
Chapter 5
Resistance to PI3K Pathway Inhibition

Payal D. Shah and Sarat Chandarlapaty

Introduction

The phosphatidylinositol 3-kinase (PI3K) pathway, which includes the PI3K
holoenzyme and the downstream effector kinases, AKT and the mammalian target
of rapamycin (mTOR), is critical for cancer cell growth, proliferation, and survival.
Aberrant activation of this pathway promotes transformation [1] and is frequently
observed through various mechanisms including activation of upstream receptor
tyrosine kinases (e.g., HER2 amplification), activating mutations in pathway
components (e.g., accessory and kinase domain mutations in PIK3CA) and loss of
function of regulatory components (e.g., inactivation of PTEN). Among the
PI3Kinases, the class I family has been most implicated in cancer. Class IA PI3K is
composed of a catalytic (p110) and a regulatory (p85) subunit.

PIK3CA, the gene which encodes the alpha-isoform of p110, is among the most
frequently mutated genes in human cancer. The finding of frequent activation of this
pathway and demonstration of its key functions in transformation and tumor
maintenance has spawned an enormous effort to pharmacologically target the
pathway for cancer therapy. For the earliest generation of inhibitors, a significant
disconnect was observed between antitumor effects in laboratory models and
clinical benefit. This was due in part to the lack of selectivity and poor pharma-
cologic properties of several of these drugs. More recently, highly selective and
potent inhibitors of class I PI3Ks, AKT, and mTOR have been developed. While
these drugs have not overcome all issues related to effective inhibition of the target
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kinase, they have allowed a more detailed study of biologic reasons for intrinsic and
acquired resistance to inhibition of the pathway in tumors where the pathway is
aberrantly activated. The present chapter aims to summarize our current under-
standing of key biologic mechanisms of resistance to PI3K–AKT–mTOR inhibition
in tumors featuring genetic activation of the pathway.

The PI3K–AKT–mTOR Pathway

A simplified cartoon illustration of key members of the PI3K pathway is presented
in Fig. 5.1 and provides a framework for understanding some of the relationships of
the components. PI3K is a cytoplasmic lipid kinase activated by membrane-bound
receptor tyrosine kinases (RTKs) such as HER3 and IGFR1 often via SH2 domain
containing docking molecules such as IRS1. The lipid kinase activity of PI3K is
induced upon binding of the regulatory subunit (p85) to the receptor complex,
relieving negative interactions with the kinase domain containing subunit (p110).
Upon activation of PI3K, PIP2 is phosphorylated to generate the second messenger
PIP3. Phosphatase and tensin homolog (PTEN) is a phosphatase, dephosphorylat-
ing PIP3 to PIP2 to inhibit signaling through the PI3K pathway. PIP3 binds to the
pleckstrin homology domain (PHD) of AKT, thereby recruiting this downstream
effector to the membrane. Interaction with PIP3 provides access to key residues,
T308 and S473, which can then be phosphorylated by the PDK1 and mTORC2
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Fig. 5.1 The PI3K-Akt-mTOR pathway. Key components of the PI3K pathway are depicted here.
Upon activation, for example by dimerization, membrane-bound RTKs activate PI3K by binding
to the PI3K regulatory subunit, p85. This relieves inhibitory interactions with the kinase domain
subunit, p110 and results in PI3K activation. PI3K phosphorylates PIP2 to generate PIP3. PTEN
serves as a phosphatase, dephosphorylating PIP3 to PIP2 to inhibit signaling through the PI3K
pathway. PIP3 binds to the pleckstrin homology domain of AKT, recruiting this effector to the
membrane. AKT is phosphorylated by PDK1 and mTORC2 at T308 and S473, respectively,
resulting in full AKT activation. AKT activation results in mTORC1 activation, and cell survival
and proliferation ultimately results
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kinases respectively. These phosphorylations facilitate the full activation of the
Ser/Thr directed AKT kinase toward its many substrates. Among its substrates are
several members that can promote activation of the mTOR kinase. Activated AKT
directly phosphorylates PRAS40, which otherwise binds to and inhibits mTORC1.
AKT is also shown to phosphorylate TSC2, which otherwise negatively regulates
the RHEB GTPase that activates mTORC1. Finally, AKT has been shown to
directly phosphorylate and promote mTOR activity. Thus, PIP3-mediated activation
of AKT provides multiple routes for activation of mTORC1. Downstream effectors
of mTORC1, including the ribosomal protein S6 kinase 1 (S6K1) and the trans-
lational repressor protein eukaryotic initiation factor 4E (elF-4E) binding protein 1
(4EBP1), are involved in control of cell size and protein translation among other
processes key for cell proliferation.

The pathway as schematized depicts a relatively simple set of processive steps to
allow signal transmission. However, physiologic activation, as with all signaling
systems, is expected to involve numerous components whose function is to atten-
uate or downregulate the signal. Such negative feedback regulation is pervasive and
selected for in complex systems [2] (see Fig. 5.2). In tumors, the pathway is
hyperactivated through mutational events. We and others have observed that the
negative feedback is similarly hyperactivated in most of these systems [3–6]. This
presents a potential hurdle to nearly any drug designed to inhibit oncoprotein
activated signaling. Inhibition of the single node will result in activation of
upstream signaling through the loss of this hyperactivated negative feedback. This
set of newly active signals represents a means for the cancer cell to adapt to the drug
and ultimately resist its effects. This form of resistance appears to play a major role
in modulating the effects of PI3K-directed therapies.

