
ated the efficacy of the anti-EGFR monoclonal antibodies panitumumab and cetux-
imab, and demonstrated that clinical benefit was restricted to wild-type KRAS
tumors (De Roock et al. 2010; Li et al. 2010). Evaluation of the predictive and prog-
nostic value of KRAS and PIK3CA mutations in relation to both 5-FU-based first-
line chemotherapy treatment and second line cetuximab therapy indicated that
KRAS mutations could predict for lack of response (P=0.002) and shorter PFS
(P=0.09) (Souglakos et al. 2009), while PIK3CA mutations were associated with
even lower PFS in response to cetuximab treatment (P=0.01). Recently, a European
consortium studied the effects of KRAS, BRAF, NRAS, and PIK3CA on the effi-
cacy of cetuximab or panitumumab in a large cohort (n=1,022) of patients with
chemotherapy-refractory metastatic CRC (Poulogiannis et al. 2010). This study con-
firmed that patients with KRAS mutations do not benefit from cetuximab treatment.
Importantly, in subset analysis this study showed that only PIK3CA exon 20 muta-
tions are associated with a lack of response to cetuximab in KRAS-WT tumors, with
a lower median PFS of 11.5 versus 24 weeks. While there is biologic reason to sus-
pect that exon 20 PIK3CA mutations may predict cetuximab resistance in KRAS-WT
CRC, this observation needs to be confirmed in a larger tumor series to exclude the
possibility of any confounding factors reflective of the low number of tumors with
exon-20 PIK3CA mutation included in the latter study (n=9). In contrast, exon 9
PIK3CA mutations were associated with KRAS mutations and did not confer an
independent adverse effect on cetuximab response rate. Other PI3K pathway pertur-
bations, including loss of PTEN expression, have also been linked to lack of cetux-
imab response in metastatic CRC (Sullivan and Kozuch 2011; Naguib et al. 2011;
Poulogiannis et al. 2012). However, tumor heterogeneity confounds the immunobhis-
tochemical (IHC) assessment of PTEN expression (19-36 %) and necessitates estab-
lishment of a more reliable and standardized protocol for PTEN IHC testing.

Despite considerable progress in selecting which CRC patients are suitable for
anti-EGFR treatment, and basic understanding of the alternative mechanisms driv-
ing resistance to this therapy, most CRC patients who respond to these agents inevi-
tably experience progressive disease after a few months of treatment. The relatively
short response durations to second and third line CRC treatments highlight the need
for both a better molecular characterization of individual patient tumors and the
possibility of combination therapies such as Cetuximab with a pan-PI3K inhibitor
which may delay the onset of resistance and translate to clinical benefits in both
progression free and hopefully overall survival. Currently, there are ongoing early
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phase trials of pan-PI3K and PI3K-isoform-specific inhibitors, as well as Akt and
mTOR inhibitors, alone or in combination in a wide range of solid tumors and clini-
cal settings, as discussed in the following sections.

6.5 Inhibitors Targeting PI3K Pathways

Development of novel, targeted cancer therapies is rapidly replacing that of tradi-
tional, nonspecific cytotoxic drugs, and slowly new targeted therapies are making
their way into clinical practice (Yun et al. 2009; Yun 2010). Prior successes in tar-
geted therapy, such as imatinib for chronic myelogenous leukemia (CML), trastu-
zumab for breast cancer with amplification of HER2 (also known as ERBB2), and
erlotinib and gefitinib for lung cancer that expresses mutant EGFR paved the way
for future targeted therapy. While, conceptually, targeted therapy is ideal, many
roadblocks exist to the development of new targeted therapies. First, the pathway of
interest should be both central to maintenance of the malignancy and druggable.
Second, the targeted therapy must not be too toxic to surrounding normal tissues.
Third, the ideal targeted therapy would have a noninvasive monitoring method and
mechanism to study resistance. As discussed previously, genetic and cell line/xeno-
graft studies have shown that deregulated PI3K signaling is vital to the growth and
survival of cancer cells, making the PI3K pathway one of the most attractive targets
for anticancer therapy. Over the past decade, a number of PI3K pathway inhibitors
have been developed and entered into the clinic. Table 6.1 shows a list of drugs in
development to exploit the PI3K signaling pathways, and existing clinical trials can
be found at http://www.clinicaltrials.gov/. In the following section, we will discuss
four different classes of PI3K pathway inhibitors: PI3K inhibitors, AKT inhibitors,
mTOR inhibitors, and dual PI3K/mTOR inhibitors.

6.5.1 PI3K Inhibitors

Like the majority of small molecule kinase inhibitors, all existing PI3K inhibitors
belong to a class of ATP-competitive inhibitors. The PI3K inhibitors can be further
divided into pan-PI3K inhibitors or isoform-specific PI3K inhibitors. The majority
of PI3K inhibitors in clinical trials thus far are pan-PI3K inhibitors, inhibiting all of
the catalytic subunit isoforms of class I PI3Ks: p110a, p110p, p110y, and p1109d.
Developing isoform-specific inhibitors is challenging because of the highly con-
served nature of the ATP-binding pocket. Structural visualization techniques includ-
ing X-ray crystallography are critical for imaging drug-PI3K complexes and
informing rational isoform-specific inhibitor development. Indeed, the X-ray struc-
tures of the p110 subunit of PI3Ky, and more recently of the human p110a/p85a
complex, have been crucial in providing a detailed structural analysis of the
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Table 6.1 PI3K pathway inhibitors in clinical development
Target(s)/isoforms Agent Company Status
Pan-PI3K PX-866 Oncothyreon, Inc. Phase I/I1
XL147 Exelixis/Sanofi-aventis Phase |
BKM120 Novartis Phase |
GDC09%41 Genentech Phase |
PI3K isoform o BYL719 Novartis Phase I
PI3K isoform & CAL-101 Calistoga Pharma Phase I/11
AKT MK2206 Merck Phase I/
Perifosine Keryx Biopharmaceuticals Phase 111
VOD-002 (Triciribine) VioQuest Pharma Phase |
mTORC1 RAD 001 (Everolimus) Novartis Approved
CCI-779 (Temsirolimus) Pfizer Approved
Ridaforolimus Arid/Merck Phase III
mTOR/catalytic site AZDB055 AstraZeneca Phase I/I1
TORKIi (CC223) Celgene Phase I/I1
OSI1-027 Astellas Pharma Phase |
INK128 Intellikine Phase I
Dual PI3K/mTOR BEZ235 Novartis Phase I/II
BGT226 Novartis Phase I/I1
SF1126 Semafore Pharma Phase 1
XL765 Exelixis/Sanofi-aventis Phase |
PIK-587 Pfizer Phase |
GSK2126458 GlaxoSmithKline Phase I

