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Foreword

Analysis of the genomic landscape of cancer over the last half decade through next
generation sequencing (NGS) studies has revealed a diverse array of somatic
mutations that activate the phosphoinositol-3-kinase (PI3 kinase) pathway. These
include loss of negative regulators (PTEN, INPP4B) that critically tip the mem-
brane phospholipid balance in favor of active signaling. Additionally, gain of
function mutations in downstream PI3 kinase components, most particularly in the
phosphoinositol-3-kinase alpha subunit (PIK3CA); are among the most common
somatic events in epithelial malignancies. Interruption of signaling flux through the
phospho-inositol-3-kinase pathway is therefore considered key to successful treat-
ment and, ultimately, the cure of a very wide range of cancer types. There has been
a strenuous effort to develop pharmacological inhibitors of the PI3 kinase pathway,
spurred by the initial success for analogs of the natural compound rapamycin,
which inhibits the mTOR kinase. Rapamycin analogs are now approved for the
treatment of renal cell carcinoma, breast cancer, pancreatic neuroendocrine tumors
and tuberous sclerosis related malignancies. A PI3 kinase delta inhibitor, idelalisib,
has been recently approved in chronic lymphocytic leukemia/lymphoma and fol-
licular lymphoma. In these indications, PI3 kinase inhibitors are useful palliative
treatments but resistance is essentially inevitable. This suggests that rational com-
binations based on an understanding of resistance pathways are a critical next
step. Another barrier to drug development is the difficulty in predicting response.
NGS analysis of samples from an everolimus study in breast cancer as well as
smaller studies of selective inhibitors of PI3 kinase has failed to develop a con-
vincing genomic profile associated with the response. Newer approaches based on
proteomics or perhaps integrated proteogenomic approaches are therefore under
study. This book provides a critical summary of these important areas of
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investigation. With clinical trials reporting out new results from multiple classes of
inhibitors targeting the PI3 kinase pathway at multiple levels, the summaries pro-
vided by the authors provide timely and critical context for the interpretation
of these investigations and will help drive the design of the next generation of
clinical trials.

Matthew J. Ellis MB., BChir., Ph.D., FRCP
Director, Lester and Sue Smith Breast Center,
Baylor College of Medicine, Houston TX



Preface

Our effort to edit this book is aimed to present readers who sincerely endeavor to
examine the role of the PI3K-AKT-mTOR signaling pathway in the context of the
emerging challenges of oncology, including energy metabolism, genomic insta-
bility, signaling-driven combination therapies, drug response, and drug resistance.
Through our effort, we seek to engage translational researchers, clinicians, and
clinical researchers who aspire to develop therapies for the management of cancer
patients. The book is a reference textbook intended for readers who are actively
perusing basic, translational and clinical studies in the course of their graduate
classes and fellowship trainings as well as researchers from academia, hospitals,
and pharmaceutical industries.

We were fortunate to have Prof. Lewis C. Cantley, who had kindly agreed to
author the opening chapter of the book. It is any editor’s dream to have an intro-
ductory chapter of a book entitled “PI3K-mTOR in Cancer and Cancer Therapy” to
be written by none other than Prof. Lewis C. Cantley. We feel privileged and grateful
to Prof. Lewis C. Cantley. The topic of “PI3K-mTOR in Cancer and Cancer
Therapy” is too diverse and extensive to be covered in one book with less than ten
chapters. We decided to present the book in two parts, Part I entitled “PI3K-mTOR
Pathway in Cancers” containing four Chapters (2-5) and Part II entitled
“PI3K-mTOR Pathway in Cancer Medicine” containing four Chapters (6-9). The
first part comprises of four basic and translational topics emerging in the field of
PI3K-mTOR signals, including cancer cell metabolism, DNA damage repair, drug
response prediction and prognostic signatures and resistance to anti PI3K-mTOR
pathway related drugs.

Keeping in mind the central role of the PI3K-mTOR pathway in sensing tumor
cells’ nutrient and energy need and rewiring it with the growth signals, the Chap. 2
of the first part of the book is written by Prof. Estela Jacinto and his colleagues. The
review focuses on the role of mTOR complex 1 and mTOR complex 2 in different
metabolic and biosynthetic processes with special emphasis on the role of mMTORCs
in the reprogramming of cancer metabolism. The chapter also discusses the role of
mTOR in the metabolic processes of tumor cells and how oncogenic mutations can
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trigger metabolic reprogramming. The chapter encourages readers to study the
clinical relevance of targeting mTOR and metabolic pathways for cancer therapy. In
reading this chapter, a reader will get the basic knowledge to understand how
mTORCs reprogram metabolic and biosynthetic pathways under specific oncogenic
mutations and how mTORCs signal will influence the sensitivity to chemothera-
peutic agents especially towards the development of resistance to mTOR/PI3K
inhibition due to induction of alternative pathways. As wisely pointed out by Prof.
Estela Jacinto that “identifying synthetic lethal interactions and drug resistance
mechanisms inherent to metabolic or growth signaling pathways upon mTOR
inhibition will be important to develop more effective cancer therapy”.

The PI3K-AKT-mTOR pathway interacts with the DNA damage repair pathway
in solid tumors. In Chap. 3 of the first part of the book, we have tried to review how
the PI3K-AKT-mTOR pathway cooperates with the DNA damage repair pathway
toward oncogenesis of Triple Negative Breast Cancers in the light of the transla-
tional relevance of a combination of PARP inhibitors with PI3K-AKT-mTOR
inhibitors. Delving into this chapter, a reader will learn that alteration(s) of the
PIBK-AKT-mTOR pathway in breast cancers and its subtypes are contextual and
DNA damage response is one of such important contexts in Triple Negative Breast
Cancers. We intended to focus on the recent development in the field of a com-
bination of PARP inhibitor(s) and PI3K-AKT-mTOR pathway inhibitor(s) in the
light of drug-sensitivity and development of resistance.

Chapter 4 of the first part of the book is written by Prof. Mariaelena Pierobon
and his colleagues on “The AKT-mTOR signaling pathway for drug response
prediction and prognostic signatures”. This chapter provides “an overview of the
role of the PI3K-AKT-mTOR signaling network as a predictive and prognostic
biomarker across different tumors along with a panel of high throughput and
multiplex technologies used to broadly investigate functional changes”.

