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Abstract

The involvement of the PIK3CA gene product p110a, the catalytic subunit of phosphatidylinositol
3-kinase (PI3K), in human cancer has been suggested for over 15 years, and support for this
proposal had been provided by both genetic and functional studies, including most recently the
discovery of common activating missense mutations of PIK3CA in a wide variety of common
human tumor types. This chapter will focus on the discovery of these mutations and describes
their relevance to a wide range of common human tumor types.

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

1 Introduction

Phosphoinositide kinases (P1Ks) are lipid kinases that phosphorylate the inositol ring of
phosphoinositides, thus acting as signal transducers. Depending on the phosphorylation site
on the carbohydrate, PIKs are categorized into three families: phosphoinositide 3-kinases
(PI13Ks), phosphoinositide 4-kinases (PIP4Ks) and phosphoinositide 5-kinases (PIP5KSs).
P13Ks are further grouped into classes I, Il or 111, depending on their subunit structure, their
regulation and their substrate selectivity. Class | PI3Ks, are composed of two subgroups, 1A
and IB (Vanhaesebroeck and Waterfield 1999). The class 1A PI3K subgroup consists of
three catalytic subunits: p110a, p110p, and p1106 that form heterodimers with one of five
regulatory domains: p85a, p85p, p85y, p50a, and p55a. These PI3Ks are activated by cell-
surface receptor tyrosine kinases. PI3Ks IA and IB catalyze the formation of PtdIns
(3,4,5)P3 (PIP3), a process that is reversed by the action of the lipid phosphatase, PTEN.
PIP3 serves as an anchor for Pleckstrin homology (PH) domain-containing proteins such as
the serine/threonine kinases AKT1, AKT2, and AKT3, which, once localized to the
membrane, get activated by 3-phosphoinositide dependent protein kinase-1 (PDK1). AKT
has numerous protein targets, including mTor, Bad, Caspase 9, Tuberin, GSK3p, and a
subset of forkhead transcription factors. The biological consequences of AKT activation are
broad and can be subdivided into regulation of cell proliferation, survival and motility
(Cantley 2002; Katso et al. 2001; Vivanco and Sawyers 2002).
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2 Links Between the PI3K Pathway and Cancer

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

Furthermore, PTEN (phosphatase and tensin homolog), which reverses the reaction
catalyzed by PI3Ks by dephosphorylating 3-position on inositol head groups, was found to
be a tumor suppressor gene commonly mutated in human tumors (Li et al. 1997; Steck et al.
1997) resulting in constitutive activation of the PI13K pathway.

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

3 High Throughput Sequencing of Gene Families in Human Cancer

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

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

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2011 August 31.
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4 PIK3CA is Somatically Mutated in Colorectal Cancer

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

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

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

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

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

Breast cancer

In the paper describing the initial discovery of PIK3CA mutations in cancer, PIK3CA
mutations were also identified in 1/12 breast cancers (Samuels et al. 2004). However, due to
the relatively small number of samples studied and the fact that, despite years of effort, a
commonly mutated breast cancer oncogene had not yet been discovered, several groups
immediately initiated more comprehensive mutational analyses of PIK3CA in breast cancer
(Bachman et al. 2004; Campbell et al. 2004; Lee et al. 2005; Levine et al. 2005; Saal et al.
2005; Wu et al. 2005b).

These efforts were immediately rewarded with very large number of mutations, making it
immediately clear that PIK3CA was the most commonly mutated oncogene yet discovered
in breast cancer. It is now appreciated that mutations of PIK3CA are found in 25-40% of all
human breast cancers. This discovery was particularly gratifying since it had long been
known that the PI3K pathway was often activated in breast cancer via phosphorylation of
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Akt (Page et al. 2000), yet in the absence of frequent PTEN mutations, the mechanism for
the activation of Akt remained elusive. Therefore, the presence of PIK3CA mutations
provided a molecular explanation for this long-standing conundrum.