ATP-binding cleft of class I PI3K, leading to the development of p110y or p110a
isoform-specific PI3K inhibitors (Walker et al. 1999, 2000; Huang et al. 2007).
While there are theoretical benefits to both pan-PI3K and isoform-specific PI3K
inhibition, it remains unclear which type of inhibitor, if any, will be more effective
clinically. The answer depends on several factors including toxicities resulting from
complete inhibition of all PI3K isoforms with pan-PI3K inhibitors, identification of
the tumor subtypes in which inhibition of only one or two of the PI3K isoforms will
be sufficient, and the time to resistance development. One major potential flaw of
PI3K inhibition are the multiple mechanisms by which malignant cells can activate
AKT, the major downstream effector of the PI3K signaling cascade.

6.5.1.1

and LY294002

“First Generation” Pan-PI3K Inhibitors: Wortmannin

Wortmannin and LY294002 are two well-known, first-generation PI3K inhibitors.
Wortmannin was isolated from the fungus Penicillium wortmannin in1957 and is an
irreversible inhibitor that forms a covalent bond in the ATP-binding pocket of the
kinase (Yuan and Cantley 2008). It inhibits PI3K enzymatic activity in the
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nanomolar range; however, it is not a specific PI3K inhibitor, as it binds to other
kinases such as DNA-PK, ATM, ATR, and mTOR. Furthermore, Wortmannin is
extremely reactive, with a half-life of only a few minutes in serum, and causes liver
dysfunction, lymphocytopenia, and hyperglycemia in animals (Ihle et al. 2004). In
1994, Eli Lilly (Indianapoli, IN) synthesized the reversible PI3K ATP-competitive
inhibitor, LY294002. It was developed as a structural analogue of quercetin, a bio-
flavonoid produced by plants, which can inhibit several protein kinases including
PI3K, similar to wortmannin. LY294002 is more stable, but less potent, than
Wortmannin. Both Wortmannin and LY294002 substantially inhibit growth of most
cancer cell lines when administered as single agents, particularly in cases of excess
PI3K activity (Markman et al. 2010) and sensitize tumor cells to other targeted ther-
apeutics such as chemotherapy and radiation (Hu et al. 2002). However, these com-
pounds have not progressed to clinical trials because of unfavorable pharmacokinetic
properties, poor selectivity, and high toxicity in animal models (Vlahos et al. 1994).

One approach to bring wortmannin to the clinic involved increasing its stability
by PEGylation (Cleary and Shapiro 2010). PWT-458 (Pfizer) is a PEGylated deriva-
tive of wortmannin that has a higher therapeutic index in preclinical animal models
compared to wortmannin (Yu et al. 2005). Upon intravenous administration, the
polyethylene-glycol (PEG) moiety is cleaved, releasing 17-hydroxywortmannin.
PWT-458 inhibited AKT kinase and its downstream effectors at nontoxic doses.
Inhibition of AKT signaling was accompanied by a slowing of xenograft growth.
Moreover, PTW-458 improved the anticancer effects of paclitaxel and PEGylated
rapamycin in certain xenograft models (Zhu et al. 2006).

Similar efforts have been applied to improve the pharmacological properties of
LY294002. SF1126 (Semafore Phamaceuticals) is a water-soluble prodrug of
LY294002 (Garlich et al. 2008; Nutley et al. 2005). The RGD (Arg-Gly-Asp) target-
ing peptide attached to SF1126 enables the drug to target specific integrins within the
tumor compartment. The integrin-targeting RGD peptide moiety causes the drug to
preferentially accumulate in endothelial cells and tumor cells. SF1126 inhibits all
class I PI3K isoforms and other closely related kinases such as DNA-PK and mTOR.
It blocks the phosphorylation and activation of AKT in cell lines with ICs, values in
the low micromolar range. In preclinical studies, SF1126 has shown antitumor activ-
ity in xenograft models of brain, neuroblastoma, non-small cell lung, prostate,
myeloma, renal, and colon carcinoma. In addition to its direct activity on cancer
cells, it has demonstrated anti-angiogenic activity in xenografted glioma cells by
substantially reducing microvessel density. SF1126 is currently in phase I clinical
trials. XL147 (under co-development by Exelixis and Sanofi-Aventis) selectively
inhibits PI3K without inhibiting mTOR or DNA-PK (Yun et al. 2009). The com-
pound inhibits PI3K signaling in cultured tumor cells and blocks VEGF-induced
tubule formation in cell lines. Oral administration slows tumor growth or causes
shrinkage of breast, lung, ovarian, prostate, and glioma tumors in xenografts. XI.147 is
currently in phase I clinical trials and its dose-limiting toxicity is rash, elevated liver
function tests, and fatigue. In Phase I clinical trials, increased tumor growth inhibi-
tion was achieved by combining XL 147 with cytotoxic (carboplatin and paclitaxel)
or targeted anticancer agents (erlotinib) without significantly increased toxicity.
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6.5.1.2 “Second Generation’’ Pan-PI3K Inhibitors