Fig. 5.2 Growth factor activation of signaling and negative feedback. The first panel depicts
major elements of the EGFR signaling transduction apparatus in a disassembled state in the
absence of growth factor stimulation. In the second panel, addition of growth factor ligand triggers
conformational change, dimerization, and transphosphorylation of the receptor. Binding of adaptor
proteins follows, resulting in activation of kinase cascades, and stimulation of cellular programs
involved in transformation (cell cycle progression, evasion from apoptosis, motility and invasion,
increases in cell size, stimulation of protein translation). In the third panel, negative feedback
programs are depicted including FOXO mediated repression of expression of receptor tyrosine
kinases such as HER3, and mTOR mediated destabilization of the IRS1 adaptor protein via S6K
activation
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Drug-Induced Relief of Feedback Results in Pathway
Reactivation

mTORC1 Inhibition Promotes AKT Activation

During physiologic activation such as IGF stimulation, mTORC1 phosphorylates
and activates S6K1. Phosphorylated S6K1 in turn phosphorylates the insulin
receptor substrate-1 (IRS1) adaptor protein, inducing its degradation and thereby
allowing signal attenuation [7–9] (see Fig. 5.3). O’Reilly et al. examined the sig-
nificance of this negative feedback pathway in tumors, studying the effect of the
allosteric mTORC1 inhibitor, rapamycin on upstream signaling. They demonstrated
that treatment of PI3K-hyperactivated cell lines with rapamycin caused an increase
in S473 phosphorylation and AKT kinase activity [8]. They further demonstrated
that this AKT kinase activation was associated with increased phosphorylation of
endogenous AKT substrates including the FoxO1a, FoxO3a, and FoxO4 tran-
scription factors, confirming functional activation of AKT kinase by mTOR

Fig. 5.3 Negative feedback regulation of PI3K/AKT/mTOR signaling. Depicted in the top panel
is negative feedback regulation of PI3K/AKT/mTOR signaling through two major pathways from
mTOR and AKT. mTOR regulates adaptor proteins such as IRS1 while AKT regulates the
expression of receptor tyrosine kinases (RTK) through the FOXO transcription factors. The
consequence of drug inhibition of AKT is shown in the bottom left panel with inhibition of AKT
causing loss of negative feedback on RTK expression and so inducing RTK expression. In
addition, AKT in many cells activates mTOR and so drug inhibition of AKT leads to inhibition of
mTOR leading to loss of negative feedback on IRS1. The sum consequence of AKT inhibition is
to activate RTK function through adaptors and increases in RTK expression. Depicted in the right
panel is mTORC1 inhibition with rapamycin which predominantly impacts RTK function through
the effects on adaptor proteins without the effects on RTK expression
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inhibition. Using quantitative immunohistochemical assessments of paired pre-
treatment and on-treatment tumor biopsies, increased pAKT following treatment
with the mTOR inhibitor everolimus was confirmed in patients. Furthermore, using
a human monoclonal inhibitory antibody to the IGF1R, they demonstrated the
significance of this induction of AKT activity. They showed that in cells dependent
on IGF1R for proliferation, the induction of AKT activity was also IGF1R
dependent and IGF1R inhibition could sensitize cells to the antiproliferative effects
of rapamycin, underscoring the relevance of the feedback induction of PI3K/AKT
signaling. These findings were corroborated in a study by Shi et al. in a myeloma
model where rapamycin resulted in enhanced AKT activity, phosphorylation, and
PI3K activity that were IGF1R dependent [9]. Li et al. proposed an alternative
mechanism for rapamycin-induced AKT phosphorylation in addition to feedback
mediated alterations in IRS1 and GRB10 adaptors [10]. Utilizing small molecule
inhibitors, viral inactivators, and siRNA cell-based models, they demonstrated that
rapamycin treatment was associated with inhibition of protein phosphatase 2A
(PP2A) and this caused reduced activation of DNA-dependent protein kinase
(DNA-PK), and consequently reduced phosphorylation of AKT. While mTORC2 is
thought to be the predominant kinase for AKT S473 phosphorylation, DNA-PK
might also play a role in certain contexts and thus this represents yet another means
by which mTOR ultimately feedback regulates AKT signaling.

The clinical significance of this finding has been further highlighted in recent
years. In a phase I study of single-agent everolimus in patients with advanced solid
tumors, immunohistochemical analysis of paired pre-therapy and on-therapy tumor
and skin biopsies demonstrated that while downstream markers of mTOR inhibition
including pS6 and p4EBP1 were reduced with everolimus, there was an overall
statistically significant increase in AKT phosphorylation in tumors and in skin. This
increase in pAKT was not attributable to changes in protein expression [11].
A neoadjuvant study of everolimus in PTEN-deficient glioblastoma similarly
showed that rapamycin treatment resulted in AKT activation in seven of ten treated
patients, and this activation was significantly associated with shorter time to pro-
gression during postsurgical maintenance rapamycin therapy [12], evidencing the
clinical relevance of this inhibition-induced relief of negative feedback.

mTORC1 Inhibition Relieves GRB10-Mediated PI3K
Suppression

In addition to the effect of S6K on IRS1 stability, two simultaneously published
reports demonstrated an additional link between mTOR activation and PI3K
activity via the GRB10 adaptor protein [13, 14]. The groups found that GRB10 was
directly phosphorylated by mTORC1 and thereby promoted its stability. GRB10
functions as a negative regulator of PI3K activity and thus, similar net results would
be expected as with IRS1 with mTORC1 inhibition resulting in PI3K activation.
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These studies illustrate the complexity of feedback regulation of signaling in having
redundant means of downregulating the same node.

