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is critical towards targeting CRPC initiation and progression to 
impact patient survival.

An important mechanism that promotes castration resistance 
is persistent androgen receptor  (AR) signaling.7-10 A number of 
contributing mechanisms involving genetic alterations to the AR 
locus have been identified, including mutations in the ligand-binding 
domain,11,12 amplification of the AR gene,13 and expression of AR splice 
variants,14 all of which may promote AR signaling in the setting of 
low serum testosterone. Another key mechanism is the intracellular 
upregulation of genes that convert adrenal androgens to highly potent 
dihydrotestosterone, thus providing alternative ligand sources for 
hormone-deprived tumors.15 Recently, a gain-of-function mutation in 
a rate-limiting enzyme responsible for dihydrotestosterone synthesis 
was reported, demonstrating for the first time a mechanism by which 
the steroid synthesis enzymatic process itself could be altered at the 
genomic level to drive the development of castration resistance.16 
Together, these findings have led to a series of inhibitors targeting the 
AR or adrenal androgen synthesis, which have resulted in some survival 
benefit in patients with CRPC.17-20 However, advanced PCa remains 
uniformly fatal, highlighting the dire need for additional therapeutics 
that move the field past the AR signaling axis to stem the development 
and progression of CRPC.

INTRODUCTION
Prostate cancer (PCa) is the second most common malignancy in 
men worldwide, accounting for 903  500 newly diagnosed cancer 
cases and 258 400 cancer deaths in 2008.1 The incidence of disease 
has increased in recent years in part due to widespread screening 
for prostate-specific antigen  (PSA), which allows early detection 
of tumors that might otherwise remain undetected.1 In the United 
States, 90% of PCa patients present with localized disease at diagnosis, 
which is treated with curative intent and has an excellent prognosis.2 
However, by 5 years, nearly 30% of definitively treated patients 
exhibit a rise in PSA levels and evidence of recurrent disease.3,4 Most 
PCas require androgens for growth and are exquisitely sensitive 
to androgen deprivation therapy  (ADT).5 However, this response 
is temporary and the majority of patients inevitably develop 
resistance to androgen deprivation, leading to castration-resistant 
prostate cancer (CRPC). CRPC is characterized by persistent tumor 
growth despite castrate levels of serum testosterone, which leads to 
significant patient mortality.6 At a cellular level, the development 
of CRPC represents a major compensatory response to androgen 
deprivation-induced stress, allowing cancer cells to survive and 
subsequently thrive in a low testosterone environment. A thorough 
understanding of the molecular mechanisms that drive this process 
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There is a growing appreciation that compensation through 
signal transduction pathways represents another important 
mechanism to drive CRPC development.21 The phosphoinositide 
3-kinase (PI3K)-AKT-mammalian target of rapamycin or mechanistic 
target of rapamycin (mTOR) signaling pathway is clearly emerging as a 
very important node that directs ADT resistance and stimulates tumor 
growth in the setting of castrate levels of testosterone. In fact, this pathway 
is altered at the genomic and transcriptional level in nearly all advanced 
PCas.22 The importance of this pathway in PCa progression is founded 
on its ability to integrate many intra- and extracellular growth signals 
with critical cellular processes.23-25 Thus, cancer cells utilize this pathway 
to adapt to the cellular stress brought about by ADT. Moreover, recent 
studies have demonstrated a direct link between PI3K-AKT-mTOR and 
AR signaling, revealing a dynamic interplay between these pathways 
during the development of androgen insensitivity.26,27 Most excitingly, a 
variety of drugs that specifically inhibit the PI3K-AKT-mTOR signaling 
pathway are currently in clinical development. In this review, we will 
explore the importance of the PI3K-AKT-mTOR pathway in castration 
resistance in order to inform the clinical development and use of specific 
pathway inhibitors in advanced PCa.

PI3K‑AKT‑mTOR SIGNALING AND FUNCTION
The PI3K-AKT-mTOR signaling pathway is an ancient signal 
transduction pathway, conserved from worms to humans, that has 

evolved into an essential regulator of catabolic and anabolic processes 
in a cell. It provides a critical nexus that connects nutrient and growth 
factor sensing with a variety of vital cellular processes, including protein 
synthesis, proliferation, survival, metabolism and differentiation.23-25 
This diverse range of functions is achieved by signaling through a 
number of effectors that modulate the phosphorylation, transcription 
and translation of downstream targets necessary for these processes. 
Importantly, the PI3K pathway is significantly deregulated in PCa.22 
However, to better appreciate its relevance in PCa, it is important 
to understand the pathway’s function and role in normal cellular 
physiology. Here we will highlight a few of the key PI3K signaling 
nodes implicated in PCa pathogenesis and some of the downstream 
cellular processes they regulate (Figure 1a).