The new generation of PI3K compounds was designed to improve upon the pharma-
ceutical limitations of wortmannin and LY294002. PX-866 (Oncothyreon) is a
structural analogue of wortmannin and functions as an irreversible inhibitor of PI3K
by making a covalent bond with the PI3K molecule similar to wortmannin (Thle
et al. 2004, 2005; Howes et al. 2007). Compared to Wortmannin, PX-866 exhibits
increased stability, reduced toxicity, and enhanced biological activity. In humans
and preclinical models, PX-866 is metabolized to produce an active metabolite,
17-OH, that is a more potent PI3K inhibitor than the parent drug and retains the
same irreversible mechanism of action. In biochemical assays, PX-866 and the
17-OH metabolite inhibit all four PI3K isoforms and have the greatest potency for
PI3K o and f, the two family members that are most strongly associated with solid
tumors such as breast, colon, ovarian, and prostate cancers. Preclinical studies dem-
onstrate that PX-866 is efficacious in numerous mouse xenograft models of lung,
ovarian, and CRC as a single agent and in combination with chemotherapy, radia-
tion, and targeted cancer drugs, such as EGFR inhibitors. In these studies, PX-866
sustained inhibition of the PI3K pathway, a property that is attributable to its unique,
irreversible mechanism of action. Preliminary results from Phase I clinical trials
showed several patients with stable disease, with mild side effects including abdom-
inal pain and mild diarrhea (Ihle et al. 2009a). Oncothyreon is currently evaluating
PX-866 in Phase I/IT and Phase II clinical studies in solid tumors.

BKM120 (Novartis) is an oral pyrimidine-derived pan-PI3K inhibitor. BKM120
inhibits all class I PI3K isoforms at nanomolar concentrations without inhibitory
activity against members of the other classes of PI3K or mTOR. In vitro experiments
showed a strong anti-proliferative effect of BKM120 on human cancer cell lines
exhibiting aberrant PI3K pathway activity. In vivo, BKM120 demonstrated signifi-
cant antitumor activity in human tumor xenograft models with good correlation
between BKM 120 treatment and inhibition of the PI3K pathway (Lee et al. 2006;
Seki et al. 2004). BKM120 is in phase I clinical trials with colorectal, breast, ovarian,
and endometrial cancers patients. Recent preliminary data from phase I trials with 35
patients with advanced solid tumors demonstrated the clinical safety and tolerability
of BKM120, as well as its favorable pharmacokinetic profile. The reported side
effects were mood alteration, hyperglycemia, and rash (Bendell et al. 2012).

6.5.1.3 Isoform-Specific PI3K Inhibitors

The four isoforms of PI3K, a, B, v, and & have distinct biological functions (reviewed
in (Liu et al. 2009)). For example, PI3Ka is involved in tumorigenesis and insulin
signaling, PIK3p plays a role in platelet aggregation, PI3Ky is expressed in leuko-
cytes and is a component of the inflammatory response, and PI3K9 is implicated in
allergic responses and hematological cancers. Therefore, a pan-PI3K inhibitor used
as an anticancer agent may generate undesirable toxic side effects due to inhibition
of all isoforms. p110a-specific inhibitors are of great interest for treating cancers
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that have PIK3CA mutations. Considering that more than 20 % of CRC have
PIK3CA alterations, it will certainly be important to develop p110a-specific inhibi-
tors and evaluate them in CRC lines and animal models with wild-type or mutant
PIK3CA. Preclinical models suggest potential advantages of p110a-specific inhibi-
tion over inhibition of other PI3K isoforms in certain tumor types. For example,
pl10a has a critical role in angiogenesis among other Class I PI3K members
(Graupera et al. 2008). Thus, specific inhibition of pl10a represents a potential
method of blocking angiogenesis, a known hallmark of cancer. Since p110a plays a
major role in insulin signaling and glucose metabolism, several side effects of
pl10a can be expected, such as hyperglycemia or glucose intolerance. However,
these side effects might be lightened by treatment with peroxisome proliferation-
activated receptor gamma (PPARY) agonists (Ihle et al. 2005). BYL719 (Novartis),
a selective inhibitor for p110a, is currently in Phase I clinical trials in patients with
advanced solid tumors harboring PIK3CA mutations. While potentially undesir-
able, a predictable physiological change such as hyperglycemia may offer a mini-
mally invasive clinical surrogate of target inhibition.

The p110p-specific inhibitors are also of interest in treatment of some cancers.
Several reports show that p110f is the dominant isoform carrying PI3K activity in
PTEN-deficient tumors of brain, breast, prostate, and endometrium both in vitro and
in vivo (Jia et al. 2008; Oda et al. 2008; Wee et al. 2008). Since p110f may play a
lesser role in insulin response, it is possible that this class of compounds would
show fewer side effects compared to p110a-specific inhibitors.

p110d is mainly expressed in cells of the immune system, where it regulates
B-cell maturation and function (Jou et al. 2002; Okkenhaug et al. 2002; Zhang et al.
2011). Therefore, selective inhibitors of p1109 are an attractive therapeutic option in
patients with B-cell malignancies. The p1108-specific inhibitor CAL-101 (Calistoga
Phamaceuticals) is being tested in a phase I dose-escalation trial of patients with
relapsed or refractory hematologic malignancies (Fruman and Rommel 2011).