mTOR Kinase Inhibition Causes Feedback-Dependent
Biphasic Regulation of AKT Signaling

Evidence discussed above demonstrates that mTORC1 inhibition causes relief of
negative feedback mechanisms and thus an increase in upstream PI3K signaling [8,
9, 11–14]. In the presence of mTORC1 inhibition, this signaling promotes a
mTORC2-dependent increase in AKT, with accordant attenuation of therapeutic
effects. Therefore, Rodrik-Outmezguine and colleagues studied an mTOR kinase
inhibitor which, by binding to the ATP pocket of mTOR, blocks both mTORC1 and
mTORC2 [15]. They found that mTOR kinase inhibition blocked
mTORC2-mediated phosphorylation of AKT-S473 leading to destabilization of
AKT-T308 phosphorylation in cell lines. However, surprisingly, the effect on T308
was transient. Levels of T308 phosphorylation increased within several hours of
drug treatment even while S473 phosphorylation remained suppressed. As a result
of T308 phosphorylation, AKT activity was induced as evidenced by phosphory-
lation of its downstream products including FOXO. This effect was not dependent
on drug concentration and occurred despite potent mTORC1 inhibition. The basis
for these effects appeared to again return to the concepts of relief of feedback. The
reactivation of T308 was shown to be coincident and dependent on an induction of
RTK signaling.

Active site mTOR kinase inhibitors, initially designed to inhibit mTORC2 in
addition to mTORC1, were found to inhibit phosphorylation of 4EBP more com-
pletely than the mTORC1 inhibitor rapamycin [16]. Thus, the ATP competitive
inhibitors of mTOR appear to be more potent inhibitors of mTORC1 complex than
rapalogs. In addition to inhibition-induced relief of negative feedback demonstrated
by AKT upregulation, the limited efficacy of rapamycin may in part be due to
inherent pharmacologic limitations of FKBP12-dependent allosteric inhibition.

AKT Feedback Regulation of RTK Expression

To understand mechanistically how the PI3K pathway feedback regulates upstream
signaling, Chandarlapaty et al. examined the effects of selective AKT and mTORC1
inhibition on RTK signaling [17]. They found that AKT inhibition, but not mTORC1
inhibition, induced the RNA expression of a conserved set of RTKs, including HER3,
IGF1R, and insulin receptor, all of which are well-known direct activators of PI3K.
The link between RTK expression and AKT activation was found in the FOXO
transcription factors that are direct AKT substrates thus explaining the specificity of
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the effect for AKT and not mTORC1 inhibition (see Fig. 5.3). The induction of RTK
expression was shown to have major implications for the tumor cells as monotherapy
with the AKT inhibitor was shown to only cause tumor stasis or tumor growth delay,
whereas combined inhibition of AKT and the feedback induced RTKs promoted
tumor regressions. It was expected and indeed observed that direct inhibitors of PI3K,
to the extent that they result in AKT inhibition, also result in a similar induction of
RTK expression [17, 18]. The details of the survival signals provided by the induced
RTKs are still being examined. The authors show or imply that the induced receptors
can both activate other pathways like the RAF/MEK/ERK pathway or simply reac-
tivate the PI3K/AKT pathway and in effect make the drug less potent. The implica-
tions of these results are profound and have led to several studies examining
combination therapy to more effectively antagonize activated PI3K signaling in
tumors. Indeed, such combined targeting has met with early clinical success [19, 20].

Drug-Induced Adaptive/Compensatory Activation
of Parallel Signaling Pathways in the Network

Activation of ERK Signaling

Many of the signaling components upstream of PI3K are multivalent and can
activate other signaling pathways upon induction. For instance, receptors like
IGF1R and HER3 bind to adaptor proteins that can then activate RAS signaling.
RAS itself is able to activate both PI3K and ERK signaling. Given the findings that
upstream signaling is induced by inhibitors of the PI3K pathway, it was of interest
to determine whether ERK signaling was altered by any of these drugs, in what
contexts, and to what biologic impact. Among the first studies, Carracedo and
colleagues reported their finding of activation of ERK signaling in response to
mTORC1 inhibition and demonstrated a benefit in antitumor activity of combined
blockade of mTORC1 and MAPK signaling in vitro and in vivo [21]. The authors
established the dependency for the induction of MAPK by RAD001 (everolimus)
on the activity of both PI3K and RAS as inhibitors of PI3K and dominant negative
RAS could abrogate the effects. The data suggested a role for the known S6K-IRS
feedback mechanism as this serves as one route (among several) to activate PI3K.
Importantly, the authors examined paired tumor biopsies from patients receiving
RAD001 in the Phase I setting and corroborated their results showing a marked
induction of pERK in the on-treatment biopsies compared to the pretreatment.
These data confirmed the clinical relevance of the findings and led them to
investigate combined MEK and mTORC1 inhibition and find a marked increase in
apoptosis for the combination.

More recently, as several groups have identified profound effects of inhibition of
mTOR and AKT on RTK signaling, the consequences of this on the RAS pathway
have been investigated. In agreement with the findings by Carracedo, inhibition of
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both mTOR and AKT in tumors caused a marked upregulation in ERK signaling
[15, 17, 22]. In cancer models featuring ErbB signaling activation, the induction
was shown to be dependent on EGFR/HER2 as kinase inhibitors could prevent the
induction and, like MEK inhibitors, promote apoptosis when given in combination.
Taken together, the data do not point to a singular mechanism whereby inhibitors of
AKT/mTOR induce ERK signaling, but suggest multiple routes of feedback acti-
vation of RTK signaling that could ultimately induce ERK and promote resistance.
The data on the effects of direct PI3K inhibitors on the ERK pathway appear to be
less clear as some studies have pointed to the requirement for PI3K activity for the
ERK induction while others have pointed to the opposite with inhibitors of PI3K
causing the ERK induction. A more detailed study using selective PI3K inhibitors
will be needed to fully establish the relationship between PI3K activity and ERK
activation.

