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Abstract
The PI3K pathway is activated in a variety of different human cancers, and inhibitors of this pathway
are under active development as anti-cancer therapeutics. In this review, we discuss the data
supporting the use of PI3K pathway inhibitors in genetically and clinically defined cancers. This
review focuses on their efficacy as single-agents and in combination with other targeted therapies,
specifically those targeting the MEK-ERK signaling pathway.

Introduction
The phosphoinositide 3-kinases (PI3Ks) are a family of lipid kinases that propagate
intracellular signaling cascades regulating a wide range of cellular processes. PI3K
phosphorylates the 3′-OH group on phosphatidylinositols in the plasma membrane. This leads
to recruitment of the protein Ser/Thr-kinase, AKT, to the cell membrane where it becomes
activated. The PI3K/AKT signaling cascade is critical in cancer as it promotes cell survival
and growth (for reviews, see references [1–4]. PI3K-AKT signaling is activated in cancers by
several different mechanisms [2]. Somatic mutations in PIK3CA, the gene encoding the
p110α catalytic subunit have been identified in a variety of solid tumors [5], and they are most
frequently observed in two hotspots: the helical domain (E545K and E542K) and the kinase
domain (H1047R). These mutations have been shown to be transforming in vitro and in vivo
[6–8]. Receptor tyrosine kinases, such as EGFR, HER2 and PDGFR, that are activated in many
cancers also engage the PI3K pathway. Furthermore, p110 has been shown to bind RAS directly
thereby providing a potential biochemical link between RAS and PI3K signaling. PTEN, a
phosphatase that degrades the phosphoinositide products of PI3K, is frequently lost in many
different cancer types, including prostate, breast and brain cancers [9]. Lastly, activating
mutations in AKT have also been recently reported in breast cancers [10]. Thus, the PI3K
signaling pathway is speculated to be one of the crucial core pathways for cancer development
and maintenance (for review, see Engelman et al, Nature Cancer Review) [2]. The ubiquitous
nature of PI3K pathway activation in cancer suggests that PI3K, AKT and other components
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of this pathway may be attractive targets for cancer therapy, and multiple PI3K pathway
inhibitors are now under active clinical development.

PI3K pathway in tumor development, maintenance and acquired resistance
Recent genetic studies have provided additional mechanistic insights into the role of PI3K
pathway in various aspects of cancer progression and response to treatment. Murine established
lung cancers induced by mutant PIK3CA (H1047R) are quite highly sensitive toPI3K inhibitors.
In addition, preclinical studies demonstrate that breast cancer cell lines with PIK3CA mutations
are sensitive to PI3K-mTOR and AKT inhibitors [11,12]. These studies provide a clear
preclinical rationale for the development of this class of agents in the group of lung cancer
patients whose tumors harbor these activating PIK3CA oncogenic drivers [13]. In contrast,
treatment of established murine lung cancers driven by endogenous mutant Kras with the same
PI3K inhibitors did not result in tumor shrinkage [13]. This is in agreement with cell line data
suggesting that KRAS mutant cancer lines are not sensitive to single-agent PI3K pathway
inhibitors [14]. These data contrast the elegant work of Downward and colleagues who found
that the RAS binding domain of p110α is required for lung tumorigenesis in the LA2 Kras
G12 mouse model. In that study, mice were engineered with a mutation in the RAS binding
domain of p110 α[15]. This mutation abrogated the ability of Kras G12D to induce lung tumors
(i.e. tumorigenesis). Similarly, we observed that genetic deletion of the PI3K regulatory subunit
impairs KRAS induced lung tumorigenesis [13]. Thus, these studies suggest that loss of PI3K
function may impair tumorigenesis, and this might serve an effective strategy in
chemoprevention in patients with high risk of developing KRAS driven lung cancer.
Importantly, these data as a whole underscore that blocking tumorigenesis and shrinking
established tumors are not equivalent. Although PI3K activation may be important for KRAS
induced tumorigenesis, PI3K activity is not essential for maintenance and survival of
established cancers. Thus, drugs targeting this pathway do not appear to have potent anti-tumor
activity in established KRAS cancers when used as single-agents.

Activation of ERBB3 and PI3K signaling as a mechanism of acquired resistance to TKIs
targeting EGFR and HER2

Tyrosine kinase inhibitors (TKIs) of EGFR and HER2 are active in subsets of lung and breast
cancers. In particular, lung cancers that harbor the EGFR kinase domain mutations respond to
small molecule EGFR inhibitors such as gefitinib and erlotinib. Unfortunately, after a median
duration of response of 10 to 12 months, all cancers invariably develop resistance [16]. The
most common mechanism of acquired resistance is the development of a secondary EGFR
mutation, T790M which increases the affinity of the EGFR for ATP, thereby reducing the
efficacy of these drugs [17]. Recently other mechanisms of resistance to EGFR TKIs that do
not involve acquisition of a T790M were discovered. The first one that we identified was the
amplification of the MET oncogene. Amplification of MET leads to resistance because as MET
is overexpressed, it activates ERBB3 independently of EGFR (or HER2), and thus is able to
maintain downstream signaling (both PI3K and ERK) in the presence of gefitinib.
Amplification of MET was shown in 4/18 (22%) of patients with acquired resistance to gefitinib
or erlotinib [18]. In addition, a study led by Dr. Pao also identified MET amplification in ~20%
of cases of acquired resistance [19]. In addition, some EGFR driven cancer cell lines develop
resistance by maintaining PI3K signaling due to activation of the IGF-IR signaling pathway
[20]. Interestingly, another recent study by Dr. Moasser and colleagues demonstrated that re-
activation of ERBB3/PI3K signaling occurs when breast cancers become resistant to
incomplete HER2 inhibition [21]. Furthermore, Junttila and colleagues found that a PI3K
inhibitor can inhibit the growth of HER2-amplified trastuzumab resistant tumors with PIK3CA
mutations [22]. Thus, it appears that re-activation of PI3K pathway activity (via ERBB3-
dependent and independent mechanisms) is associated with acquired resistance to TKIs in