Chapter 5 of the first part of the book is written by Prof. Sarat Chandarlapaty and
his colleagues on “Resistance to PI3K pathway inhibition”. The chapter describes
the basic circuitry of the PI3K-AKT-mTOR pathway and its mechanism of reaction
to inhibitors in bringing the “drug-induced relief-of-feedback results in pathway
reactivation” and “drug-induced adaptive/compensatory activation of parallel
signaling pathways in the network”. Built on this, the chapter then elegantly
introduces the concept of development of resistance to the PI3K-AKT-mTOR
pathway inhibitors and discusses the “coordinated activation of RAS/RAF signaling
in resistance,” “feedback regulation of nuclear hormone signaling,” “Wnt-[3-
catenin cooperation with PI3K signaling,” “Myc amplification,” and “JAK2/
STATS inhibition.” We are convinced that in reading this chapter, a reader will
comprehend “mechanisms of resistance common to cellular signaling pathways”.

In the second part of the book, we have compiled four chapters describing the
state-of-art of the PI3K-mTOR pathway based cancer therapies in selected solid and
liquid tumors. Keeping in mind that the PI3K-mTOR pathway is one of the most
genetically altered pathways in cancers and a vast intellectual wealth that is vested on
exploiting this pathway towards the development of therapies to manage cancers,
Chap. 6 is written by Prof. Funda Meric-Bernstam and Prof. Gordon Mills. In this
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chapter authors have eloquently described the signaling basis of “combination ther-
apies targeting the PISK/AKT/mTOR pathways” including “chemotherapy,” “hor-
monal agents,” “immunotherapy,” “biological therapy,” “proximal/distal inhibition,”
“parallel signaling,” “biomarkers,” and “pharmacodynamic markers of response.”

Inhibitors targeting the pathway are entering clinical trials at a rapid pace.
Recently isoform specific (p110 delta) inhibitor has been approved by FDA in
hematological malignancies. Chapter 7, the second chapter of the second part of the
book is written by Dr. Chan and her colleague on “phospho-inositol-3-kinase
activity and dysregulation in pediatric leukemia and lymphoma” highlighting the
studies that have defined the role of PI3K regulatory and catalytic subunits in
childhood hematologic malignancies, and addressing how these findings are now
being translated into murine preclinical and human clinical trials.

In Chap. 8, the third chapter of the second part of the book we have reviewed the
“HER?2 signaling network in advanced breast cancers as a basis for combination
therapies.” A reader of this chapter will have an opportunity to learn in-depth
signaling of the pathway and how the response to HER2/HER-family inhibitors in
combination with isoform-specific/pan PI3K/dual inhibitors has shaped the current
status of the clinical practice of oncology.

Chapter 9, the fourth chapter of the second part of the book is written by
Prof. Leland W.K. Chung and his colleague on “biological significance and
therapeutic opportunities” of the PI3K/AKT/mTOR pathway inhibitors in prostate
cancers. The chapter discusses the development as well as the use of pathway
inhibitors as single or combined therapies highlighting ongoing clinical trials for the
treatment of prostate cancers.

Nandini Dey
Pradip De
Brian Leyland-Jones
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Introduction

We began to learn from the collective work of pioneers such as Mariano Barbacid,
Michael J. Bishop, Harold Eliot Varmus, Robert Allan Weinberg, Alex Matter, and
Bert Vogelstein that identifying cancer-causing genes in humans was opening
the door to a new era of the targeted anticancer research. It was also understood that
genomic alteration(s) alters signals of different cancer-promoting pathways. In the
post “human-genome project” era, cancer-specific genomic maps started redesign-
ing the tumor taxonomy by transcending it from histopathology to molecular
pathology. The success of a cancer drug today is thus fundamentally based on the
success of the identification of the target gene(s) that is responsible for the control
of the beneficiary pathway. Today as a scientific community we recognize that
cancer being a genetic disease, modern oncology demands a gene-based rationale
for the precision medicine in clinics to be complemented by translational research.
Cancer research has seen tremendous technology-based modernization over the past
decade. The advent and progress of sequencing technology have gifted us with the
identification of landmark genetic alterations in different organ-type cancers, which
revolutionized clinical science and practice by pointing to new kinase targets, such
as phosphatidylinositol-3-kinases (PI3K), the EGF receptor, or BRAF. For the past
few decades, cancer researchers have been paying attention to the central impor-
tance of the small GTPase, RAS—the first identified oncogene—in a neoplastic
transformation. Extensive biochemical and genetic studies of the signaling com-
ponents upstream and downstream of RAS in model organisms led to the under-
standing of mitogenic signaling by receptor tyrosine kinases (RTKs) through RAS
and its downstream MEK-ERK signaling components. Conserved through evolu-
tion from flies to mammals, the central importance of this pathway in neoplastic cell
proliferation has been confirmed by the clinical success of therapeutics that targets
tyrosine kinases, such as erlotinib, lapatinib and imatinib.

In last 25 years, a second pathway downstream of receptor tyrosine kinases,
RTKs (and also via RAS) that involves PI3K, AKT, or its further downstream target
mammalian target of rapamycin (mTOR) has been under intense focus as an
important regulator of cell proliferation, survival, and angiogenesis. The growth
factor stimulated PI3K pathway which controls cell survival/proliferation and
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XXii Introduction

integrates nutrient signals has emerged as a unique candidate pathway in oncology
because its dysfunctional upregulation by both oncogenic activations, as well as loss
of tumor suppressor, has been documented in all forms of cancers. Oncogenic sig-
naling in the majority of the solid tumors’ is sustained via the PI3K-AKT-mTOR
pathway. TCGA studies indicated that numerous components of the PI3K-AKT-
mTOR pathway are upregulated more frequently than any other pathway in cancer
patients by amplification(s), translocation(s), DNA methylation, loss and mutation(s),
with resultant activation of the pathway. Somatic or germline mutations frequently
occur in tumor suppressor genes (PTEN, TSC1/2, and LKB1) and oncogenes
(PIK3CA, PIK3R1, AKT) in the PI3K-mTOR pathway. The strategy of “drugging the
cancer kinome” has led to the successful development and regulatory approval of
several novel molecular targeted agents. The spotlight is now shifting to the PI3K—
AKT-mTOR pathway as a potential key target. Strategies for horizontal/vertical
blockade of the pathway as well as the use of biomarkers to stratify appropriate
patients and to justify target modulation in response to ever-evolving drug resistance
are critical for the clinical management of the disease.