Coordinated Activation of RAS/RAF Signaling in Resistance

As noted earlier, alterations in the PI3K pathway are frequently coincident with
lesions that alter the RAS/RAF/MEK/ERK pathway. The specific aspects of
transformation that activation of each pathway confers vary considerably based on
cell lineage and type of alteration. We and others have observed that in one RAS
driven model, MEK inhibition alone may be sufficient to impair tumor growth and
even cause regressions, while in another, PI3K pathway inhibition is necessary for
full antitumor effects [23]. A general conclusion from these studies is that in many
tumor types featuring concurrent RAS or BRAF activation with PI3K pathway
alteration, PI3K pathway inhibition alone is insufficient to cause tumor regressions.
In most cases, coordinate downregulation of both pathways is necessary but in
select ones only one pathway is essential. It has been more commonly observed that
such tumors are dominantly dependent on the RAS/RAF/MEK/ERK pathway for
survival and thus it has often been considered that PI3K activation serves as a
marker of resistance to RAF or MEK inhibition [23]. Conversely, Kras activation
may serve as a marker for resistance to PI3K inhibition. In a mouse model of
Kras-driven lung tumors, PI3K inhibition did not cause tumor regression despite
effective PI3K inhibition [24]. Consistent with this, De Nicolantonio and colleagues
demonstrated that KRAS mutations are a negative prognostic marker for sensitivity
to mTORC1 inhibition with rapalogs [25]. The authors studied a panel of cell lines
derived from multiple disease types including glioblastoma and carcinomas of the
breast, ovary, prostate, colon, and uterus known to have PIK3CA or PTEN genetic
alterations. They found that everolimus-resistant tumor cells displayed mutations in
both PIK3CA and KRAS/BRAF, while everolimus-sensitive cell lines had PI3K
pathway mutations but wild-type KRAS/BRAF. Examination of the sensitivity of
isogenic cells was consistent with this result with RAS/BRAF mutant models being
resistant to rapamycin.
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In human tumor xenografts, Ihle and colleagues observed that RAS mutations
were associated with marked resistance to PI3K inhibition [26]. Going further, this
group examined PIK3CA, KRAS and BRAF mutations in a cohort of cancer patients
who had received single-agent everolimus as part of single-institution phase I and
phase II studies. They demonstrated with statistical significance that cancer patients
whose tumors harbored PIK3CA kinase domain mutations or PTEN loss of function
could benefit from everolimus treatment, except in the presence of concomitant
KRAS/BRAF mutations. Furthermore, KRAS mutations negatively and significantly
affected clinical benefit of everolimus when examined in univariate analysis.

Overall, the above studies seem to corroborate an assumption that the main set of
signals downstream of mutant KRAS and BRAF is the MEK/ERK pathway and thus
targeted inhibition of PI3K pathway components alone is unlikely to be effective for
most of these tumors.

Feedback Regulation of Nuclear Hormone Signaling

For many years it has been known that breast and prostate cancers characterized by
nuclear hormone dependence demonstrate coincident mutational activation of the
PI3K pathway [27–30]. This finding led to investigations into how the pathways
might participate in cross talk. A major question Carver and colleagues sought to
understand was how activation of the PI3K pathway affected androgen receptor
(AR) signaling. To study this type of crosstalk, they utilized murine and cell line
models as well as analyses of human prostate cancers [31]. They focused attention
on tumors characterized by activation of the PI3K pathway via loss of PTEN that is
frequently seen in castrate resistant prostate cancer.

An analysis of one hundred and six primary prostate tumor specimens for gene
expression showed that a signature of AR activation was highly enriched in those
tumors with wild-type PTEN status compared to those with PTEN deficiency. Then,
examining the effect of acute pathway inhibition using PI3K pathway directed
drugs, they found the inverse held as inactivation of PI3K signaling in laboratory
models of prostate cancer resulted in increases in AR and AR target gene expres-
sion. Given the findings on how PI3K and AKT feedback regulate RTK expression,
they examined the role of RTK induction in this phenomenon and observed that
increases in RTK activity were necessary for the induction in AR signaling. The
mechanisms through which the induced RTKs altered AR activity are yet to be fully
elucidated, but it has long been known that activation of ErbB signaling can
hyperstimulate AR signaling [32]. Interestingly, the authors further show that there
is feedback in the opposite direction as well with inhibition of AR signaling causing
an activation of PI3K signaling through an increase in AKT activity [31]. These
data provide a strong logic for testing of combinations of inhibitors of the PI3K
pathway with AR antagonists that are now under way.

In further support of these ideas, the estrogen receptor (ER) seems to show
similar patterns in its relationship to PI3K signaling in breast cancer. Creighton and
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colleagues used gene expression and proteomic profiling data to create molecular
signatures of PI3K activity and found an inverse correlation between PI3K activity
and ER protein expression [33]. In breast cancer cell lines, PI3K pathway stimu-
lation resulted in reduction in ER mRNA in a dose-responsive manner, and pathway
inhibition increased expression of ER and ER-inducible target genes. Similar to the
study by Carver and colleagues [31], this study suggested a role for the PI3K
pathway in escape from endocrine therapy in ER driven disease again supporting
combination therapy currently under clinical testing.