Wong et al. Page 2

Curr Opin Genet Dev. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



EGFR and HER2 addicted cancers. Thus, PI3K pathway inhibitors might be an effective
component of a therapeutic strategy to overcome the acquired resistance.

Concurrent PI3K related genetic alterations in cancer and implication for therapy
It is intriguing that PIK3CA activating mutations are often present with other concurrent
genetic alterations that activate the PI3K pathway. PTEN loss (breast, endometrium and colon),
RAS activating mutations (colon) and HER2 amplifications (breast) are frequently found with
PIK3CA mutations multiple cancer types [23]. One likely explanation is that the sole activation
of the PI3K pathway is not sufficient for transformation in many cancer types. Activation of
non-overlapping transduction pathways, such as the MEK or Ral-GDS pathways, may be
needed for full malignant transformation in these tissues. In addition, multiple mutations
impacting the PI3K pathway may circumvent negative feedback loops and synergistically
amplify the PI3K transformation signal. Lastly, in the case of PTEN loss in the nascent cancer
cell in these tissue types, the subsequent PI3K genetic alterations might be necessary to
overcome initial PTEN loss induced p53 dependent cellular senescence [23]. Thus, for cancers
with multiple mutations that engage PI3K pathways, it is likely that PI3K inhibitors, as single
agents, will elicit minimal responses, and that combination therapy will be necessary for
significant efficacy.

Single agent PI3K inhibition therapy and combination therapy in different
genetically defined cancers

With recent availability of PI3K pathway inhibitors, there have been strong ongoing efforts in
examining the activity of these agents used either singly or in combination with other targeted
therapeutics in the treatment of various genetically defined cancers. As discussed above, we
recently observed that a highly specific PI3K-mTOR inhibitor can dramatically shrink p110
H1047R driven lung adenocarcinomas. In addition, PI3K-mTOR inhibitors, as single agents,
can also cause dramatic apoptosis in HER2 amplified cancer and PIK3CA mutant cancer cells
[11,24]. In contrast, PI3K-mTOR inhibitor treatment did not induce dramatic cell death of
EGFR kinase domain mutant driven lung cancer cells in vitro or in vivo [24]. However, the
combination of PI3K and MEK inhibition caused dramatic cell death with EGFR driven cancer
cells and shrinkage of established EGFR driven lung adenocarcinomas. This PI3K/MEK
combination caused concomitant down-regulation of Mcl-1 (PI3K inhibition driven) and up-
regulation of BIM (MEK inhibition driven) [25–28], thereby conspiring to promote apoptosis
(Figure 1). Interestingly, in HER2 amplified cancer cells, inhibition of the PI3K pathway does
not affect Mcl-1 protein expression demonstrating that the PI3K pathway regulates apoptotic
proteins differently in EGFR and HER2 addicted cancers. In addition, It is worth noting that
AKT/MEK inhibition combination did not generate a similar robust response apoptotic
response in EGFR mutant lung cancers, further implicating that the effect of PI3K inhibition
is mediated by an AKT-independent pathway downstream of PI3K or mTOR [24]. This
highlights the potential important therapeutic differences between inhibiting PI3K and
inhibiting AKT as recently demonstrated by Garraway and colleagues in PIK3CA mutant
cancers [29].

Although the Kras induced lung cancers were not sensitive to single-agent PI3K inhibitors, the
PI3K/MEK inhibition combination produced dramatic responses in established Kras driven
lung adenocarcinomas. Of note, in that study, combined treatment with a PI3K-mTOR and a
MEK inhibitor were necessary to downregulate S6 phosphorylation and promote dramatic
apoptosis in vivo [13]. Recently, additional studies have demonstrated the effectiveness of
combined PI3K and MEK inhibition in other types of cancers as well [30–32]. In total, these
preclinical data provide very strong rationale to test PI3K inhibitors either as a single agent in
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HER2 amplified and PIK3CA mutated cancers, or in combination with a MEK inhibitor in
patients KRAS or EGFR mutated cancers.

Future directions
With the development of multiple inhibitors that target the PI3K pathways (such as the p110
inhibitors and AKT inhibitors), it will be important to understand the role of PI3K-AKT
dependent and independent pathways in cancer maintenance and progression in specific cancer
types. These findings will quickly be translated into generating better strategies to optimize
their use in cancer clinical trials. In this era of personalized medicine in which cancers are
genotyped for the most common genetic alterations, there is a great opportunity to efficiently
develop drugs targeting the PI3K pathway to optimally benefit patients with cancer.
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Figure 1.
Schematic of how the PI3K-AKT and MEK-ERK pathways regulate apoptosis in EGFR driven
cancers.
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