The PI3K family of lipid kinases forms an important interface 
between upstream growth signals and the downstream signal 
transduction machinery. PI3Ks are grouped into three classes (I–III) 
according to their substrate preferences and sequence homology. 
Their primary function is to phosphorylate the 3’-hydroxyl group 
of phosphatidylinositol and phosphoinositides. Most relevant to 
cancer is the class  IA PI3K, which is comprised of two functional 
subunits that form a heterodimer: a catalytic subunit  (p110α, 
p110b or p110d) and a regulatory subunit (p85α, p55α, p50α, p85b 
or p85g). A  variety of signals stimulate PI3K activity primarily 
through receptor tyrosine kinases  (RTKs),28,29 but also through 

Figure 1: The PI3K‑AKT‑mTOR signaling pathway and therapeutic opportunities. (a) A simplified schematic of PI3K‑AKT‑mTOR signaling and therapeutic 
targets. (b‑d) The molecular interplay between the PI3K and AR signaling axes. ARE: androgen response element; mTOR: mammalian target of rapamycin; 
PI3K: phosphoinositide 3‑kinase; AR: androgen receptor; RTK: receptor tyrosine kinase; GPCR: G‑protein coupled receptor.
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G-protein-coupled receptors30 and oncogenes such as Ras that 
directly bind p110.31-33 Upon stimulation, the catalytic subunit of PI3K 
phosphorylates phosphatidylinositol-4,5-bisphosphate  (PI-4,5-P2) 
to phosphatidylinositol-3,4,5-triphosphate  (PI-3,4,5-P3), which 
acts as a secondary messenger to recruit a variety of pleckstrin 
homology domain-containing proteins to the cell membrane.34 This 
process is reversed by the tumor suppressor PTEN  (phosphatase 
and tensin homolog) and  INPP4B (inositol polyphosphate 
4-phosphatase type II), which collectively dephosphorylate PI-3,4,5-P3 
to PI-3-P.35-37 One of the targets recruited by PI3K activity is the AKT 
family of serine/threonine protein kinases, which have been shown 
to drive PCa formation in  vivo.38 Membrane recruitment of AKT 
and subsequent phosphorylation leads to its activation.39,40 Activated 
AKT phosphorylates a number of important effectors, including 
tuberous sclerosis complex 2  (TSC2), glycogen synthase kinase 3 
(GSK3),  forkhead box O  (FOXO) transcription factors, p27, BAD 
and eNOS, which regulate a variety of processes that coordinate cell 
growth, survival, proliferation, metabolism and angiogenesis.23 The 
requirement for each of these downstream nodes of AKT signaling 
in PCa initiation and progression is an interesting but outstanding 
question in the field.

One major downstream effector of AKT signaling necessary 
for prostate tumorigenesis  (see below) is the serine/threonine 
protein kinase mTOR that forms the catalytic subunit of two 
distinct complexes: mTORC1 and mTORC2. mTORC1 consists 
of mTOR, Raptor, PRAS40, mLST8, DEPTOR and tti1/tel225 and 
assembles following AKT phosphorylation of TSC2, which allows 
for the accumulation of the GTP bound form of Rheb, an mTORC1 
activator.23 In addition, AKT phosphorylates and inhibits the repressor 
of the mTORC1 complex PRAS40, which is also a component of 
mTORC1.41-44 mTORC1 substrates include the regulators of protein 
synthesis S6K1 and 4EBP1,45,46 the autophagy inducing complex ULK1/
Atg13/FIP200,47-49 the lysosome biogenesis regulator TFEB50 and the 
negative regulator of RTK signaling Grb10.51,52

The mTORC2 complex is composed of Rictor, mSin1, mLST8, 
DEPTOR, PROTOR1/2 and tti1/tel2.25 mTORC2 activity appears to be 
regulated by shared and distinct mechanisms compared to mTORC1. 
For instance, while TSC1/2 can regulate both mTORC1 and mTORC2 
function,53,54 S6K1 has been shown to direct mTORC2 activity.55,56 
Importantly, mTORC2 substrates are unique from mTORC1 substrates 
and include: AKT, SGK1 and PKCα.25 As such, the unique composition 
of each mTOR complex as well as the distinct downstream substrates 
position the PI3K-AKT-mTOR signaling pathway to direct a complex 
network of vital cellular processes.

It is intriguing to speculate why the PI3K-AKT-mTOR signaling 
pathway is so frequently deregulated in human PCa. Given the 
significant stresses that a prostate epithelial cell endures during the 
process of transformation, tumor growth, invasion and hormone 
deprivation, one possibility is that cancer cells require hyperactivation 
of the pathway and its downstream networks to overcome the 
significant cellular stresses that burden a cell during cancer progression. 
Therefore, an important question is which normal cellular processes 
controlled by PI3K-AKT-mTOR signaling can be usurped to drive 
cancer pathogenesis? Here we will briefly highlight some of these 
cellular processes. PI3K, for example, is a major regulator of metabolism 
through its role as a critical downstream effector of the insulin receptor. 
It has been shown in knockout and transgenic mouse models that 
class IA PI3K is necessary for effective insulin signaling and glucose 
uptake.24 Loss of the PTEN tumor suppressor in embryonic stem cells 
increases cell proliferation through an accelerated G1/S transition, 