The fact that the PI3K-mTOR pathway is deregulated in a large number of
human malignancies, and its importance for different cellular functions critical for
tumorigenesis, makes it an attractive drug target. Significant progress has been
made in recent years in elucidating the cellular/molecular mechanism of cancer cell
proliferation/survival, angiogenesis and drug resistance in regards to PI3K-mTOR
pathway for cancer drug discovery. Currently, a wide range of selective PI3K
inhibitors (pan-PI3K inhibitor, isoform-specific PI3K inhibitor, dual PI3K-mTOR
inhibitor, and kinase mMTORC1/C2 inhibitor) have been tested in preclinical studies.
Based on the preclinical data several multicentre clinical trials conducted by dif-
ferent institutes, and participated by a large number of patients led to the knowledge
that cancer in patients undergoes evolution as well as progression by selection
through natural process and drug exposure. Riding on successful clinical trials,
delta-isoform-specific PI3K inhibitor got the FDA approval for hematologic
malignancy.

By learning everything so far about the PI3K-mTOR signaling pathway, we have
learned that PI3K is much a difficult pathway to target and more so in “smart”
solid tumors. Why is PI3K such a difficult target? The PI3K pathway controls
several cellular functions. Firstly as a flawlessly preserved survival and
pro-proliferation pathway in organisms, it is rightly connected to the extracellular
growth factor signals, GPCR signals, autocrine—paracrine cytokines signals and
steroid functions. As a pro-proliferation pathway, the PI3K-mTOR signals are also
in a tight loop with the transcriptional signals from the RAS-RAF-MEK-ERK
pathway. Secondly to continue a sustainable cell proliferation in an anabolic way,
the PI3K-mTOR pathway acts as a default energy sensor and it processes major
nutrient signals controlling both intracellular metabolism as well as the extracellular
availability of the rate-limiting amino acids, glucose, and fatty acids. This function
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of the PI3K-mTOR pathway works in unison with its role in mRNA
translation/cap-dependent protein synthesis. Third as the pathway supports sus-
tained cell proliferation, it is strategically placed to inhibit both mitochondrial and
extra-mitochondrial apoptosis signals. Finally, in the face of continuous growth, the
signal of the PI3K-mTOR pathway is tied to the hypoxic challenge to cells. How
does a single pathway orchestrate all of the above cellular functions flawlessly?
The answer to this riddle is ingrained not only in the multilayered horizontal and
vertical connections of the PI3K-mTOR pathway to other pathways but also to the
bidirectional feeding loops and cross-talk connections with the help of which the
PI3BK-mTOR pathway connects to relevant upstream effectors as well as down-
stream effector molecules. Rightfully enough the PI3K-mTOR pathway is placed
upstream of the cell cycle pathway and downstream of the RAS-MAPK pathway. In
an ideal PI3K-mTOR world, when a pro-growth signal is received in the
PI3K-mTOR pathway it is streamlined through various independent yet interacting
compartments of cells toward a seamless execution of proliferation. Thus, we think
that PI3K-mTOR pathway is an enterprise by its own right controlling every aspect
of cell survival and proliferation. The above logic justifies why a single dysfunc-
tional change in any protein component of the PI3K-mTOR pathway as a result of
genetic alteration(s) like PTEN loss or PIK3CA activating mutation can culminate
into a tumorigenic event. How the challenge of targeting PI3K-mTOR pathway is
inbuilt to the opportunity it provides to target itself? PI3K-mTOR pathway is
primarily a cell survival pathway with immense responsibilities in the life of a cell.
In the course of tumorigenesis its deregulation is caused by the alteration(s) of
gene(s) whose altered protein product(s) fails to control the critical rate-limiting and
regulatory nodes of the pathway. Thus, when a particular node of the pathway is
disabled by the genetic alteration, the rest of its default intricate wiring becomes
unstable and dysfunctional. When targeted by drugs the resistance and the toxicity
ensues as a rebound phenomenon as well as a bypass mechanism. Due to the
complexity of the PI3K-mTOR signaling pathway, developing an effective anti-
cancer therapy remains a challenge. Till date, no PI3K inhibitor has been approved
by FDA in solid tumors. The emerging challenges of oncology are energy meta-
bolism, genomic instability, signaling-driven combination therapies, drug response,
and drug resistance. Thus, a PTEN loss or a PIK3CA activating mutation is so easy
to identify, so easy to target yet so difficult to achieve. In trying to target the
PIBK-mTOR pathway what we have observed thus far is the difficulty in achieving
a complete drug response. The prime question remaining in the context of the
PI3K-mTOR pathway-based drug development is whether or not the efficacy of
PI3K pathway inhibitors can be predicted based on the activation status of the
pathway members. The mixed responses from various clinical trials to date reflect
the complexity of cancers as a disease and the complexity of the PI3K-mTOR
signaling network which contains multiple signaling nodes including parallel regu-
latory pathways and feedback loops. This multilayered complexity causes various
cellular responses to the PI3K-mTOR pathway inhibitors in a context-dependent
manner.
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A better understanding of PI3K-mTOR pathway, its biochemistry, and its sig-
naling network is likely to lead to better ways of targeting the pathway and
defeating PI3K-mTOR driven cancers. In the era of genome-driven precision
medicine in cancer, understanding the role of PI3K-mTOR signaling provides
opportunities in clinical practice and challenges our collective intellect to overcome
limitations of the clinical management of the disease.