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

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

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

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

Colon cancer

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

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

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

Several groups have also attempted to correlate PIK3CA mutation status with survival and
response to therapy. Several groups have clearly shown that PIK3CA mutation is correlated
with poor prognosis, even in patients whose tumor had been completely resected (Barault et
al. 2008; Kato et al. 2007; Ogino et al. 2009). Ogino et al. further demonstrated that this
effect was dependent on K-Ras mutational status; the presence of PIK3CA mutation
conferred no significant effect on mortality among patients with tumors harboring K-Ras
mutations. As such, they suggested that clinical trials of PI3K inhibitors may need to be
stratified by K-Ras mutational status to accurately assess the efficacy of the inhibitors.
Finally, both Jhawer et al. and Sartore-Bianchi et al. showed that colon cancer cells with
mutant PIK3CA genes tended to be resistant to therapeutic anti-EGFR antibodies (Jhawer et
al. 2008; Sartore-Bianchi et al. 2009).

Endometrial cancer

Endometrial cancer has proven to be one of the most interesting tumor types for the
identification and study of PIK3CA mutations, both because of the high frequency of
mutations and the novel finding that PIK3CA mutations are often coincident with PTEN
mutations in this tumor type. Oda et al. reported a high frequency of mutations of PIK3CA
in uterine endometrioid cancer (36%), which is all the more remarkable because they
sequenced only the exons containing mutational hotspots, so the actual mutation frequency
is likely to be somewnhat higher (Oda et al. 2005) And, despite initial reports that PIK3CA
activation and PTEN inactivation were mutually exclusive, this group identified coincident
mutations of PIK3CA and PTEN in 26% of samples. Remarkably, PIK3CA mutations were
actually more common in tumors with mutant PTEN genes than in tumors with wild-type
PTEN genes. This study was the first study to suggest that hyperactivation of PI13K signaling
by coincident mutations in two members of the pathway could be conducive to
tumorigenesis. This was especially intriguing because of the widespread belief that
hyperactivation of oncogenic signaling pathways such as PI3K can thwart cancer
pathogenesis by inducing p53-dependent senescence (Chen et al. 2005; Kim et al. 2007).
These data reporting coincident mutations in PIK3CA and PTEN were then supported by
three additional groups (Hayes et al. 2006; Kang et al. 2008; Velasco et al. 2006). Of note,
one group has reported a somewhat lower frequency of PIK3CA mutation in endometrial
cancer (10%) (Miyake et al. 2008).

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2011 August 31.
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In contrast to the data with PTEN, mutations in PIK3CA do appear to be mutually exclusive
with mutations of K-Ras in endometrial cancer (Kang et al. 2008; Velasco et al. 2006).
However, it is worth noting that this reported mutual exclusivity with oncogenic K-Ras is
somewhat controversial (Ollikainen et al. 2007).

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

Brain tumors

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

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

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

Skin cancer

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

In contrast to the frequent mutations of PIK3CA in these benign skin tumors, mutations of
PIK3CA are relatively rare in malignant melanoma (~3%), which was surprising given the
prominent role of PTEN inactivation in this tumor type (Omholt et al. 2006).

Ovarian cancer

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

Gastric cancer

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

Lung cancer

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

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

Thyroid cancer

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

In the initial, very large study, Garcia-Rostan identified PIK3CA mutations in 16% of
anaplastic thyroid carcinomas, 8% of follicular thyroid carcinomas, and 2% of papillary
thyroid carcinomas (Garcia-Rostan et al. 2005). However, that same year Wu et al.
suggested that PIK3CA mutations rarely occurred in these tumor types (Wu et al. 2005a). In
a subsequent study, Wang et al. reported PIK3CA mutations in 13% of follicular thyroid
carcinomas and 1% of papillary thyroid carcinomas (Wang et al. 2007). Abubaker et al. then
specifically focused on papillary thyroid carcinoma and identified mutations in 2% of 499
cases studied (Abubaker et al. 2008b). Similarly, Santarpia et al. focused exclusively on
anaplastic thyroid cancer and identified mutations in 14% of 36 cases (Santarpia et al. 2008).