which is associated with a decrease in the levels of the cell cycle inhibitor 
p27.57 AKT has been shown to play a critical role in cell survival. In 
particular, it phosphorylates critical proapoptotic targets such as BAD 
leading to binding by 14-3-3 proteins, which triggers release of BAD 
from its target proteins, such as Bcl-2. This has been shown to promote 
survival in neurons and other cell types.58-60 mTOR coordinates the 
maturation of multiple hematopoietic lineages, demonstrating a critical 
role in cellular differentiation.61 The downstream targets of mTORC1, 
4EBP1 and S6K1 are major regulators of mRNA translation and have 
been shown to control cell size and proliferation through regulation 
of the translation of select mRNAs.62 The cross-section of pathway 
components described above and the cellular processes they impact 
illustrate the vital role of PI3K-AKT-mTOR signaling in cellular 
homeostasis and set a possible mechanistic precedence for why it is 
frequently deregulated in PCa.

THE PI3K‑AKT‑mTOR PATHWAY IN PCa PATHOGENESIS
Given the critical role of the PI3K-AKT-mTOR pathway in normal 
cell physiology, it is not surprising that the pathway is deregulated in a 
vast array of cancers. In fact, genetic alterations have been identified in 
nearly every member of the pathway.63 In PCa, the PI3K-AKT-mTOR 
signaling pathway is deregulated in 42% of localized disease and 
100% of advanced-stage disease,22 which implies that alterations in 
this pathway may be a pre-requisite for the development of CRPC. 
The functional importance of the mutations, gene amplifications and 
changes in mRNA expression of PI3K signaling pathway components 
are highlighted by their significant correlation with PCa patient 
outcomes. For example, reduced expression of PTEN, a negative 
regulator of the pathway, is associated with high Gleason score,64 
biochemical recurrence after prostatectomy,65-67 and shorter time to 
metastasis.68 Furthermore, high phospho-4EBP1 and eI4E levels are 
associated with increased patient mortality from PCa, indicating that 
even the most downstream effectors of the pathway are predictive of 
disease progression.69

The role of PI3K-AKT-mTOR pathway deregulation towards PCa 
development has been clearly demonstrated in knockout and transgenic 
mouse models. In particular, overexpression of the oncogene AKT 
or biallelic loss of the tumor suppressor PTEN in prostate epithelial 
cells leads to hyperactivation of the pathway and is sufficient for the 
development of PCa in vivo.38,70,71 Conditional knockout of mTOR in 
a mouse model of PCa caused by deletion of PTEN inhibits prostate 
tumorigenesis, demonstrating the requirement for an intact signaling 
axis to drive cellular transformation in prostate epithelial cells.72 
Interestingly, others have demonstrated that concurrent loss of PTEN 
and RICTOR, a defining component of the mTORC2 complex, reduces 
the incidence of PCa formation in mice.73 Thus, PI3K-AKT-mTOR 
hyperactivation is sufficient to induce PCa formation, and both 
mTORC1 and mTORC2 are necessary to facilitate this process in vivo.

While these genetic studies demonstrate that PI3K-AKT-mTOR 
hyperactivity is sufficient to initiate PCa formation, they do not prove 
that aberrant PI3K pathway signaling is required for PCa progression. 
To address this issue, inhibitors of the PI3K-AKT-mTOR pathway 
have been utilized in preclinical models of PCa after the development 
of tumors. For example, combined PI3K and mTOR inhibition with 
the dual kinase inhibitor BEZ235 reduced tumor volumes in a mouse 
model of PCa mediated by PTEN loss, demonstrating a continued 
requirement for pathway hyperactivity to maintain established 
tumors.27 Moreover, others have demonstrated that allosteric inhibitors 
of mTOR (rapalogues) such as rapamycin and everolimus also exhibit 
antitumor efficacy in established murine PCas.72,74,75 As such, these 
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studies prompted significant efforts to determine the clinical role of 
allosteric inhibitors of mTOR in advanced human PCa. Despite initial 
optimism about their potential efficacy, rapalogues have performed 
poorly in phase I-II clinical trials in PCa patients, raising questions 
about the utility of targeting the mTOR kinase in this disease.76-78

This seeming paradox between the murine preclinical studies and 
the human clinical studies raises the important question of whether 
the mTOR pathway is a suboptimal therapeutic target in human PCa 
or if it has been poorly targeted with allosteric mTOR inhibitors. Given 
the genetic and pharmacologic studies reported to date, as well as the 
significant positive correlation between mTOR hyperactivation and 
poor patient outcomes, the former seems unlikely. Instead, the unique 
characteristics of first generation mTOR inhibitors (rapalogues) may 
explain why PCa clinical trials with these agents have demonstrated 
limited clinical efficacy. Unlike many kinase inhibitors, rapalogues do 
not directly bind to and inhibit the catalytic core of the mTOR kinase. 
Instead, rapamycin and associated analogs are partial inhibitors of 
mTOR, which bind to FKBP12 to allosterically inhibit mTORC1 
function.79,80 As a result, these agents only inhibit the phosphorylation 
of a specific subset of mTORC1 substrates, providing a mechanistic 
rationale for their poor clinical performance in cancer.81,82