Chapter 1
PI3K-Akt-mTOR Signaling in Cancer
and Cancer Therapeutics

Sameer S. Chopra and Lewis C. Cantley

Introduction

Nearly three decades ago, a previously unrecognized kinase activity was identified
that modifies membrane phosphatidylinositols at the D-3 position of the inositol
ring and is associated with the transforming effects of the polyomavirus middle T
antigen [115, 116]. The PI3K signaling pathway is now known to subserve a wide
range of normal physiological functions in addition to contributing to pathophys-
iological states such as cancer. Perhaps most well described is the activation of
PI3K by insulin receptors, which couples signals regarding systemic nutrient
availability with the regulation of intracellular metabolism, growth, and prolifera-
tion. In part due to the sequencing and analysis of human cancer genomes, the
PI3K-Akt-mTOR signaling pathway is also known to be commonly dysregulated in
cancers arising from diverse tissues of origin. Somatic mutations and/or copy
number changes have been identified in numerous genes including PIK3CA, PTEN,
Aktl, and others, many of which have been clearly demonstrated to play important
functional roles in cancer cell proliferation and survival. The ubiquity of
PI3K-Akt-mTOR pathway activation in cancer has prompted significant interest in
the development of small molecule inhibitors of various components of the sig-
naling pathway. Multiple compounds are presently being evaluated in human
clinical trials and may enter the armamentarium of standard cancer treatments in the
future. Key translational challenges of the next decade will include the development
of strategies to inhibit oncogenic PI3K-Akt-mTOR signaling while sparing
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physiologic signaling; the identification of improved treatment response biomarkers
for patient selection; and the formulation of effective combinations of PI3K-directed
therapies with other targeted agents, cytotoxic chemotherapy or immunotherapy to
boost clinical response rates, and the durability of therapy.

The PI3K-Akt-mTOR Signaling Pathway

Of the three major classes of PI3K enzymes, class I enzymes are the most com-
monly dysregulated in cancer [105]. Class IA PI3K enzymes are heterodimers that
include an 85, 55, or 50 kiloDalton (kDa) regulatory subunit (p85a, pS5a, p50a,
p85P, pS5v) and one of the three 110-kDa catalytic kinases (p110a., p110p, p1109).
Class IB enzymes are heterodimers that include a p101 regulatory subunit and the
pl110y catalytic kinase. The p110 kinases are each encoded by a different gene
(PIK3CA, PIK3CB, PIK3CD, and PIK3CG). The p85a, pS5a, and p500 regulatory
subunits are all derived from the same locus (PIK3RI), while p85f and p55y are
encoded by different genes (PIK3R2 and PIK3R3, respectively).

Activation of PI3K is one mechanism by which extracellular cues such as
growth factors and nutrients generate intracellular signals that regulate anabolic
metabolism, cell cycle progression, protein synthesis, and other important aspects
of normal cellular physiology [105]. PI3K signaling is commonly initiated with the
binding of a mitogenic ligand to a cell-surface receptor tyrosine kinase (RTK),
resulting in the phosphorylation of tyrosine residues on the intracellular C-terminus
of the receptor. These phosphorylated tyrosines create binding sites for Src
homology 2 (SH2) domain-containing proteins such as the p85 regulatory subunit.
While p85 normally inhibits the function of the p110 kinase subunit in the cyto-
plasm via direct protein—protein interaction, the binding of the p85/p110 hetero-
dimer to phosphorylated tyrosine residues induces a conformational change that
results in the activation of the pl10 kinase subunit. The pl110 kinase modifies
membrane phospholipids by catalyzing the transfer of a phosphate group from ATP
to the 3 prime-hydroxyl position of phosphatidylinositol (4,5)-bisphosphate (PIP2)
to produce phosphatidylinositol (3,4,5)-trisphosphate (PIP3). PIP3 acts as a second
messenger by creating binding sites for pleckstrin homology (PH) domain-
containing proteins, whose activation requires relocalization from the cytosol to the
cell membrane. Protein kinase B (Akt), a serine/threonine kinase that was identified
as the oncogene in the murine transforming retrovirus Akt8, is the most
well-studied PH domain-containing protein in the PI3K signaling pathway [6].
PI3K-dependent signaling may also be transduced by PH domain-containing TEC
family protein-Tyr kinases and by a subset of PH domain-containing proteins that
regulate RAC and ARF family GTP binding proteins [118]. At the cell membrane,
Akt is activated by phosphorylation at two key sites, threonine 308 (T308) and
serine 473 (S473). While PDK1 catalyzes the transfer of a phosphate group to
T308, a protein complex that includes mTOR, Rictor, GBL, and mSinl (TORC2)
phosphorylates S473 [46]. While the phosphorylation of Akt at T308 is sufficient
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to increase kinase activity and propagate downstream signals, the full activation of
Akt requires concomitant phosphorylation at S473 [50]. Akt has numerous
downstream targets whose functions are regulated by posttranslational modifica-
tion, resulting in the modulation of diverse physiological processes including
metabolism, proliferation, growth, survival, and autophagy, among others [71].

Among the most important targets of Akt signaling is TORCI, a protein com-
plex composed of mTOR kinase, Raptor, GBL, PRAS40, and Deptor. TORC1
directly regulates protein synthesis/degradation, ribosome biogenesis, de novo
pyrimidine biosynthesis, autophagy, and cell cycle progression, among other key
aspects of cellular physiology [62]. Analysis of the mTOR phosphoproteome by
mass spectrometry identified substrates that also implicate mTOR signaling in
regulation of RNA splicing, mRNA stability, and vesicle-mediated transport [47].

The function of TORCI is regulated by numerous cellular and environmental
cues, including both mitogenic signals (i.e., PI3K-Akt) and amino acids such as
leucine, arginine, and lysine [31, 53]. Both types of inputs are ultimately required
for TORC1 activation, with spatial integration occurring on the surface of the
lysosome. Amino acids signal to TORC1 via Rag GTPases, which are regulated by
GATORI1, GATOR?2, and Sestrin2 (“Ragulator”), and the v-ATPase to promote the
translocation of mTORCI1 from the cytoplasm to the lysosomal surface [3, 95]. On
the lysosome, mTORCI1 can be activated by the Rheb GTPase. Mitogenic inputs
regulate mTORC1 through the tuberous sclerosis complex (TSC), comprised of the
proteins TSC1, TSC2, and TBC1D7 [31]. TSC functions as the GTPase activating
protein (GAP) for Rheb, accelerating Rheb-GTP hydrolysis on the lysosome sur-
face to the inactive Rheb-GDP state. Akt phosphorylation of TSC2 causes the
dissociation of TSC from the lysosome, therein favoring the active state of Rheb
(i.e. Rheb-GTP) [75]. PI3K-Akt signaling can also modulate the function of
TORCI1 through the direct phosphorylation of the inhibitory subunit PRAS40,
causing its dissociation from mTOR kinase and augmenting mTORCI activity [94].