Head and neck cancer

A large number of studies have examined the role of PIK3CA mutation in the pathogenesis
of head and neck cancer. Qiu et al. evaluated PIK3CA mutational status in 38 squamous cell
carcinomas and identified four samples with mutations (11%). Interestingly, in three of the
four cases with mutations were derived from pharyngeal cancer samples (Qiu et al. 2006).
Later, this group used a more sensitive mutation detection method that made it possible to
identify mutations in tumors of mixed origin and found the mutation rate to be significantly
higher than previously reported (21%) (Qiu et al. 2008). Kozaki et al. sequenced PIK3CA in
oral squamous cell carcinomas and identified mutations in 21% of cell lines and 17% of
primary tumors (Kozaki et al. 2006). Yan Yan et al. were unable to identify mutations of
PIK3CA in pharyngeal cancer samples (Or et al. 2006). Liu et al. identified mutations of
PIK3CA in 4% of nasopharyngeal carcinomas (Liu et al. 2007). Fenic et al. were unable to
identify any mutations of PIK3CA in a series of 33 squamous cell carcinomas (Fenic et al.
2007). Chou et al. identified PIK3CA mutations in 10% of nasopharyngeal carcinomas, and
demonstrated that there was no significant relationship to clinicopathological characteristics
of the tumors (Chou et al. 2008). Murugan et al. identified mutations in 30% of head and
neck cancer cell lines, 11% in primary tumors from patients in India, and no tumors from
Vietnam (Murugan et al. 2008).

Cervical cancer

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

Pancreatic cancer

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

Esophageal cancer

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

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

Pituitary tumors

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

Urological tumors

Andersson et al. identified mutations of PIK3CA in 8/28 penile tumors (29%) (Andersson et
al. 2008). Lopez-Knowles identified PIK3CA mutations in 11/87 (13%) of bladder cancers
(Lopez-Knowles et al. 2006).

Leukemia/lymphoma

PIK3CA mutations were identified in 17/215 diffuse large B cell lymphomas (Abubaker et
al. 2007). Muller et al. did not identify any mutations of PIK3CA in acute myeloid leukemia,
myelodysplastic syndromes, or non-Hodgkin lymphomas (Muller et al. 2007). Similarly,
Hummerdal wa unable to identify PIK3CA in acute myeloid leukemia (Hummerdal et al.
2006).

Neuroblastoma

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

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

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

The significance of the PI3K pathway in human cancer was further emphasized by
additional mutational analyses of other genes involved in PI13K signaling. If two genes are
mutated in a mutually exclusive fashion in a single tumor type, it is likely that they provide
the same selective pressure for clonal expansion. This concept has been demonstrated by the
mutual exclusivity found between APC and beta-catenin mutations (Morin et al. 1997;
Sparks et al. 1998) or KRAS and BRAF mutations (Davies et al. 2002; Rajagopalan et al.
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2002). The work of Saal et al. indicates that this notion is also true for the PI3K pathway
(Saal et al. 2005). In this study, the PIK3CA mutation status of a panel of breast tumors
which had lost PTEN expression was compared with a matched control set that had retained
PTEN expression. A highly significant association between PIK3CA mutations and
retention of wild-type PTEN protein expression was observed. However, conflicting data on
this point has also been published (Saal et al. 2007).