The importance of complete inhibition of mTOR kinase activity 
towards PCa progression has recently been highlighted by the advent 
of second generation mTOR inhibitors, which directly target the 
ATP binding site, such as MLN0128 (previously known as INK128), 
Torin1/2, CC-223, OSI-027, AZD8055, AZD2014 and Palomid 529.83 
These agents potently inhibit all mTOR kinase activity and appear to 
exhibit significantly more antitumor efficacy over allosteric inhibitors 
of mTOR in preclinical trials. For example, MLN0128 outperformed 
everolimus by decreasing tumor burden in a murine model of PCa. 
Interestingly, in this study, MLN0128 and not everolimus induced 
apoptosis, suggesting that rapamycin-resistant mTOR substrates may 
be necessary for the survival of PCa cells in vivo.84 Given the ability of 
ATP site inhibitors of mTOR to target both mTORC1 and mTORC2 
activity, it has been assumed that mTORC2 inhibition is required 
for the improved therapeutic response. Surprisingly, mechanistic 
studies have revealed that the therapeutic efficacy of ATP site 
inhibitors of mTOR is mediated through the inhibition of mTORC1 
rapamycin-resistant substrates such as 4EBP1 and less so through 
its effects on mTORC2.85-87 As such, these pharmacogenetic studies 
and others have greatly improved our understanding of the role of 
PI3K-AKT-mTOR hyperactivation towards PCa maintenance and 
progression. In addition, they provide a mechanistic foundation for 
continued efforts to drug this signaling node in human PCa.

THE DYNAMIC INTERPLAY BETWEEN PI3K‑AKT‑mTOR AND 
AR SIGNALING IN RESISTANCE TO ANDROGEN DEPRIVATION 
THERAPY
It has been shown that PI3K-AKT-mTOR pathway deregulation 
resulting from PTEN loss is associated with androgen insensitivity 
and the development of CRPC.70,88 However, the mechanism by 
which this occurs has been elusive until recently. A series of studies in 
murine models of PCa have shed light on the in vivo mechanisms by 
which these two signaling axes regulate each other to promote CRPC. 
Strikingly, these studies have demonstrated a fundamental relationship 
between the PI3K and AR signaling axes in the development of 
CRPC. In particular, it has been shown that loss of PTEN in prostate 
epithelial cells leads to a decrease in transcription of AR target genes26,27 
through de-repression of negative regulators of AR activity, EGR1 and 
c-Jun (Figure 1b).26 These findings demonstrate that deregulation of 

the PI3K-AKT-mTOR signaling pathways rewires the AR signaling 
requirements and thereby decreases the intrinsic need for androgens 
to fuel PCa growth, which can contribute to castration resistance.88

In addition, genetic and pharmacologic studies have demonstrated 
that inhibition of either the PI3K-AKT-mTOR or AR signaling axes 
can drive reciprocal activation of the other pathway. Genetic loss 
of AR or treatment with the AR inhibitor enzalutamide in a mouse 
model of PCa driven by PTEN loss enhances AKT signaling through 
downregulation of FKBP5, leading to a reduction in levels of PHLPP, 
a negative regulator of AKT signaling. (Figure 1c).26,27 Thus, a decrease 
in AR levels or activity reciprocally enhances AKT signaling through 
downregulation of PHLPP. On the other hand, mTOR inhibition in 
the background of PTEN loss leads to an increase in AR levels through 
upregulation of HER3, which increases AR stability (Figure 1d).27 These 
finding demonstrate multiple avenues by which the PI3K-AKT-mTOR 
signaling pathway interacts with the androgen signaling axis in 
response to pathway inhibition. The clinical application of these 
findings is that the PI3K-AKT-mTOR and AR signaling pathways can 
compensate for each other in the setting of therapeutic inhibition of 
either pathway alone in PCa. Thus, the PI3K-AKT-mTOR signaling 
pathway drives a resistance mechanism to ADT that is remarkably 
wired into its association with the AR signaling axis. This concept is 
supported by the findings that androgen inhibition actually accelerates 
progression to invasive PCa in PTEN-deficient mice.89 As such, these 
studies support combinatorial inhibition of AR and PI3K-AKT-mTOR 
signaling as a therapeutic modality to prevent castration resistance. To 
this end, it has been shown in murine models that by targeting both 
signaling axes, progression to castration resistance is significantly 
delayed.90