Although major advances have been made in the identification of isoform-
specific p110 inhibitors, it remains to be seen whether mutant-specific PIK3CA
inhibition can be translated into clinical benefit. Ideally, mutant-specific PIK3CA
inhibitors would interfere with the oncogenic versions of pl110a and leave the
important normal functions of wild-type pl10a unaffected. Unfortunately, the
design of mutant-specific ATP-competitive inhibitors is complicated by the fact that
PIK3CA mutations commonly observed in cancers do not alter the ATP-binding site
geometry in a manner that can be clearly exploited during drug design. In compari-
son to wild-type PIK3CA, the crystal structure of PIK3CA containing the hotspot
mutation HI047R in the pl10a kinase domain (the most commonly observed
PIK3CA mutation) revealed no significant structural differences in the ATP-binding
site (Mandelker et al. 2009). Structural and biochemical data suggest the HI047R
mutation alters the way pl10a interacts with lipid membranes, allowing it easier
access to the PIP, substrate, thereby increasing PI3K pathway activity. Knowledge
of the proposed mechanism of action of the HI047R mutation has not yet been
exploited to develop novel mutation-specific inhibitors. No crystal structure is cur-
rently available of PI3K containing the second most common hotspot mutation
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E545K in the p110a helical domain. Nevertheless, similarly to the H1047R muta-
tion, the E545K mutation is not predicted to alter the ATP-binding cleft in a struc-
turally significant manner. Thus, great difficulty exists in designing mutant-specific
ATP-competitive PI3K inhibitors. The success of mutant-specific pl 10« inhibition
may depend on alternative inhibitory approaches such as allosteric kinase inhibi-
tors, or antagonists of protein—protein interactions, to provide the desirable activity
as well as selectivity profile.

6.5.2 AKT Inhibitors

AKT is another attractive target in inhibiting the PI3K signaling pathway in cancer.
AKT is the central node of the PI3K signaling pathway, and both ATP-competitive
inhibitors and allosteric inhibitors targeting AKT kinases are under active clinical
development. Most ATP-competitive inhibitors are nonselective and target all three
isoforms of AKT. GSK690693 (GlaxoSmithKline) is an ATP-competitive AKT
kinase inhibitor that targets all three AKT isoforms at low nanomolar range and is
active against additional kinases from the cyclic AMP-dependent, cGMP-dependent,
and protein kinase C (PKC) family. GSK690693 was recently terminated during
clinical phase I trial because of high toxicity. An allosteric dual inhibitor of AKT]1
and AKT?2 developed by Merck has potent antitumor activity in tumor xenograft
models and its analogue MK2206 (Merck) is in Phase I study in patients with locally
advanced or metastatic solid tumors (Yap et al. 2011). The most clinically advanced
allosteric AKT inhibitor is an alkylphospholipid, perifosine (KRX-0401, Keryx
Biopharmaceuticals) (Hilgard et al. 1997; Kondapaka et al. 2003; Van Ummersen
et al. 2004). It inhibits AKT activity by disrupting the binding of its PH domain to
PIP;, thereby preventing its membrane translocation and activation by PDK1. In
vitro, perifosine inhibits growth of melanoma, colon, lung, prostate, and breast can-
cer cells in association with inhibition of AKT activity (Kondapaka et al. 2003; Crul
et al. 2002). Perifosine has also been found to sensitize cancer cells to apoptosis and
cell-cycle arrest induced by radiation in vitro and in vivo (Caron et al. 2005; Vink
et al. 20006).

In 2010, perifosine finished clinical phase II and is currently in phase III testing.
In a phase II trial of metastatic CRC, perifosine in combination with capecitabine
doubled time to progression for metastatic CRCs (Bendell et al. 2011), and this trial
led to the FDA assigning Perifosine fast-track status. Another AKT inhibitor, VQD-
002 (VioQuest Pharmaceuticals), is a water-soluble tricyclic nucleotide that demon-
strated antitumor activity against a wide spectrum of cancers in preclinical and
clinical studies. A recent study showed that VQD-002 could play a role in reversing
drug resistance in cisplatin treated ovarian cancer (Yang et al. 2008). VQD-002 is
currently being tested in phase I/II clinical trials in patients with both solid and
hematological malignancies.

The distinct functions of AKT1 and AKT?2 in cancers spurred the development
of isoform-specific AKT inhibitors, with the promise of effective antitumor activity
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and fewer toxic side effects compared to compounds that inhibit all three AKT iso-
forms. In an AKT1 null mouse, glucose homeostasis is unperturbed, but the animals
are smaller, consistent with a role for AKT1 in cell growth. In contrast, mice with-
out AKT?2 have mild growth defects and show a diabetic phenotype, consistent with
data indicating that AKT?2 plays an important role in insulin signaling (Cho et al.
2001b; George et al. 2004; Engelman 2009). In this case, it is plausible that AKT1-
specific inhibition could shrink tumors with minimal impact on glucose homeosta-
sis. Thus, recent drug-discovery efforts have focused on the development of
isoform-specific AKT inhibitors.

Although AKT is the major PI3K downstream effector, PI3K can activate AKT-
independent pathways, including the Bruton tyrosine kinase (BTK), the Tec fami-
lies of non-RTKs, serum-and glucocorticoid-regulated kinase (SGKs), and
regulators of small GTPase that are implicated in cell polarity and migration. For
example, AKT was a less essential effector of cell survival than SGK3 in a subset of
cancers with PIK3CA mutations (Morrow et al. 2005). Further, a recent comprehen-
sive analysis of cancer cells carrying mutant PIK3CA showed that many of these
cells exhibit minimal increased activation of AKT and downstream signaling
(Vasudevan et al. 2009). Thus, AKT inhibitors alone may not provide adequate
inhibition of non-AKT effectors of the PI3K pathway. Additionally, inhibition of
AKT may actually increase AKT-independent PI3K signaling via loss of negative
feedback loops. The prevalence and importance of AKT-independent effectors of
PI3K must be more fully elucidated prior to further clinical testing.