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

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

Strikingly, whole exome sequencing studies (Parsons et al. 2008; Wood et al. 2007) have
also highlighted the importance of the PI3K pathway in cancer, as a large portion of the
genes found to be somatically mutated are involved in PI3K signaling. In the breast cancer
study, these genes included PIK3CA and previously unreported mutations in PIK3R1,
PIK3R4, and RPS6KA3. In colorectal cancer the PI3K pathway components found to be
mutated differed from those in breast, with mutations found in IRS2, IRS4, PIK3R5,
PRKCZ, PTEN, RHEB, and RPS6KBL1 in addition to PIK3CA (Wood et al. 2007).
Similarly, in the whole genome study of glioblastoma tumors the PI3K genes PIK3CA,
PIK3R1, PTEN, and IRS1 were found to be altered in 50% of tumors and in all cases,
mutations within each tumor affected only a single member of the pathway in a mutually
exclusive manner (p < 0.05) (Parsons et al. 2008). The fact that all but one of the cancers
with mutations in members of the PI3K pathway did not have alterations in other members
of the same pathway again suggests that such alterations are functionally equivalent in
tumorigenesis.

However, as described in greater detail above, similar analyses of endometrial cancer
presented a different suggestion. As PTEN mutations occur at high frequency in endometrial
carcinoma, primary endometrial carcinomas were screened for mutations in the helical and
catalytic domains of PIK3CA and 36% of tumors had mutations in this gene and coexistence
of PIK3CA/PTEN mutations were observed at high frequency (26%). Interestingly, PIK3CA
mutations were more common in tumors with PTEN mutations (46%) compared with those
without PTEN mutations (24%). Thus, a combination of PIK3CA/PTEN alterations might
play a role in development of certain tumors (Oda et al. 2005).
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The emphasis of the importance of the PI3K pathway in cancer development fits with the
conclusions of recent mutation analyses in colorectal, breast, pancreatic and glioblastoma
cancers that have revealed two unifying features: (1) there are a few major gene alterations
that occur in the majority of cancers and a much larger number of genes that are mutated at
relatively low frequency. (2) While the number of cancer causing genes has become larger
and each cancer type has specific genomic alterations, the altered genes affect a limited
number of cellular signaling pathways (Cancer Genome Atlas Research Network 2008;
Jones et al. 2008; Parsons et al. 2008; Sjoblom et al. 2006; Wood et al. 2007).

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

These types of additional sequencing studies are particularly exciting since they have the
potential to uncover additional mutations affecting the PI13K pathway and provide a strong
rationale for development of new therapeutic and diagnostic approaches for the already
sizable number of individuals who have mutations in the PI13K pathway.

In addition to providing substantial insight into the basic biological mechanisms that drive
human cancer pathogenesis, the discovery of activating mutations in PIK3CA has caused
academic and industrial groups to redouble their efforts to develop and test pharmacological
inhibitors of PI3K, since mutations in the PI3K signaling pathway are now known to occur
at a frequency double what was previously predicted. Numerous academic and industrial
groups are currently developing and testing novel pharmacological inhibitors of PI3K
enzymes, and this is discussed in much detail in other sections of this book. However, the
discovery of oncogenic mutations in PIK3CA itself has provided substantial impetus to
these efforts since it has dramatically emphasized the important role of PI3K in cancer
pathogenesis and made it possible to quickly and easily identify tumors with activation of
P13K signaling by virtue of mutations in PIK3CA.

7 Conclusion

By combining the large amount of sequencing data over the past 5 years, we find that
PIK3CA is one of the most commonly mutated oncogenes in human cancers. In all the
tumor types examined to date, mutations cluster within two hotspots. It is now evident that
cancers of the endometrium, breast, and colon, as well as benign tumors of the skin are
among the tumor types with the highest frequencies of PIK3CA mutations. There is some
inconsistency in the literature regarding the frequency of PIK3CA mutations in individual
tumor types; however, these discrepancies are likely due to a number of factors including the
specific exons that were sequenced, geographical variation, sample source preservation and
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methods used for DNA isolation. However, despite these discrepancies, the high frequency
of PIK3CA mutation and the discovery of hotspot mutations have important clinical
implications for diagnosis, prognosis and therapy. Targeting this mutant protein with novel
therapeutics could have a substantial impact on eliminating the morbidity and mortality of
human cancer.
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