TARGETING THE PI3K‑AKT‑mTOR SIGNALING AXIS
A number of pharmacologic agents have shown efficacy in CRPC 
over the past decade, including the immunotherapy sipuleucel-T,91 
the taxane cabazitaxel,92 the targeted radiotherapy radium-223 
dichloride,93 the adrenal androgen synthesis inhibitor abiraterone 
acetate17,19 and the second generation AR inhibitor enzalutamide.94 
Despite these advances, long-term survival rates remain low for patients 
with CRPC, highlighting the need to consider alternative approaches. 
As described above, the PI3K-AKT-mTOR pathway plays an important 
role in the development of ADT resistance. Multiple clinical trials are 
underway to determine the efficacy of specific pathway inhibitors alone 
and in combination with inhibitors of androgen signaling. It remains 
to be seen whether monotherapy and combination therapy will be 
effective against metastatic CRPC. Here we will discuss the therapeutic 
profiles and potential use of a number of PI3K-AKT-mTOR pathway 
inhibitors currently being tested in the clinic in advanced solid cancers 
as well as PCa (Table 1).

PI3K inhibitors
There are two types of PI3K inhibitors: pan-PI3K and isoform-specific 
inhibitors. Pan-PI3K inhibitors target the catalytic subunits of all 
isoforms of class  IA PI3K as well as class  IB p110g. In preclinical 
studies, pan-PI3K inhibitor BKM120 exhibited cytostatic effects against 
a variety of cell lines and blocked tumor growth in xenograft mice 
harboring androgen-insensitive PC3 PCa cells.95 In a first-in-human, 
phase I trial of BKM120, the maximum tolerated dose was defined 
as 100 mg per day, with dose-limiting side effects including mood 
alteration, rash, hyperglycemia, diarrhea, nausea and fatigue.96 Out of 
31 evaluable patients, one patient with triple-negative breast cancer 
had a confirmed partial response, and seven patients, including 
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Table 1: Active trials with PI3K pathway inhibitors in prostate cancer and solid tumor malignancies

Target Compound Phase Regimen Population Registry

Pan‑PI3K BKM120 (Novartis) I +Abiraterone acetate CRPC patients with abiraterone acetate failure NCT01634061

inhibitors I +Abiraterone acetate Docetaxel‑pretreated metastatic CRPC NCT01741753

I +GSK1120212 Advanced solid tumors with RAS/RAF mutations NCT01155453

I +Carboplatin, paclitaxel Advanced solid tumors NCT01297452

II Monotherapy+enzalutamidea Metastatic CRPC that has progressed on 
chemotherapy

NCT01385293

II Monotherapy High‑risk, localized prostate cancer prior to 
radical prostatectomy (neoadjuvant)

NCT01695473

GDC‑0941 (Genentech) I Monotherapy Advanced solid tumors NCT00876109

PX‑866 (Oncothyreon) II Monotherapy Metastatic CRPC NCT01331083

SAR245408 (Exelixis) I Monotherapy Advanced solid tumors NCT01392924

I +SAR256212 Advanced solid tumors NCT01436565

Isoform‑specific BYL719 (Novartis) I Monotherapy Advanced solid tumors NCT01387321

PI3K inhibitors I Monotherapy Advanced solid tumors with PIK3CA mutations NCT01219699

I +MEK162 Advanced solid tumors with RAS/RAF mutations NCT01449058

I +BGJ398 Advanced solid tumors with PIK3CA mutations NCT01928459

MLN1117 (Takeda) I Monotherapy Advanced solid tumors NCT01449370

GSK2636771 (GSK) I/II Monotherapy Advanced solid tumors NCT01458067

AKT inhibitors AZD5363 (AstraZeneca) I Monotherapy Metastatic CRPC NCT01692262

I Monotherapy Advanced solid tumors NCT01226316

GDC‑0068 (Genentech) I Monotherapy Advanced solid tumors NCT01090960

I +GDC‑0973 Advanced solid tumors NCT01562275

I +Docetaxel, mFOLFOX6, 
paclitaxel or enzalutamide

Advanced solid tumors NCT01362374

II +Abiraterone acetate, 
prednisone

Docetaxel‑pretreated metastatic CRPC NCT01485861

MK2206 (Merck) I +AZD6244 Advanced solid tumors NCT01021748

II +Bicalutamide Prostate cancer with biochemical relapse NCT01251861

Allosteric mTOR
inhibitors

Everolimus (Novartis) I +Hormone and radiation 
therapy

High‑risk prostate cancer NCT01642732

I +Radiation therapy Biochemical recurrence after radical 
prostatectomy

NCT01548807

I/II +Docetaxel, bevacizumab Metastatic CRPC NCT00574769

II +Pasireotide Chemotherapy‑naïve CRPC NCT01313559

II +Carboplatin, prednisone Docetaxel‑pretreated metastatic CRPC NCT01051570

II +Bicalutamide Metastatic CRPC after first‑line ADT NCT00814788

Temsirolimus (Wyeth) I +Vorinostat Metastatic CRPC NCT01174199

I/II +Bevacizumab Chemotherapy‑treated metastatic CRPC NCT01083368

I/II +Docetaxel CRPC NCT01206036

I/II +Cixutumumab Metastatic CRPC NCT01026623

II Monotherapy Chemotherapy‑naïve CRPC NCT00919035

ATP site mTOR
inhibitors

AZD2014 (AstraZeneca) I Monotherapy Advanced solid tumors NCT01026402

CC‑223 (Celgene) I/II Monotherapy Advanced solid tumors NCT01177397

DS‑3078a (Daiichi 
Sankyo)