6.5.3 mTOR Inhibitors

mTOR is an important downstream effector of PI3K that regulates protein synthe-
sis, cell proliferation, and angiogenesis. Therefore, mTOR inhibition is another
promising approach toward blocking aberrant PI3K signaling in cancer cells, and
mTOR inhibitors have been in clinical use for several years. Rapamycin (sirolimus,
Wyeth), the prototypical allosteric mTOR inhibitor, is a bacterially derived natural
product originally used as antifungal agent. It was later found to have immunosup-
pressive properties, and was approved for clinical use as an immunosuppressive
agent in 1999. Rapamycin binds to its intracellular receptor, FK506-binding protein
12 (FKBP12), which then binds directly to mTORCI, inhibiting mTOR-mediated
phosphorylation of its downstream targets, SOK and 4EBP1. Later, derivatives of
rapamycin, such as CCI-779 (termsirolimus/Torisel; Wyeth) and RADO0OI1
(Everolimus/Afinitor; Novartis) were developed as anticancer drugs (Granville
et al. 2006). These rapamycin analogues (referred to as rapalogues) inhibit mMTOR
through the same mechanism as rapamycin, but possess more favorable pharmaco-
logical properties (Liu et al. 2009). Results from clinical studies with CCI-779 and
RADOO1 used as single agents showed that these drugs improved survival in patients
with advanced renal cell carcinoma (RCC), leading to FDA-approval of in 2007
(CCI-779) and 2009 (RADOO1) respectively.
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There are several possible mechanisms underlying the limited success of rapa-
logues outside of RCC and breast cancer. First, the negative feedback loop that is
blocked upon mTORCI inhibition may activate upstream receptor tyrosine signal-
ing through IGF-1R or IRS1, resulting in increased PI3K—Akt signaling (Wan et al.
2007; Baselga 2011). Indeed, tissue samples taken from patients with colon or
breast cancer after 4 weeks of treatment with RAD-001 showed higher levels of
activated AKT compared to pretreatment samples (O’Reilly et al. 2006). In another
study, tumor materials from patients treated with rapalogues also showed increased
AKT activity (Tabernero et al. 2008). Second, rapalogues only partially inhibit
mTORCI target phosphorylation. For example, 4E-BP is rephosphorylated and is
refractory to long-term rapamycin treatment while S6K phosphorylation remained
permanently inhibited under those conditions. Persistent 4E-BP phosphorylation
may allow cancer cells to continue proliferating and growing independent of AKT
dependency. Last but not least, rapalogues cannot inhibit mTORC2 in acute treat-
ment settings. These data imply that ATP-competitive mTOR inhibitors capable of
targeting both mTORC1 and mTORC2 might show broader efficacy than rapa-
logues, sparkling enthusiasm for mTOR catalytic site inhibitors.

The first reported catalytic mTOR inhibitor was PP242, which potently inhibited
both mTORC1 and mTORC?2 (Apsel et al. 2008). In a preclinical study, PP242 sus-
tained 4E-BP dephosphorylation and suppressed tumor growth in a mouse model of
AKT-driven lymphangiogenesis, whereas rapamycin was ineffective (Hsieh et al.
2010). Interestingly, improved efficacy of PP242 may be the result of more effective
mTORCI1 inhibition, rather than its additional inhibition of mTORC2 (Feldman
et al. 2009). INK128 (Intellikine), a derivative of PP242, is currently in Phase I trials
(Hsieh and Ruggero 2010). Three additional mTOR catalytic site inhibitors—TORKi
CC223 (Celgene), OS1027 (OSI Pharmaceuticals), and AZD8055 (AstraZeneca)—
have been shown to inhibit proliferation of a variety of cancer cell lines and human
xenograft models more effectively than rapamycin (Chresta et al. 2010) and each of
recently entered Phase I trials. Despite the promising results in preclinical studies
involving mTOR catalytic inhibitors, several general concerns exist related to mTOR
inhibition. First, these compounds may not inhibit AKT T308 phosphorylation by
PDKI. This is concerning because previous studies suggested that loss of AKT S473
phosphorylation was not able to block all downstream effectors of AKT signaling.
Indeed, a report demonstrated that the mTOR catalytic site inhibitor PP242 had min-
imal effects on the phosphorylation state of several AKT substrates despite effec-
tively inhibiting AKT S473 phosphorylation (Feldman et al. 2009). Second,
inhibition of mMTORC1 may activate AKT-independent PI3K signaling due to loss of
feedback inhibition, suggesting a role for dual PI3K/mTOR inhibitors. Third, mTOR
is not exclusively regulated by PI3K signaling and is involved in additional cellular
functions including protein synthesis, cell growth, survival, and metabolism. These
processes can be affected by inhibition of mTOR kinase activity, potentially reduc-
ing the therapeutic index. Finally, the genetic factors determining the differential
sensitivity of cells to mTOR inhibitors are not clear. Despite mounting cell line and
xenograft data the role for mTOR inhibitors in CRC remains to be determined, and
response CRC patients enrolled in phase I studies will be important.
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6.5.4 Dual PI3K/mTOR Inhibitors