Wnt-b-Catenin Cooperation with PI3K Signaling

One of the major downstream effects of activated PI3K signaling is to suppress the
FOXO transcription factors that play key roles in cell cycle control and survival.
The FOXO family of transcription factors has additionally been implicated in
Wnt-b-catenin signaling as b-catenin interacts with the FOXO family of tran-
scription factors and acts as a transcriptional co-activator, enhancing expression of
FOXO-target genes [34].

Tenbaum and colleagues investigated the physiologic significance of this Wnt
and PI3K pathway interaction in colorectal tumor maintenance and progression
[35]. They found that when b-catenin and FOXO co-localized in the nucleus
through Wnt activation and PI3K pathway inhibition, respectively, metastatic
outgrowth was induced. They demonstrated that activation of b-catenin conferred
resistance to AKT inhibitor-induced apoptosis. Moreover, they demonstrated that
activation of b-catenin or inhibition of AKT had minimal effect on finding
metastasis, but together sharply increased the frequency of metastases from multiple
organ sites. Moreover, the authors demonstrated that reduction of b-catenin content
could potentially reverse this form of resistance by restoring the apoptotic response
to PI3K/AKT inhibition. This study has clear implications for the potential efficacy
of PI3K/AKT inhibitors in tumors with activated Wnt signaling and the phe-
nomenon will be followed closely as drugs targeting the PI3K pathways are
examined in PI3K activated tumors.

Myc Amplification

Myc amplification is among the most common alterations promoting tumor for-
mation in all of cancer and has been specifically identified in many of the same
malignancies that also feature PI3K activation. Liu et al. examined the question of
mechanisms of resistance to PI3K utilizing a transgenic murine models of PIK3CA
driven mammary tumors [36]. In this model, enforced overexpression of mutant

134 P.D. Shah and S. Chandarlapaty



PIK3CA resulted in tumor formation. They examined resistance by taking estab-
lished tumors and removing mutant expression by doxycycline withdrawal. This
was shown to cause sustained tumor regression followed by approximately
two-thirds of tumors resuming growth in the absence of mutant PIK3CA expres-
sion. The tumors were analyzed and showed Myc amplification in 2 of the tumors
and concurrent c-Met overexpression in another set of tumors. The Myc-amplified
tumors were shown to be Myc dependent using knockdown and PI3K-independent
using pharmacologic studies.

In further support, indirect data from a synthetic lethal screen identified NOTCH
pathway activation with consequent Myc activation as potentially of relevance in
PI3K pathway inhibitor resistance [37]. In addition, activation of Myc was further
shown by a group in response to rapalogs through an effect of inducing PDK
activity [38]. The relevance of these different routes of activating Myc in PI3K
activated and driven tumors has yet to be fully ascertained in human tumors but
represent important areas for investigation among patients being treated with PI3K
directed therapies. Specifically, looking for Myc concurrent amplification and
examining tumoral Myc levels on drug would be of great interest.

JAK2/STAT5 Inhibition Circumvents PI3K Resistance

The Janus family of kinases (JAKs) and the associated signal transducers and
activators of transcription factors (STATs) are well-described inducers of oncogenic
phenotypes in numerous lineages. JAK kinases are activated upon binding of
ligands (including hormones and cytokines) to their receptors, or by mutational
activation, as in the JAK2 V617F mutation in myeloproliferative disorders. In
malignant states, activating ligands can be secreted by cancer cells and/or may be
present in the tumor microenvironment. There is particular interest in the possible
roles of activated JAK/STAT signaling in inflammatory and aggressive triple
negative breast cancers which also feature activation of the PI3K pathway via loss
of PTEN. Britschgi et al. investigated the effects of PI3K pathway inhibition on
JAK/STAT signaling in triple-negative breast cancer [39]. In cell line and murine
models, they identified upregulation of JAK2 and STAT5 in response to both PI3K
and mTOR inhibitors. The basis for this induction was found to involve both the
already described feedback induction of IGF1R signaling and its interaction with
JAK/STAT signaling as well a secondary mechanism involving upregulation of
IL8-CXCR1. They determined the significance of this upregulation utilizing the
JAK2 selective inhibitor, NVP-BSK805 and showed this promoted apoptosis when
given in combination with the PI3K pathway inhibitor. This ultimately translated to
improved survival for murine models administered the combination over the single
agents.
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Additional Implicated Mechanisms of PI3K Resistance,
Mechanisms not yet Elucidated

mTORC1 Inhibition Is Required for Sensitivity to PI3K-Alpha
Inhibition

Many of the mechanisms described above involve induction of upstream or parallel
signaling pathways that ultimately cause activation of new oncogenic signals, while
a few involve pathway reactivation. The latter type of phenomenon has been more
commonly implicated in resistance to targeted therapy of cancer and consistent with
this was a recent report demonstrating that mTORC1 inhibition is required for
sensitivity to PI3K p110a inhibitors in a panel of PIK3CA-mutant breast cancer cell
lines [40]. In this report, the authors examined biomarkers of sensitivity to PI3K
alpha inhibition among PIK3CA mutant cell lines. They identified degree of inhi-
bition of phosphorylation of residues 240/4 of S6 as the best indicator of sensitivity
to BYL719, a highly selective PI3K alpha inhibitor. Among the sensitive models,
resistance to PI3K inhibition was induced by mTORC1 activation, while among the
resistant models, increased apoptosis was seen in cells treated with combination
mTORC1 and p110a inhibition. Most provocatively, the authors studied paired
tumor biopsies of patients treated with a p110a inhibitor on a phase I clinical trial
and found that the magnitude of inhibition of S6 phosphorylation correlated with
clinical response, and that reactivation of pS6 correlated with development of
acquired resistance. This study emphasized the critical role of mTORC1 inhibition
in conferring and maintaining sensitivity to PI3K pathway inhibitors and suggested
the possibility that addition of rapamycin to selective PI3K inhibitors may be
rational while also raising questions as to what factors cause uncoupling of
mTORC1 from PIK3CA.