The activation of PI3K-mTOR signaling is normally opposed at numerous
levels. Activated RTKs are dephosphorylated by protein tyrosine phosphatases.
Phosphatidylinositol second messengers at the membrane are dephosphorylated by
lipid phosphatases, including PTEN, INPP4B, synaptojanin, and SHIP1/2 [15,
117]. PTEN is a dual-specificity phosphatase that selectively removes phosphate
from the 3’-hydroxyl group of PI(3,4,5)P3 to produce PI(4,5)P2. Synaptojanins and
SHIPs dephosphorylate the 5'-hydroxyl group of PI(3,4,5)P3 to produce PI(3,4)P2.
INPP4B removes a phosphate group from the 4’ position of PI(3,4)P2 to produce PI
(3)P. With some evidence suggesting that both PI(3,4,5)P3 and PI(3,4)P2 can bind
to and promote activation of Akt, all three phosphatases have been shown to play
important roles in terminating PI3K signaling in different contexts. The phospho-
rylation and activation of Akt is also countered by multiple phosphatases including
PP2A, PHLPP1 and PHLPP2 [12]. Akt phosphorylation is also inhibited by
carboxyl-terminal modulator protein (CTMP), which binds to the Akt carboxyl-
terminal regulatory domain [70].
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PI3K-Akt-mTOR Signaling in Human Physiology:
Anabolic Metabolism

As a key component of the insulin signaling pathway, PI3K plays an integral role in
regulating normal physiological responses to nutrient availability. Upon activation
by the insulin receptor, PI3K-Akt signaling in peripheral tissues such as skeletal
muscle causes increased glucose uptake by promoting translocation of GLUT4 to
the cell membrane via the phosphorylation of AS160 [96]. Akt signaling also
augments the expression and function of the glycolytic enzymes hexokinase II and
phosphofructokinase II, the latter of which generates an allosteric activator of
phosphofructokinase I [30, 89]. In the liver, Akt promotes the storage of excess
glucose as glycogen by phosphorylating and inhibiting GSK3, which normally
inhibits the enzymatic activity of glycogen synthase [24]. Simultaneously, Akt
signaling suppresses hepatic gluconeogenesis by phosphorylating and inhibiting the
transcriptional factor FOXO1 and activating the serine/threonine kinase SIK2,
which phosphorylates CRTC2 (CREB Regulated Transcription Coactivator 2) and
leads to its degradation [29, 79, 104]. In the fasting state, FOXO1 and
CRTC2/CREB normally function to regulate the expression of gluconeogenic
enzymes in the liver.

In the setting of nutrient excess, PI3K/Akt signaling also stimulates fatty acid
biosynthesis and suppresses fatty acid breakdown. Citrate, which is produced in the
citric acid cycle from the condensation of oxaloacetate and acetyl-CoA, can be
exported from the mitochondria to the cytosol where the Akt-regulated enzyme
ATP citrate lyase regenerates both metabolites [5]. Acetyl-CoA can then act as a
substrate for fatty acid biosynthesis. Acetyl-CoA may also enter the isoprenoid
pathway, which ultimately produces sterols, cholesterol, and the farnesyl and
geranyl-geranyl moieties used to prenylate proteins. Notably, Akt also has an
indirect role (i.e., via TORC1 and S6K1) in the regulation of SREBPI1, a tran-
scription factor that augments both fatty acid and cholesterol biosynthesis by reg-
ulating the expression of key enzymes in both pathways [87].

Through its regulation of TORC1, Akt also regulates protein synthesis and
degradation. TORC1 phosphorylates and activates ribosomal S6 kinases and inhi-
bits the eukaryotic initiation factor (elF) 4E-binding proteins 4E-BP1 and 4E-BP2,
which determine the availability of the mRNA cap-binding protein elFAE [41].
TORCI also regulates the expression of NFE2L 1, which increases the transcription
of genes encoding proteasome subunits, the number of intact proteasomes, and
overall rates of protein degradation [122]. This newly discovered role for TORC1 is
suspected to both serve as a quality control mechanism and contribute to main-
taining adequate supplies of free intracellular amino acids for new protein synthesis.
However, it is yet unclear how these functions are physiologically coordinated with
the role of TORC1 in inhibiting protein and organelle catabolism via autophagy,
through the phosphorylation of ULK1/2 and ATG13 [54].

Concurrent with increasing the activity of anabolic pathways and new protein
synthesis, PI3K/Akt signaling also inhibits the B-oxidation of fatty acids in the
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mitochondria. This is achieved by suppressing the expression of carnitine palmi-
toyltransferase IA (CPT1A), an enzyme located in the mitochondrial outer mem-
brane that catalyzes the transfer of an acyl group from long-chain fatty acyl-CoA to
carnitine, generating an acylcarnitine that can be transported from the cytosol into
the mitochondrial matrix [28]. Finally, Akt directly inhibits autophagy via phos-
phorylation of Beclinl and indirectly inhibits autophagy via its regulation of
TORC1, as discussed above [113].

Although Akt is the major mediator of PI3K-dependent regulation of metabo-
lism, recent studies have shown that PI3K-dependent activation of Rac also con-
tributes to regulation of glycolysis. Several enzymes involved in glycolysis, most
notably aldolase, are sequestered in inactive states on f-actin and Rac-dependent
severing of f-actin releases these enzymes and thereby accelerates glycolysis [48].