The catalytic domains of the p110 subunits (a, B, 8, and y) and mTOR are structurally
similar, and many PI3K inhibitors under development exhibit concomitant mTOR
inhibition (Garcia-Echeverria and Sellers 2008). When compared with other types of
PI3K pathway inhibitors, dual PI3K/mTOR inhibitors have the potential advantage of
inhibiting all class IA PI3K isoforms (p110a, , and §), mTORCI1, and mTORC2.
The broader spectrum of inhibition offered by dual PI3K/mTOR inhibitors has the
added benefit of overcoming feedback inhibition normally observed when either
mTOR or PI3K inhibitors are administered alone (O’Reilly et al. 2006; Fan et al.
2007). Numerous dual PI3K/mTOR inhibitors such as NVP-BEZ235 (Novartis),
NVP-BGT226 (Novartis), and XL765 (Exelixis) are currently in Phase I/II clinical
trials. NVP-BEZ235, an imidazoquinazoline derivative, was generated by structure-
based design (Maira et al. 2008). Preclinical data showed that NVP-BEZ235 has
effective anti-proliferative activity against tumor xenografts that have aberrant PI3K
signaling, especially in the presence of PTEN loss or gain-of-function PIK3CA muta-
tions (Serra et al. 2008). In addition dual PI3K/mTOR inhibitors have been shown to
possess anti-angiogenic properties (Schnell et al. 2008). Further, unlike other inhibi-
tors of the PI3K/AKT pathway, in vivo efficacy experiments in mice or rats treated
with NVP-BEZ235 demonstrated no statistically significant changes in blood glu-
cose levels. These preclinical data establish the feasibility of effectively blocking the
PI3K pathway in vivo without serious effects on glucose regulation (Maira et al.
2008). After promising phase I trials with NVP-BEZ235 the drug is now in phase II
study. Early reports on Phase I trials of XL756, another dual mTOR/PI3K inhibitor,
demonstrated inhibition of AKT phosphorylation and reduced tumor growth. Five
out of 19 patents showed clinical benefit with disease stabilization for at least 3
months, and for longer than 6 months in two cases (Molckovsky and Siu 2008). Due
to the fact that the dual PI3K/mTOR inhibitors inhibit multiple kinases, one major
concern with this class of inhibitors is off-target toxicities. However, recent clinical
data at the 2010 American Society of Clinical Oncology (ASCO) annual meeting
indicated there were no significant differences in terms of toxicity profiles among
dual PI3K/mTOR, Pan-PI3K, and isoform-specific PI3K inhibitors. The most com-
mon side effects reported with dual PI3K/mTOR inhibitors were diarrhea, nausea,
vomiting, and fatigue. Interestingly, insulin resistance-hyperinsulinemia or hypergly-
cemia, originally predicted to be one of the most likely toxicities resulting from on-
target effects of PI3K inhibitors, not been widely observed in clinical trials to date.
The ideal combination, sequence, and tumor type for dual PI3K/mTOR, Pan-
PI3K, AKT, mTOR and isoform-specific PI3K inhibitors in cancer remains to be
seen. Underlying the development of PI3K-modulating drugs is the need for an
ongoing paradigm shift in oncology with improved molecular tumor characterization
at the individual patient level. The generation of large molecularly annotated tumor
registries may increase the identification of patient subsets likely to benefit from
PI3K inhibition and streamline pipeline drug development and clinical trial design.



6 The PI3K Pathway in Colorectal Cancers 183

6.5.4.1 Strategies for Targeting PI3K Pathways in CRC Therapy
Single-Agent Therapy

One of the hallmarks of cancer is the accumulation of genomic alterations, and most
malignancies accumulate numerous genetic alterations during tumorigenesis and
progression. Despite the fact that multiple mutations occur in each cancer during
tumor progression, growth, and survival are sometimes highly dependent on one or
a few oncogenes, and their growth and survival can often be compromised by the
inactivation of a single oncogene. This phenomenon, dubbed as “oncogene addic-
tion” has provided a rationale for targeted cancer therapy (Weinstein and Joe 2008).
Recent clinical data suggested that oncogenes that are mutated or amplified repre-
sent attractive targets for therapy. This principle is exemplified by the successes of
targeted therapies such as imatinib for CML; trastuzumab for breast cancer with
amplification of HER2 (also known as ERBB2); and erlotinib and gefitinib for non-
small cell lung cancers that express mutant EGFR.

The high frequency of mutations in the PI3K pathway in human cancers strongly
supports the critical role of the PI3K pathway during tumorigenesis. Tumors with
oncogenic PI3K mutations may be highly susceptible to single agents that target
PI3K signaling pathway, and there is mounting preclinical evidence to support this
hypothesis. NVP-BEZ 235 (Novartis), a dual PI3K/mTOR inhibitor, inhibited the
growth of lung adenocarcinomas in transgenic mice that expressed p110a with a
H1047R mutation (Engelman et al. 2008). NVP-BEZ235 or an allosteric AKT
inhibitor (AKTi-1/2) suppressed growth of human breast tumor xenografts with
PI3KCA mutations (Serra et al. 2008; She et al. 2008). Considering more than 20 %
of CRCs have PIK3CA genetic alterations, single agents targeting PI3KCA may be
an effective strategy in this subgroup of patients.

Preclinical in vitro and in vivo data have revealed the potential efficacy of single
agent PI3K inhibition in CRC treatment. The reversible PI3K inhibitor LY294002
blocked PI3K signaling and specifically inhibited proliferation of CRC cell lines,
HCT116 and DLD1with PIK3CA mutations, but not cells with wild-type PIK3CA
(Samuels et al. 2005). The GSK3 inhibitors, lithium chloride and SB216763 selec-
tively decreased the proliferation of HCT116 cells with oncogenic PIK3CA muta-
tions (Yoong et al. 2011). Further, oral treatment with lithium preferentially
inhibited the growth of xenografts of HCT116 with PIK3CA mutations as com-
pared to isogenic HCT116 containing only wild-type PIK3CA (Yoong et al. 2011).
The irreversible PI3K inhibitor Wortmannin reduced anchorage-independent
growth of CRC cells in a soft agar assay (Khaleghpour et al. 2004), and small inter-
fering RNA-mediated knockdown of PI3K p85a in CRC cells induced G1-phase
arrest (Sun et al. 2009). Ongoing studies will be investigating the effects of p110a
isoform-specific inhibitors and p110a mutant-specific inhibitors in CRC cells with
PIK3CA mutations.
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6.5.5 Combination Therapy