Inactivating PTEN Mutations Result in PI3K-Beta
Hyperactivation

As mentioned previously, PTEN is a tumor suppressor that negatively regulates the
PI3K pathway by dephosphorylating PIP3 to PIP2 as well as serving as a phos-
phatase for IRS-1 [41], thereby inhibiting AKT activation and downstream pathway
activation. Loss of function mutations in PTEN comprise a known mechanism of
constitutive PI3K pathway activation. Interestingly, PTEN deficient cancers have
been previously shown to depend largely on pathway activation via the PI3K beta
isoform [42–44]. It logically follows that inactivating mutations in PTEN may serve
as a mechanism of intrinsic and acquired resistance to PI3K inhibitors that selec-
tively antagonize PI3K alpha. Indeed emerging data is consistent with this [45].
Castel, Baselga and colleagues sequenced the DNA of multiple metastatic tumors
from a patient with a PIK3CA mutant breast tumor who initially responded to an
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alpha-selective PI3K inhibitor with subsequent progression of disease in several
metastatic sites. Unlike the pretreatment tumor sample, PTEN loss and a missense
mutation were identified in multiple progressing metastases, while a periaortic
lesion that was responding at the time of death did not show evidence of PTEN loss.
The authors went on to generate a patient derived xenograft from one of the
non-responding sites and showed that addition of a beta-selective PI3K inhibitor to
the alpha-selective inhibitor could cause tumor growth inhibition unlike the
alpha-selective inhibitor alone. These data powerfully illustrate the dynamic nature
of therapeutic resistance and argue for genomic evaluation of tissue at progression
as an invaluable correlate of ongoing clinical trials.

Mechanisms of Resistance Common to Cellular Signaling
Pathways

Ligand-Mediated Activation of Distinct, Non-inhibited
Kinases with Shared Downstream Targets

Wilson et al. discussed a broadly relevant mechanism of resistance to inhibitors of
growth factor-driven kinases. They described that in the presence of an inhibitor to
a specific kinase, RTK ligands are able to mediate activation of distinct,
non-inhibited kinases that share critical downstream targets with the kinase being
inhibited [46]. To demonstrate this, the authors exposed kinase-“addicted” and
inhibited human cancer cell lines to various, widely expressed RTK ligands
including hepatocyte growth factor (HGF) and epidermal growth factor (EGF).
They found that exposure of these kinase-addicted and inhibited cells to ligands
could “rescue” them from the effect of kinase inhibition. Co-targeting the secondary
activated kinase blocked ligand rescue, whereas targeting the secondary activated
kinases alone did not impact cell proliferation. These findings indicated that the
“rescue” effect seen was in fact associated with ligand-mediated activation of other
RTKs which stimulated redundant, pro-survival signaling pathways, on which
tumor cells became reliant in the setting of inhibition of a primary growth pathway.
Additionally, the RTK profile of tumor cells prior to treatment correlated with
ligand-induced rescue, generating the hypothesis that the RTK profile of tumors
prior to treatment could have relevance in determining optimal therapeutic com-
binations in a given patient.

As a specific example of this phenomenon, the authors demonstrated that HGF
conferred resistance to the BRAF inhibitor vemurafenib in BRAF-mutant melanoma
cells. This effect correlated with MET expression, was delayed by concomitant MET
inhibition, and involved MAPK reactivation. After xenograft confirmation, the
authors next investigated these findings in a clinical context. Pretreatment HGF
levels were assessed in 126 patients with BRAF-mutant metastatic melanoma treated
with vemurafenib on the BRIM2 clinical trial. Plasma HGF levels correlated with
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outcome in a continuous manner, and suggested that HGF may have a role in the
response to BRAF inhibition in patients with this disease. Overall, this concept of
ligand-mediated resistance fits in well with the finding of the signaling network
being adapted to the inhibitor by negative feedback and thus very susceptible to
reactivation by such mechanisms. Indeed, this idea that the network has increased
“signalability,” or transduction of signals from activated RTKs, was further
demonstrated by Lito et al. again examining BRAF inhibition in melanoma [3]. They
demonstrated that in BRAF-mutant melanomas, high levels of ERK-dependent
feedback reduce signaling from activated RTKs, but that ERK inhibition relieves
this feedback and as an adaptation to inhibition, enhances the ability of ligands to
activate signaling. This resultant ligand-mediated signaling may attenuate the anti-
tumor effects of the inhibitor.

Elkabets et al. examined the role of ligands in resistance to PI3K-alpha inhibition
more specifically. They used a high-throughput platform to screen for secreted
ligands that opposed antiproliferative effects of a p110a inhibitor in otherwise
sensitive cell lines [40]. They identified insulin-like growth factor 1 (IGF1) and
neuregulin 1 (NRG1) as ligands which were able to reverse the effects of the p110a
inhibitor and promote growth. They then validated these findings through the
exogenous supplementation of IGF1 and NRG1 to PIK3CA-mutant cell lines
treated with p110a inhibition. They found that with supplementation of IGF1 and
NRG1 to these cell lines, an increase in downstream PI3K pathway effectors,
including pS6, was seen. This effect was reversed by the addition of an mTORC1
inhibitor, suggesting that the resistance-conferring ligands activated mTORC1 in a
p110a-independent manner, again emphasizing the importance of redundancy and
feedback within signaling networks.