I Monotherapy Advanced solid tumors NCT01588678

MLN0128 (Takara) I Monotherapy Advanced solid tumors NCT01058707

I +Paclitaxel, trastuzumab Advanced solid tumors NCT01351350

Dual PI3K/ BEZ235 (Novartis) I +Abiraterone acetate CRPC patients with abiraterone acetate failure NCT01634061

mTOR inhibitors I +MEK162 Advanced solid tumors with RAS/RAF mutations NCT01337765

I/II +Everolimus Advanced solid tumors NCT01508104

GDC‑0980 (Genentech) I Monotherapy Advanced solid tumors NCT00854152

II +Abiraterone acetate, 
prednisone

Docetaxel‑pretreated CRPC NCT01485861

ADT: androgen deprivation therapy; CRPC: castration‑resistant prostate cancer; mTOR: mammalian target of rapamycin; PI3K: phosphoinositide 3‑kinase. aNCT01385293 permits but 
does not require concomitant use of enzalutamide

one with PCa, remained on treatment for  ≥ 8 months.96 A phase I 
trial of another pan-PI3K inhibitor, PX-866, demonstrated signs of 
possible activity against advanced solid tumors in combination with 
docetaxel, including two out of 32 evaluable patients with a confirmed 

partial response and 22 with stable disease.97 Two other pan-PI3K 
inhibitors, GDC-0941 and SAR245408 have also been found to be 
well-tolerated and exhibit potential antitumor activity.98,99 Further 
studies are necessary to determine whether these agents are efficacious 
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in patients with advanced CRPC. One limitation of pan-PI3K inhibitors 
is the possibility of a compensatory increase in AR signaling after 
stringent PI3K-mTOR inhibition, as has been observed in preclinical 
models.27 Therefore, it will be necessary to assess the efficacy of such 
drugs both in monotherapy as well as in combination therapy with 
second-line agents that target the AR signaling axis, such as abiraterone 
acetate and enzalutamide. Accordingly, BKM120 in combination 
with abiraterone acetate is currently in phase I clinical trials for 
men with metastatic CPRC  (NCT01634061 and NCT01741753) 
and a phase II clinical trial that permits concomitant treatment with 
enzalutamide (NCT01385293).

In contrast to pan-PI3K inhibitors, isoform-specific PI3K inhibitors 
only target one p110 isoform. This greater specificity offers the possibility 
of reducing side effects, which would allow for a higher tolerated dose. 
Despite a narrower spectrum of drug activity, isoform-specific PI3K 
inhibitors are still promising given that 16% of metastatic PCas exhibit 
alterations to PIK3CA, the gene that encodes for p110α, at the gene and 
transcript levels.22 In preclinical studies, p110α isoform-specific PI3K 
inhibitors BYL719100 and MLN1117101 demonstrated antiproliferative 
and antitumor activity in cell line and xenograft models harboring 
PIK3CA mutations. In a phase I clinical trial in patients with advanced 
solid tumors containing PIK3CA mutations (none of which were PCa 
patients), BYL719 was well-tolerated up to 400 mg per day, with side 
effects including hyperglycemia, nausea, diarrhea, decreased appetite, 
vomiting and fatigue.102 Of the 39 patients on trial, seven exhibited 
partial responses and 17 remained on study for > 17 weeks.102 Despite 
these results, the efficacy of p110α inhibitors in PCa remains in 
question, due to data demonstrating that genetic ablation of p110b but 
not p110α inhibits tumorigenesis in a mouse model of PCa driven by 
PTEN loss.103 As such, p110b and not p110α may be the more relevant 
PI3K target in human PCa. Inhibitors of p110b, such as GSK2636771, 
are in clinical development, and a phase I/IIa, first-in-human study is 
currently underway in patients with PTEN-deficient advanced solid 
tumors  (NCT01458067). The relevance of isoform-specific PI3K 
inhibitors will depend on whether individual isoforms of the p110 
subunit serve as drivers of advanced PCa maintenance and whether 
unique isoforms can compensate for each other.