Despite the moderate successes of single agent targeted cancer therapies, preclinical
and clinical data suggest a clear role for combination therapy. Combination thera-
pies have the potential advantages of delaying the development of resistance,
improving response rate, and improving harder clinical endpoints such as
progression-free and overall survival. Most clinically effective targeted therapies
are directed against RTKs, such as KIT, EGFR, VEGFR, and HER2, which modu-
late multiple downstream intracellular pathways. RTK inhibition therefore blocks
multiple signaling pathways, not only the PI3K pathway. Despite preclinical evi-
dence of single agent PI3K inhibition in CRC, it remains to be seen whether inhibi-
tion of the PI3K pathway alone will offer advantages over upstream RTK inhibition.
Other concerns in targeting PI3K pathway components alone is the cross talk
between many of the RTK signaling pathways such as the RAS/RAF/MEK/ERK
and PI3K/AKT pathways, as well as complex signaling feedback loops.

One of the major pitfalls of targeted therapies is the emergence of resistance.
When cancer cells are treated with drugs that block a single molecular target, they
are often able to activate alternative pathways as escape mechanisms to overcome
the blockade and therefore the effectiveness of these drugs. Recent studies have
shown that inhibition of mTORCI leads to activation of the ERK signaling pathway
capable of driving proliferation and growth (Carracedo et al. 2008). Further, muta-
tions in PIK3CA often coexist with other genetic lesions, such as KRAS or BRAF
mutations in CRC. KRAS can directly activate the RAF/MEK/ERK and PI3K/AKT
signaling pathways by directly binding to RAF proteins and the PI3K subunit p110.
Therefore, simultaneous inhibition of MEK/ERK and PI3K/AKT may have poten-
tial therapeutic benefit in KRAS-mutant cancers. Engelman et al. showed that
KRAS-driven mice lung tumors did not respond when a dual mTOR/PI3K inhibitor
(NVP-BEZ235) was administered after tumors were established. However, con-
comitant inhibition of the PI3K and RAF pathways with NVP-BEZ235 and
AZD6244, an inhibitor of MEK, inhibits tumor growth in these mice (Engelman
et al. 2008). In human NSCLC cell lines and animal models combination therapy
with the MEK inhibitor PD-0329501, and mTOR inhibitor rapamycin, or its deriva-
tive AP 23573 (ARIAD Pharmaceuticals/Merck), showed a synergistic effect in the
inhibition of cell proliferation and protein translation, indicating that both pathways
converge to regulate cell growth and ribosomal biogenesis (Legrier et al. 2007).

Several reports involving CRC cell lines support the advantage of combination
therapy. KRAS-mutant CRC cell lines were resistant to MEK inhibition when
PTEN deletions or activating PI3KCA mutations exist (Wee et al. 2009). The com-
bination of RTK and MEK inhibitors led to dual inhibition of PI3K and MEK sig-
naling, marked growth suppression and apoptosis of KRAS-mutant CRC in vitro
and xenograft models in vivo. The combination of the mTOR inhibitor, rapamycin,
and the MEK inhibitor, PD89059, caused cell-cycle arrest and induced apoptosis in
KRAS-mutant CRC cell lines (Zhang et al. 2009). Taken together, these studies sup-
port the idea that rational combinations of targeted treatments, especially those
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blocking both the PI3K and RAS/RAF/MEK pathways, to circumvent, reverse, or
even stop resistance are necessary for optimal use of molecular targeted therapies in
CRC (Engelman 2009; She et al. 2005). Indeed, many pharmaceutical companies
are actively looking for promising combination therapies with existing targeted
drugs or nonspecific cytotoxic drugs. In a recent phase I trial, the combination of
PI3K and MEK inhibitors from Genentech, GDC-0941 and GDC-0973 respectively,
was effective against advanced solid tumors at tolerable doses for patients.
Additionally, mTOR and MEK inhibitor combinations as well as AKT inhibitor
(MK-2206) and MEK inhibitor (AZD6244) combinations are in clinical trials.

6.6 Targeting Angiogenesis via the PI3K Pathway Inhibitors

Angiogenesis, the physiological process involving the growth of new blood vessels
from preexisting vessels, plays an essential role in tumor growth and metastasis
(Folkman 2007). Tumor growth requires angiogenesis when the size of the tumor
reaches 1-2 mm in diameter (Folkman 2007). Endothelial cells express numerous
cell-surface RTK receptors such as VEGFRI1-3, TIE-1/2, PDGFR-beta, and
ERBB1-4 to integrate the VEGFs secreted by tumor and stromal cells (Yuan and
Cantley 2008; Hofer and Schweighofer 2007). Molecularly targeted agents against
VEGF have been developed, and in clinical trials were shown to augment the effi-
cacy of cytotoxic chemotherapy in patients with advanced CRC (Chee and Sinicrope
2010). Based on improved survival, the anti-VEGF monoclonal antibody bevaci-
zumab (Avastin) was approved by the FDA for the treatment of advanced CRC in
2004. The success of bavacizumab in CRC treatment underscores the idea that
angiogenesis inhibition is an effective form of CRC therapy.