Tumor Microenvironment May Confer Targeted Therapy
Resistance

Although the majority of studies investigating targeted therapy resistance focus on
mechanisms of resistance relating to molecular events within a cell, Straussman and
colleagues described the significance of the tumor microenvironment [47]. The
authors developed a coculture system utilizing green fluorescent protein (GFP)-
labeled tumor cells in culture with stromal cells. When they examined interactions
between cancer cells, stromal cells and anticancer drugs, they found that drugs that
induce tumor apoptosis are sometimes rendered ineffective in the presence of
stromal cells. Furthermore, this effect was significantly more evident when the
drugs used were targeted agents as opposed to cytotoxic chemotherapy. In further
support of the importance of ligand activation of signaling, they showed that
stromal cell secretion of HGF resulted in activation of the HGF receptor MET,
MAPK, and PI3K signaling, and resistance to RAF inhibition. This resistance to
RAF inhibition correlated with HGF expression. Dual inhibition, either with RAF
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and HGF neutralizing antibodies, or RAF and MET inhibitors, was able to over-
come this drug resistance. Although there was not a specific discussion of PI3K
inhibitor resistance, this study generates an important and understudied concept
relating to targeted therapy resistance: elements, such as secreted ligands, of a
tumor microenvironment can confer therapy resistance. A fuller understanding the
mechanisms behind specific resistance-conferring microenvironments may inform
rational drug combinations.

Drug-Resistance-Conferring Oncogene Alterations

Intrinsic and acquired point mutations in protein kinase inhibitors have been noted
to confer resistance to targeted therapy, for example, as in the case of the EGFR
T790M mutation conferring resistance to erlotinib. Zunder and colleagues studied
whether or not point mutations in PIK3CA confer resistance to PI3K inhibitors [48].
They used an Saccharomyces cerevisiae screen, comprised of mutagenized residues
lining the affinity pocket, and multiple PI3K inhibitors. A potential hotspot for
resistance mutations, I800, was identified with two potential resistance-conferring
mutations: I800L and I800M. However, resistance mutations at the “gatekeeper”
residue, which controls access to a large hydrophobic pocket in which most kinase
inhibitors bind, were not identified. Following the publication of this study in 2008,
to our knowledge, no definitive literature has highlighted the clinical importance of
inhibitor resistance-conferring mutations though assessing for resistance mutations
has not either been a major component of correlative studies accompanying the
clinical investigation of PI3K pathway inhibitors.

Huw and colleagues examined PIK3CA mutant, HER2-amplified cell pools and
single cell clones that were able to grow in the presence of high concentrations of
the pan-class I PI3K inhibitor GDC-0941 [49]. Using genome-wide copy number
analyses they found high-level amplification of the PIK3CA locus. Knockdown of
PIK3CA in the resistant cells decreased pathway activation and restored sensitivity
to PI3K inhibitor, confirming that resistance to PI3K inhibition in these cells was
likely due to this specific amplification event. Whether overexpression or amplifi-
cation of PI3K mediates resistance in patients is unknown, however it has been
previously seen with resistance to other kinase inhibitors such as in the case of
BRAF amplification in BRAF V600E mutant tumors [50].

Conclusion and Future Directions

The frequent deregulation of the PI3K signaling pathway in human malignancy
reflects its crucial role in cell growth, survival and proliferation. Despite the strong
scientific rationale supporting therapeutic inhibition of components of this pathway,
early studies on pharmacologic agents targeting this pathway among patients with
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activated tumors have met with less success than has been seen for other selective
inhibitors of mutant oncoprotein drivers. Above, we have reviewed the substantial
and expanding body of literature investigating reasons why this might be the case.
First, it is evident that under physiologic conditions, the PI3K pathway is regulated
by numerous, homeostatic negative feedback loops; under conditions of oncogenic
activation, negative feedback is similarly hyperactivated. Pharmacologic inhibition
as a therapy for such cancers relieves this hyperactive feedback and thus results in
activation of upstream signaling. The consequence of this induced signaling is that
it can transmit oncogenic signals and thus promote drug resistance. The two major
ways by which this can occur is through (1) reactivation of the same signaling
network—that is, making the drug less effective at inhibiting its target, and (2) in-
duction of other signaling network that deliver new oncogenic signals. These
feedback signals make the case for combination therapy directed specifically at the
most relevant/dominant feedback pathway. Complicating such efforts is the layers
of feedback present and thus the difficulty of determining which is most important
to target.