AKT inhibitors
As a critical signaling junction downstream of PI3K, AKT provides 
another clear target for blocking PI3K signaling. In this regard, a 
number of allosteric and ATP site inhibitors have been developed. 
Despite preclinical studies demonstrating reduced proliferation 
and increased apoptosis following treatment with the allosteric 
AKT inhibitor perifosine in PCa cell lines, the drug showed no 
benefit in clinical trials with CRPC patients.104,105 Though not yet 
tested clinically, there is a growing body of work demonstrating 
that ATP site inhibitors of AKT may have more potent antitumor 
effects. The active site inhibitor AZD5363 was found to inhibit 
proliferation and induce apoptosis in PCa cell lines and a LNCaP 
xenograft model.90 Furthermore, co-treatment with the AR inhibitor 
bicalutamide significantly delayed CRPC tumor progression in 
castrated mice with LNCaP xenografts, demonstrating possible 
efficacy of ATP site AKT inhibitors in combination therapy.90 One 
potential caveat of utilizing AKT inhibitors in CRPC is the finding 
that both allosteric and ATP site inhibitors of AKT can relieve 
feedback inhibition and activate multiple RTKs, attenuating their 
antitumor activity.106 It remains to be seen what effects this will 
have on the clinical efficacy of this drug class. Currently, two AKT 
inhibitors, MK2206 and GDC-0068, are in early phase clinical trials 

in combination with either bicalutamide or abiraterone acetate, 
respectively (NCT01251861 and NCT01485861).

Allosteric and ATP site mTOR inhibitors
As discussed above, allosteric mTOR inhibitors have demonstrated 
limited clinical efficacy in advanced PCa clinical trials.76-78 This lack 
of efficacy has been attributed to their inability to target rapamycin-
resistant substrates such as 4EBP1. In addition, rapalogues also relieve 
S6K-mediated feedback inhibition of IRS-1 leading to activation of 
AKT, which is hypothesized to represent another mechanism that can 
dampen their therapeutic efficacy.107 A newer class of mTOR inhibitors 
now in clinical development, ATP site inhibitors, completely block 
mTORC1 and mTORC2 activity, preventing feedback induction of 
AKT and the phosphorylation of rapamycin-resistant substrates. In 
cell lines and a mouse model of PCa, the ATP site inhibitor MLN0128 
and not the rapalogue everolimus resulted in a profound reduction 
in tumor size and invasive potential, demonstrating the potential 
therapeutic benefit of this class of drugs.84 The potency of MLN0128 
was mediated in part by its ability to target the 4EBP1/eIF4E axis 
and modulate the translation of specific mRNAs involved in critical 
cellular processes important for tumor initiation and progression, 
including cell proliferation, metabolism and invasion.84 MLN0128, 
along with other ATP site inhibitors AZD2014, AZD8055, CC-
223, DS-3078a and OSI-027, are currently in early-stage clinical 
trials in advanced solid tumors  (NCT01026402, NCT00731263, 
NCT01177397, NCT01588678, NCT01058707, NCT01351350 and 
NCT00698243).

Dual PI3K/mTORC1/2 inhibitors
Dual PI3K/mTORC1/2 inhibitors target the ATP site of all p110 isoforms 
of PI3K as well as both mTOR complexes, thereby more completely 
inhibiting the PI3K-AKT-mTOR signaling axis. In preclinical studies, 
dual kinase inhibitors BEZ235 and GDC-0980 blocked proliferation in 
a variety of cancer cell lines, with the most notable inhibition in breast, 
prostate and lung cancer cells.108,109 In cell lines with hyperactivated 
PI3K signaling caused by PIK3CA mutation or PTEN loss, GDC-0980 
also led to profound apoptosis.109 Accordingly, GDC-0980 significantly 
decreased tumor burden in PTEN null PC3 xenografts,109 and BEZ235 
reduced tumor volume in a PTEN loss-driven murine model of 
PCa.27 In the same model, BEZ235 induced an even more striking 
effect in tumors when used in combination with the AR antagonist 
enzalutamide.27 These findings demonstrate potential synergy through 
co-targeting the AR, PI3K, and mTOR signaling pathways in PCa. In 
phase I clinical trials of patients with advanced solid tumors, both 
GDC-0980 and BEZ235 have been well-tolerated with side effects 
including nausea, diarrhea, vomiting, hyperglycemia and fatigue.110,111 
Of the 51 evaluable patients on trial with BEZ235, two demonstrated 
partial responses and 14 had stable disease for ≥ 4 months.110 Currently, 
BEZ235 and GDC-0980 are both in phase I/II clinical trials for patients 
with metastatic CRPC, both as single agents as well as in combination 
with abiraterone acetate (NCT01634061 and NCT01485861).

THERAPEUTIC IMPLICATIONS AND FUTURE CONSIDERATIONS
The PI3K-AKT-mTOR signaling pathway is seated at a critical interface 
where intra-  and extracellular signals directly impact vital cellular 
processes, which can be hijacked in the development of castration 
resistance. Despite initial challenges with targeting this signaling node 
in advanced PCa, the current movement to test a new arsenal of highly 
specific pathway inhibitors is warranted based on our understanding 
of PCa pathogenesis. However, there are important considerations to 
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take into account if the PI3K-AKT-mTOR pathway is to be properly 
exploited in the treatment of men with PCa.