Numerous studies using conditional or germline knockout mice suggest the
strong connection between the PI3K pathway and angiogenesis. PI3K/AKT signal-
ing can induce expression of VEGF and suppress the expression of anti-angiogenic
protein TSP-1 in cancer and endothelial cells (Niu et al. 2004; Wen et al. 2001).
FOXO1 germline deletion results in defects in arterial development and early vessel
remodeling (Furuyama et al. 2004). Moreover, somatic deletion of all three FOXO
genes in mice showed that FOXO regulates endothelial cell homeostasis (Paik et al.
2007). Complete loss of PTEN in endothelial cells resulted in a phenotype indicative
of impaired vascular remodeling, resulting in embryonic lethality, whereas heterozy-
gous deletion of PTEN in the endothelium increased tumor growth by enhancing
tumor angiogenesis (Hamada et al. 2005). Constitutive AKT1 activation in endothe-
lial cells by transgenic expression of a myristoylated AKT1 caused abnormal vessel
patterning and congestion (Sun et al. 2005). A conditional mouse model with homo-
zygous deletion of the class IA PI3K regulatory subunits (p85a, p55a, pSOa, and
p85p) in the endothelium impaired vessel integrity during development and decreased
the rate of tumor growth (Yuan et al. 2008). In another study, embryos with kinase-
dead p110a developed gross vascular defects indicating p110a is essential for endo-
thelial cell migration and angiogenesis (Graupera et al. 2008). Overall, the results
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from genetic mouse models strongly suggest that inhibiting the PI3K pathway may
have anti-angiogenic effects in reducing tumor growth. In fact, the traditional PI3K
inhibitor LY2904002 inhibited the expression of VEGF in both endothelial cells and
ovarian cancer cells (Skinner et al. 2004; Jiang et al. 2000) and blocked EGF-induced
expression of VEGF and leptin in the CRC cell line HT-29 (Cascio et al. 2009).
Furthermore, LY294001 showed in vivo anti-angiogenic activity by decreasing the
microvessel density in tumor tissue of a mouse U87 xenograft model (Su et al. 2003).
Newer PI3K inhibitors including SF1126 (Garlich et al. 2008), ZSTK474 (Kong
et al. 2009), and PI103 (Raynaud et al. 2007) have also demonstrated anti-angio-
genic activity in xenograft models, as we discussed previously. A dual PI3K/mTOR
inhibitor, NVP-BEZ235, blocked VEGF-induced angiogenesis in mice (Schnell
et al. 2008), and inhibited the growth and proliferation of cancer cells with wild type
and mutant p110a (Serra et al. 2008). The mTOR inhibitor rapamycin and its ana-
logues are among the most extensively studied drugs in the clinic as anti-angiogenic
agents. Rapamycin markedly reduced production of VEGF (Zhong et al. 2000), and
abrogated the response of vascular endothelial cells to stimulation by VEGF in vivo
(Guba et al. 2002). In RCC, loss of the von-Hippel-Lindau tumor suppressor (VHL)
that normally inhibits HIF1A causes enhanced vascularization, and an mTOR
analogue, CCI-779, sensitized the cancer cells to death (Thomas et al. 2006). The
efficacy of CCI-779 in RCC likely results from rapamycin inhibition of mTORCI-
dependent translation and action of HIF1A, thereby decreasing VEGF production
(Hudson et al. 2002; Bernardi et al. 2006). Recently, the catalytic mTOR inhibitors,
OSI-027 and OXA-01, have been shown to significantly reduce angiogenesis and
tumor growth compared to rapamycin alone (Falcon et al. 2011). Taken together the
mounting preclinical data suggest targeting the PI3K pathway in the clinic may have
the dual effect of blocking both tumor growth and angiogenesis.

6.7 Future Directions

Since the discovery of PI3K more than 20 years ago, our knowledge of the PI3K
pathway in various cellular processes and tumorigenesis has experienced unprece-
dented advances. The PI3K pathway is unquestionably important in cancers such as
CRC, and has demonstrated clear potential as an anticancer target. A number of
targeted agents that inhibit the key components of the PI3K pathway are already in
clinical trials. The question remains as to how PI3K inhibitors can be strategically
applied in patients to maximize patient benefit and minimize toxicity. To understand
the optimal role of PI3K inhibitors further work is needed. Rather than testing com-
pounds in mixed patient populations, which occur during the traditional cancer
clinical trial, the number of genotype-directed and Bayesian hypothesis-testing tri-
als must be increased. Multiple preclinical studies demonstrated that cancers with
PIK3CA mutations might be most sensitive to PI3K inhibition, while cancers with
KRAS mutations might be inherently more resistant to single agent PI3K inhibitors
(Dan et al. 2010; Sos et al. 2009; Ihle et al. 2009b). Mutation-specific patient
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clinical trial entry will both address proof of principle and tease out parameters
related to treatment failure, ultimately bringing personalized treatment in the clinic.
The complexity of PI3K signaling due to numerous downstream targets, feedback
loops, and cross talk with multiple pathways leading to drug resistance will likely
emerge with single agent therapy. In order to figure out the most effective combina-
tion therapies to prevent development of drug resistance, preclinical and clinical
studies will need to focus on potential resistance mechanisms of PI3K inhibitors.
Furthermore, it is imperative to improve preclinical cancer models and assays capa-
ble of predicting drug response or potential drug resistance in clinical trials. For
example, development of genetically engineered CRC mouse models with PIK3CA
mutations alone, or in combination with other mutations such as APC and/or KRAS,
would be an especially valuable tool for understanding drug resistance mechanisms
and selection of the most effective method of PI3K pathway inhibition. Finally,
although there are growing numbers of isoform-specific and allosteric PI3K path-
way inhibitors, the majority of inhibitors in the pathway are ATP-competitive pan
inhibitors which may not possess the potency and selectivity necessary for efficacy
in patients. The importance of high throughput structural biology techniques, such
as X-ray crystallography and kinome wide selectivity profiling will continue aid
development of isoform-specific, mutant-specific, and allosteric inhibitors of key
components of the PI3K pathway. Direct knowledge of the three dimensional struc-
ture of the target affords the best tool for rational inhibitor design and optimization
of target selectivity. Crystal structures of p110a mutants, p1 108, p1108, and mTOR
will be essential to the advancement of future strategies targeting the PI3K pathway.
The success of PI3K pathway inhibitors in CRC and other cancers depends upon the
interplay of basic molecular understanding, rational inhibitor design, biomarker
advances, and ultimately well-designed clinical trials.
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