PI3K-Akt-mTOR Signaling in Human Physiology:
Regulation of Cell Cycle Progression and Survival

In addition to its role in anabolic metabolism, PI3K-Akt-mTOR signaling promotes
proliferation by phosphorylating and inhibiting multiple negative regulators of cell
cycle progression at the transition from G1 to S phase [64]. These effects ultimately
result in increased phosphorylation and inhibition of the retinoblastoma protein
(Rb) by cyclin-dependent kinase 4/6 (CDK4/6), which in turn permits
E2F-mediated transcription of genes that promote S-phase entry. Several studies
indicate that PI3K/Akt signaling activity can augment the levels of cyclin D1, a
protein whose primary function is to bind and activate CDK4/6. This may occur by
Akt-mediated phosphorylation and inhibition of GSK3f, which was shown to
phosphorylate cyclin D1 at threonine 286 and promote its nuclear export, ubiqui-
tination, and proteasome-mediated degradation in the cytoplasm. Akt-mediated
phosphorylation and inhibition of GSK3f therefore may result in the accumulation
of nuclear cyclin D1. However, the relationship between Akt, GSK3p, and cyclin
D1 levels may be context dependent. Others have found that while PI3K inhibition
does indeed diminish cyclin D1 levels in G1 and G2, this effect may not require
inhibition of GSK3f [119].

PI3K-Akt signaling was also found to regulate cell cycle progression via
TORCI. Progression from G1 to S phase was found to require both TORCI-
mediated activation of S6K1 signaling and inhibition of 4E-BP1 [38]. Translation
of messenger RNAs encoding cyclin D and cyclin E appears to be sensitive to the
activity of eIF4E [1]. In addition to these TORC1-mediated effects, TORC2 was
also found to independently augment cyclin D1 stability via a mechanism that
requires the ubiquitin E3 ligase FBX4 [59]. This newly identified role for TORC2
appears to be independent of its known contribution to the activation of Akt, which
as discussed above, was previously shown to regulate cyclin D1 levels via phos-
phorylation and inhibition of GSK3p.
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Akt may also promote the G1- to S-phase transition by regulating the activity of
proteins that normally act to inhibit cell cycle progression. Akt-mediated phospho-
rylation of the nuclear localization signal of p27%""' (CDKNIB), an inhibitor of
cyclin—cyclin-dependent kinase (CDK) complexes including cyclin D-CDK4 and
cyclin E-CDK2, causes its cytoplasmic sequestration [65]. Akt also phosphorylates
and inhibits p21€PYWaf 4 second inhibitor of cyclin-CDK complexes whose
expression is regulated by the p53 tumor suppressor [124]. Akt phosphorylation of
p21 disrupts its inhibitory interaction with PCNA, thereby accelerating DNA repli-
cation. Similar to p27, phosphorylation of p21 by Akt also promotes a change in
subcellular localization from the nucleus to the cytoplasm. These effects of Akt on
cell cycle progression are reinforced by its phosphorylation and inhibition of fork-
head box (FOXO) transcription factors, which have been shown to regulate not only
the expression of p21 and p27 but also members of a second class of cell cycle
inhibitors, p15 (INK4B) and p19 (INK4D) [11, 33, 74, 106].

The antiapoptotic effects of Akt signaling arise from several mechanisms
including phosphorylation of Bcl-2-associated death promoter (BAD), Mouse
double-minute 2 homolog (MDM?2), and Forkhead box O3 (FOXO3) proteins [13,
16, 26, 73]. BAD is a proapoptotic, BH3-only family member that binds to and
inhibits the prosurvival proteins Bcl-2 and Bcl-xL and is itself inhibited by Akt.
MDM?2 is a negative regulator of the p53 tumor suppressor that both represses
p53-mediated transcriptional activity and acts as an E3 ubiquitin-protein ligase
targeting p53 to the proteasome for degradation; phosphorylation of MDM2 by Akt
augments this process. Caspase-9 is an intracellular protease inhibited by Akt that
cleaves caspase-3 and is activated upon Apaf-1/cytochrome c release from the
mitochondria during apoptosis. FOXO3 has been shown in various contexts to
upregulate the expression of proapoptotic proteins including Bim, FasL, and PUMA
[40, 121]. Akt regulates the activity of FOXO3 by altering its subcellular local-
ization; when phosphorylated in the nucleus, FOXO3 binds 14-3-3 proteins and the
complex is exported from the nucleus to the cytoplasm where FOXO3 is unable to
regulate gene expression [14, 32] Additional mechanisms of apoptosis suppression
have also been described. In primary chronic lymphocytic leukemia (CLL) B cells,
introduction of a constitutively active Akt resulted in increased expression of
Mcl-1, XIAP, and Bcl-xL proteins, all of which act to inhibit apoptosis [68]. In
rodent fibroblast (Rat-1) cells, Akt inhibits p53 through the inhibition of GSK3;
GSK3 was found to phosphorylate and activate the histone acetyltransferase TIP60,
which in turn acetylates and activates p53 [80].

mTOR kinase activity may also promote cell survival. In the Eu-myc murine
lymphoma model, the level of the antiapoptotic bcl-2 family member Mcl-1 appears
to be sensitive to inhibition of TORC1-regulated translation [76]. TORC2 was also
found to promote the stability of Mcl-1; knockdown of rictor or pharmacologic
inhibition of TORC?2 resulted in the degradation of Mcl-1 via a pathway requiring
GSK3 and the SCF-FBXW7 complex [60].
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PI3K-Akt-mTOR in Human Disease: Germline Disorders
of Overgrowth and Cancer Susceptibility

The critical roles of PI3K-Akt-mTOR signaling in regulating normal metabolism,
growth, proliferation, and survival are underscored by the discovery of mutations in
genes encoding key pathway regulators in human disease. In the germline, rare
mutations that dysregulate PI3K-Akt-mTOR signaling cause several well-
described, autosomal dominant disorders of growth and cancer susceptibility.
Inherited loss-of-function mutations in the tumor suppressor and lipid phosphatase
PTEN cause both Cowden syndrome (CS) and Bannayan—Riley—Ruvalcaba syn-
drome (BRRS) [44]. Patients with CS develop both benign and malignant tumors of
the breast, thyroid, and endometrium, and have an 85 % lifetime risk of developing
invasive breast cancer [103]. Germline PTEN mutations also appear to increase the
lifetime risk for renal cell carcinoma (RCC), colorectal cancer, and melanoma
[103]. Adult-onset Lhermitte-Duclos disease, or dysplastic gangliocytoma of the
cerebellum, is also a feature of CS. Individuals with CS may additionally exhibit
macrocephaly, autism, and a variety of benign cutaneous neoplasms including
trichilemmomas, acral keratoses, and papillomatous papules. More recently, subsets
of patients with CS were found to have germline mutations in PIK3CA and Aktl
[86]. BRRS, a second congenital disorder that arises from inherited PTEN muta-
tions, presents with macrocephaly, hamartomatous polyps of the gastrointestinal
tract, and distinctive pigmented macules of the glans penis [44]. The term
“hamartomatous” refers to benign growths that contain the normal cellular com-
ponents of the tissue of origin but markedly abnormal architecture.