A second and related means of resistance relates to coincident alternate pathway
activation. Tumors may harbor hits in both the PI3K pathway and, for instance, the
RAS/RAF pathway and thus have a more limited dependence on either alone. This
similarly argues for genotype-directed combination therapy. Complicating these
efforts has been the challenge of trying to combine inhibitors of such fundamental
cell signaling pathways; this ultimately results in compromises in drug dosing
which likely limit efficacy. Despite these challenges, the need for such complexity
in therapeutic decision-making is obvious. The PI3K pathway is a key driver of
transformation, tumor maintenance, and tumor progression in a large fraction of
cancers. PI3K pathway inhibitors alone are unlikely to be sufficiently effective or to
produce sustained responses, but combinations do hold the possibility of durable
efficacy in the metastatic setting and curative therapy in the adjuvant setting.
Ongoing preclinical and clinical efforts are thus being aimed at detecting, antici-
pating, and therapeutically manipulating pathways that promote PI3K inhibitor
resistance [20, 51] (Table 5.1). Currently, the majority of clinical trials examining
pharmacologic PI3K inhibition involve not only a PI3K inhibitor, but also
chemotherapeutic, targeted, or endocrine therapy. Correlative analyses of these
trials are increasingly employing phosphoproteomic studies to identify biomarkers
indicative of pathway inhibition and activation (Table 5.1). With the continued
incorporation of next generation sequencing techniques, genetic predictors of
therapeutic resistance and sensitivity are being increasingly explored as well. We
thus anticipate a major landscape change in the coming years for incorporation of
PI3K pathway inhibitors into clinical practice—we simply do not anticipate it to be
typically as a single agent.
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Table 5.1 Clinical trials based on mechanisms of resistance to PI3K/mTOR/AKT inhibition

Clinicaltrials.gov
identifier

Title (Phase) Agents Status

mTOR/endocrine
therapy

NCT00863655 Everolimus in
combination with
exemestane in the
treatment of
postmenopausal
women with estrogen
receptor-positive,
locally advanced, or
metastatic breast
cancer who are
refractory to letrozole
or anastrozole (phase
III, BOLERO-2)

Everolimus,
exemestane

Active, not
recruiting,
has results
[51]

PI3K/endocrine
therapy

NCT01610284 Phase III study of
BKM120/placebo with
fulvestrant in
postmenopausal
patients with hormone
receptor positive
HER2-negative locally
advanced or metastatic
breast cancer
refractory to aromatase
inhibitor (phase III;
BELLE-2)

BKM120,
fulvestrant

Recruiting

NCT01633060 A Phase III Study of
BKM120 With
Fulvestrant in Patients
With HR+, HER2-, AI
Treated, Locally
Advanced or
Metastatic Breast
Cancer Who
Progressed on or After
mTORi (Phase III;
BELLE-3)

BKM120,
fulvestrant

Recruiting

NCT01296555 A dose escalation
study evaluating the
safety and tolerability
of GDC-0032 in
patients with locally
advanced or metastatic
solid tumors and in
combination with
endocrine therapy in
patients with locally
advanced or metastatic
hormone
receptor-positive
breast cancer (phase
I/II)

GDC-0032,
endocrine
therapy

Recruiting

(continued)
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Table 5.1 (continued)

Clinicaltrials.gov
identifier

Title (Phase) Agents Status

NCT01870505 BYL719 plus letrozole
or exemestane for
patients with hormone
receptor positive
locally advanced
unresectable or
metastatic breast
cancer (Phase I)

BYL719,
letrozole or
exemestane

Recruiting

mTOR/HER2
targeted

NCT01111825 Temsirolimus plus
neratinib for patients
with metastatic
HER2-amplified or
triple negative breast
cancer (phase I/II)

Temsirolimus,
neratinib

Recruiting

NCT00317720 Trastuzumab and
RAD001 in patients
with human epidermal
growth factor receptor
2 (HER-2)
overexpressing breast
cancer (phase I/II)

Everolimus,
trastuzumab

Completed,
has results
[20]

PI3K/HER2
targeted

NCT02167854 Open-label study
evaluating the safety
and tolerability of
LJM716, BYL719 and
trastuzumab in patients
with metastatic HER2
+ breast cancer
(phase I)

LJM716,
BYL719,
trastuzumab

Recruiting

PI3K/mTOR/MEK
targeted

NCT01390818 Trial of MEK inhibitor
and PI3K/mTOR
inhibitor in subjects
with locally advanced
or metastatic solid
tumors (phase I)

MSC1936369B,
SAR245409

Completed

NCT00996892 A study evaluating the
safety, tolerability and
pharmacokinetics of
GDC-0973 in
combination with
GDC-0941 when
administered in
patients with locally
advanced or metastatic
solid tumors (phase I)

GDC-0973,
GDC-0941

Completed

(continued)
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Table 5.1 (continued)

Clinicaltrials.gov
identifier

Title (Phase) Agents Status

AKT/MEK targeted NCT01476137 A study of the safety
and activity of the
MEK inhibitor given
together with the AKT
inhibitor to patients
with multiple
myeloma or solid
tumor cancers
(phase I)

GSK1120212,
GSK2110183

Completed

mTOR/IGFR1
targeted

NCT01154335 Everolimus and
OSI-906 for patients
with refractory
metastatic colorectal
cancer (phase I)

Everolimus,
OSI-906

Completed

NCT01234857 A study of
ridaforolimus
(MK-8669) in
combination With
dalotuzumab
(MK-0646) compared
to standard of care
treatment in estrogen
receptor positive breast
cancer patients (phase
II)

Ridaforolimus
(MK-8669),
dalotuzumab
(MK-0646)

Completed

NCT00880282 Cixutumumab and
Temsirolimus in
treating younger
patients with solid
tumors that have
recurred or not
responded to treatment
(phase I)

Cixutumumab,
temsirolimus

Completed

A number of clinical trials exploit our current understanding of mechanisms of PI3K/mTOR/AKT
inhibitor resistance. This table includes clinical trials compiled from the NCI database (clinicaltrials.gov:
date of search July 28, 2014) which are felt to include therapeutic combinations based on this
understanding. Due to the volume of pertinent studies, the following table is not a comprehensive listing
but rather, includes trials that are representative of ongoing investigative efforts
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