Perhaps the most significant impediment to accurately targeting 
the PI3K-AKT-mTOR signaling pathway is the paucity of companion 
biomarkers that can identify patients who will respond to these types 
of therapies. For years, genetic mutations, gene expression signatures 
and phosphorylation of pathway constituents have been studied in 
this context, but have been met with limited success. For example, 
phosphorylation of ribosomal protein S6 has been frequently utilized 
as a read out of mTOR activity as a correlative measure of pathway 
inhibition in many rapalogue-based clinical trials. However, it was 
shown in PCa patients that despite achieving significant inhibition 
of ribosomal protein S6 phosphorylation, there was no association 
with any effect on tumor proliferation and apoptosis.77 This example 
highlights the need for new biomarkers. One consideration is that the 
field needs to move beyond DNA, RNA and phosphorylation-based 
markers. This is particularly relevant to the PI3K-AKT-mTOR 
signaling pathway because of its central role in regulating protein 
synthesis, the end product of gene expression. There are emerging 
technologies such as ribosome profiling that can now be employed to 
determine at a genome-wide level changes in mRNA translation.84,112 
Ribosome profiling provides codon-based resolution of mRNA 
translation, which represents a significant advancement over first 
generation technologies for assessing global changes in protein 
synthesis such as microarray-based polysome profiling. This 
new technology has already been used to identify a functionally 
important translationally regulated gene signature downstream of 
mTOR that promotes PCa invasion and metastasis.84 Importantly, 
this signature would not have been identified through traditional 
DNA and RNA-based whole-genome sequencing platforms. Thus, 
the protein levels of functionally important translationally regulated 
genes may represent a yet untapped repository of companion 
biomarkers for PI3K-AKT-mTOR inhibitors which remain to be 
tested clinically.

In addition to the need for biomarkers, another issue is to identify 
the optimal clinical setting to apply PI3K pathway inhibitors in PCa. 
Currently, most clinical trials with these agents are targeted for patients 
who have already developed castration resistance (Table 1). However, 
the preclinical evidence suggests that the PI3K-AKT-mTOR signaling 
pathway may be required for the development of CRPC26 and that 
co-targeting the AR and the PI3K pathway may delay the development 
of ADT resistance.90 Thus, if the toxicity profiles are tolerable, it is 
worthwhile considering studies in metastatic hormone-sensitive PCa 
patients to determine if these agents can delay or even prevent CRPC 
development.

Anot her  imp or t ant  cons iderat ion  in  t arge t ing  t he 
PI3K-AKT-mTOR signaling pathway is the issue of resistance 
mechanisms, which may compensate for the inhibitory effects 
of these agents. For instance, it has been shown that ATP site 
inhibition of mTOR relieves feedback inhibition of upstream 
receptor tyrosine kinases leading to subsequent PI3K activity 
and partial AKT reactivation.113 Moreover, others have shown 
that the cellular context of a cancer cell can represent a resistance 
mechanism to PI3K pathway inhibition. In particular, cancer cells 
that are attached to extracellular matrix as opposed to those that 
are not may be specifically protected from the deleterious effects 
of PI3K-AKT-mTOR pathway inhibition through compensatory 
signaling mechanisms associated with attachment to the extracellular 
matrix.114 However, the clinical relevance of these feedback 
mechanisms in PCa patients remains to be determined, and an 

effort should be made to incorporate correlative studies into current 
clinical trials to address these concerns.

Lastly, in the era of highly potent AR and adrenal androgen synthesis 
inhibitors, there is evidence that selective pressures placed on PCa cells 
by these agents are leading to a fundamental change in the phenotype 
of PCa in some patients. In particular, we are witnessing the emergence 
of treatment-related neuroendocrine PCa (t-NEPC) in patients treated 
with highly active AR-based therapeutics.115 The mechanisms that 
govern t-NEPC development remain to be determined; however, it is 
currently hypothesized that t-NEPCs are prostate adenocarcinomas 
that have differentiated to exhibit neuroendocrine features.116 Unlike 
adenocarcinoma, t-NEPC is typically AR-negative and highly refractory 
to extreme androgen deprivation. Platinum and taxane based agents 
remain the primary therapeutics against this form of PCa, which 
is uniformly fatal. Given the role of PI3K-AKT-mTOR signaling in 
cellular differentiation, it is interesting to speculate about the impact 
that targeting the PI3K signaling pathway will have on the development 
of this emerging PCa phenotype.

The PI3K signaling pathway plays an important role in PCa progression 
and the development of castration resistance. The clinical studies described 
here will be important in ultimately determining the efficacy of targeting 
aberrant PI3K-AKT-mTOR signaling in PCa progression. As outlined 
above, significant challenges remain; however, beyond these challenges 
is the future possibility of clinically oriented scientific breakthroughs that 
could impact prostate cancer patient survival.
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