TSC is another germline overgrowth syndrome caused by dysregulated
PI3K-Akt-mTOR signaling [23]. Inherited in an autosomal dominant manner, TSC
is caused by loss-of-function mutations in the tumor suppressor genes TSCI
(hamartin) and TSC2 (tuberin) that result in increased activity of mTOR kinase.
Clinically, TSC presents with benign tumors of multiple organ systems including
the skin, central nervous system, kidney, and lungs. Cutaneous manifestations are
found in nearly all individuals with TSC and include angiofibromas, shagreen
patches, hypomelanotic macules, and periungual fibromas. Tumors of the central
nervous system, the major source of morbidity in TSC patients, include cortical
tubers, subependymal nodules, and subependymal giant cell astrocytomas
(SEGAs). In the kidney, patients with TSC develop benign angiomyolipomas,
epithelial cysts, and oncocytomas. In the heart and lungs, TSC causes rhabdomy-
omas and lymphangioleiomyomatosis (LAM), respectively. While noninvasive,
these tumors cause significant morbidity by disrupting normal organ function,
inducing seizures, arrhythmias, and other consequences. Although rare, malignant
angiomyolipomas and RCC are associated with TSC.

Inherited genetic variation in PI3K signaling may also adversely affect the
immune system. Germline activating mutations in PIK3CD encoding the p110
PI3K delta isoform have been described in autosomal dominant disorders of human
immunity [69]. Patients with such mutations were found to have deficiencies of
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naive T cells but an excess of senescent T effector cells. Ex vivo, these cells were
found to have increased activation of both Akt and mTOR.

PI3K-Akt-mTOR in Human Disease: Somatic Genetic
Mutations in Syndromes of Segmental Overgrowth
and Cancer

Somatic genetic dysregulation of PI3K-Akt-mTOR signaling is now well estab-
lished as a cause of both rare clinical disorders as well as more common conditions
such as cancer. The Proteus syndrome (PS) presents with progressive, disfiguring,
segmental overgrowth of skin, connective tissue, nerve, and other tissues derived
from all germ layers. PS is primarily caused by somatic mosaicism involving
gain-of-function mutations in Akz/ [66]. Somatic mosaicism of activating mutations
in PIK3CA are found in a similar segmental overgrowth syndrome, congenital
lipomatous asymmetric overgrowth of the trunk, lymphatic, capillary, venous, and
combined-type vascular malformations, epidermal nevi, skeletal, and spinal
anomalies (CLOVES) [61]. Somatic dysregulation of PIK3CA, Akt3, and MTOR
have also been identified in a spectrum of congenital brain malformations ranging
from hemimegalencephaly to focal cortical dysplasia [52, 63, 88]. Clinically, these
conditions typically present with intractable seizures in children.

In part due to large-scale next-generation sequencing projects such as the cancer
genome atlas (TCGA), somatic alterations in genes encoding various components
of the PI3K-Akt-mTOR signaling pathway have been commonly observed in
cancers of diverse tissues of origin. Mutations in PIK3CA were first identified into
occur in a high frequency of colon cancers but not in premalignant colorectal
tumors, suggesting that these genetic alterations arise late in tumorigenesis in
parallel with the development of invasiveness [93]. PI3K-Akt-mTOR signaling can
be constitutively activated as the result of a spectrum of different types of somatic
changes identified in cancer genomes. These mechanisms include amplification of
RTK genes such as HER? in breast cancer; activating mutations and copy number
changes in the gene encoding the PI3K p110 alpha subunit PIK3CA; inactivating
mutations in the p85 alpha regulatory subunit gene PIK3RI; inactivating mutations
in the genes encoding the lipid phosphatases PTEN and INPP4B, which dephos-
phorylate phosphotidylinositol second messengers; activating mutations in the
serine/threonine kinase genes Ak#/-3; inactivating mutations in the genes encoding
mTOR regulators such as TSCI and TSC2; and activating mutations in MTOR itself,
among other changes [36, 92, 101]. PI3K p110p, p110y, and p1103 isoforms have
also been shown to be oncogenic as wild-type proteins [56]. With an
abundance of basic evidence supporting roles for PI3K-Akt-mTOR in the regula-
tion of proliferation, growth, survival, and metabolism, such genetic changes are
widely considered to be “driver” rather than “passenger” mutations when identified
in cancer genomes. As further evidence of functional importance, specific mutations
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in the helical or kinase domains of PIK3CA appear across tumors with relatively
high frequency. Such genetic alterations are sufficient to transform chick embryo
fibroblasts in vitro, albeit by different mechanisms [2, 123]. PI3K signaling can also
be induced as a consequence of other known driver mutations. In mouse models, for
example, PI3K signaling was found to be required for the transforming effects of
oncogenic mutations in Ras, the small GTPase that is dysregulated in a number of
different cancers [35, 42].

Targeting Oncogenic PI3K-Akt-mTOR Signaling
for Cancer Therapy

The prevalence of PI3K-Akt-mTOR pathway mutations in cancer, as well as
abundant evidence supporting a pro-tumorigenic role for many of these genetic
events, has generated intense interest in the development of novel targeted thera-
peutics. Over 30 compounds directed against different proteins in the pathway have
undergone varying degrees of clinical evaluation over the past decade. The rapa-
logs, which are allosteric inhibitors of TORC1, were among the first drugs targeting
the pathway to enter clinical trials for the treatment of cancer. Temsirolimus was
approved by the FDA in 2007 as a first-line treatment of advanced RCC after
demonstrating an overall survival benefit compared to interferon alpha in a large
phase III clinical trial. Everolimus is currently FDA approved as a treatment for
advanced hormone receptor-positive breast cancer in combination with exemestane,
a steroidal aromatase inhibitor. Everolimus is also approved for advanced RCC
after progression on either sunitinib or sorafenib, and for the treatment of pro-
gressive pancreatic neuroendocrine tumors (PNET). Despite these important mile-
stones, the clinical activity of rapalogs for the treatment of more common cancers
has been modest. With the hope that targeting other proteins in the pathway with
improved drug molecules might boost clinical response rates, a large collection of
inhibitors of PI3K-Akt-mTOR signaling have been developed and entered clinical
trials over the past five to seven years. Among the earliest compounds to enter
clinical development were the derivatives of wortmannin, a steroid fungal
metabolite that was the first described inhibitor of PI3K. Like wortmannin, the
“pan” PI3K inhibitors antagonize all of the individual PI3K kinase isoforms to
varying degrees. In phase I/II trials, these agents commonly caused hyperglycemia,
rash, nausea, vomiting, diarrhea, stomatitis, and anorexia, among other adverse
effects, but were nonetheless reasonably well tolerated compared to chemotherapy.
These agents are currently being studied alone or in combination with other ther-
apies in a number of different clinical settings including breast cancer, head and
neck cancer, glioblastoma, non-small cell lung cancer, endometrial cancer, gas-
trointestinal stromal cancer, RCC, prostate cancer, and others. The pan-PI3K
inhibitor BKM120 (Buparlisib) has advanced the furthest in trials and is now being
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studied in combination with fulvestrant in a phase III randomized, double-blind
clinical trial (BELLE-3) for women with hormone-positive breast cancer who were
previously treated with an aromatase inhibitor and subsequently progressed on the
combination of exemestane and everolimus or equivalent.

Emerging from the class of pan-PI3K isoform inhibitors was a group of small
molecules discovered to also directly inhibit mTOR kinase due to shared similar-
ities in the ATP binding site of PI3Ks and mTOR. This class of dual inhibitors
includes the molecules PI-103, GDC0980, and BEZ235. These compounds inhibit
not only multiple PI3K p110 isoforms but also the TORC1 and TORC2 complexes.
Inhibition of the active site of mTOR kinase was found to more completely inhibit
TORCI signaling than allosteric inhibitors such as rapamycin and everolimus,
which do not effectively inhibit 4eBP1 phosphorylation and cap-dependent trans-
lation. Direct inhibition of mTOR kinase also inhibits the activity of TORC2, which
prevents the full activation of Akt and may independently regulate the stability of
cyclin D1, among other favorable antitumorigenic properties. In phase I clinical
trials, the toxicity profiles for dual PI3K-mTOR inhibitors appeared similar to
pan-isoform PI3K inhibitors. Selective inhibitors of mTOR kinase were also
developed and referred to as “TORKinhibs” to distinguish them from the rapalogs
[37, 72]. A number of these molecules such as AZD8055 and AZD2014 were
previously studied in clinical trials. The drug MLNO128 is presently undergoing
evaluation for the treatment of a range of different cancers including anaplastic
thyroid cancer, merkel cell carcinoma, and hepatocellular carcinoma.

In part to improve the therapeutic window for targeting PI3K and thereby
facilitate dosing schedules that result in more complete pathway inhibition,
isoform-specific PI3K inhibitors have also been developed [21, 105]. While PI3K
p110 alpha and beta kinases and mTOR are ubiquitously expressed, the PI3K delta
and gamma isoforms are primarily expressed in hematopoietic cells. In genetically
engineered mouse models, knockout of Pik3ca or Pik3cb are embryonic lethal at
E10.5 and E3.5, respectively. Germline inactivation of Pik3cd or Pik3cg do not
affect viability but compromise immune cells; loss of p110 delta impairs the normal
function of lymphocytes, neutrophils, and mast cells, and loss of p110 gamma
perturbs T cell development and activation as well as the migration of neutrophils
and macrophages.

PI3K pl10 alpha-selective inhibitors such as BYL719 are being studied in
patients whose tumors harbor PIK3CA activating mutations and in other settings
where preclinical data have demonstrated a preferential functional role for the p110
alpha kinase. Several studies suggest that the subset of breast cancers that harbor
HER?2 amplification preferentially signal through the PI3K pl110 alpha subunit.
BYL719 is therefore being studied in women with HER2-amplified breast cancer
who have progressed after prior trastuzumab and taxane chemotherapy.

Agents that preferentially inhibit the p110 beta kinase have also been developed.
Several preclinical studies presented evidence that the loss of PTEN might pref-
erentially activate PI3K signaling via the p110 beta subunit, especially in the setting
of prostate cancer [108, 114]. The mechanistic basis of this association has not been
fully elucidated. Moreover, a study of 422 cell lines in vitro demonstrated only a
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modest association between PTEN mutation and sensitivity to selective pharma-
cologic p110 beta inhibition: drug sensitivity was observed in only 35 % of cell
lines harboring PTEN mutations but also in 16 % of cell lines with wild-type PTEN
[81]. Emerging evidence suggests that the genetic context in which PTEN loss
occurs and the tissue of origin may strongly influence the functional importance of
PI3K pl110 alpha and beta isoforms [8, 97, 112]. Selective inhibitors of the p110
beta isoform including AZD8186 have entered clinical trials and are being studied
as monotherapy in advanced castrate-resistant prostate cancer, squamous non-small
cell lung cancer, triple-negative breast cancer and other solid tumors with PTEN
deficiency and/or mutation/amplification of PIK3CB. The pl10 beta inhibitor
GSK2636771 is similarly being studied in prostate cancer but is also being eval-
uated in the treatment of advanced gastric adenocarcinoma with PTEN deficiency.

The most successful example of selective PI3K isoform targeting exploited the
relatively restricted expression of PIK3CD and the important functional role of the
PI3K pl10 delta isoform in B-lymphocytes [85, 120]. Idelalisib (formerly
CAL-101) is the first PI3K inhibitor of any type to be approved for clinical use by
the FDA and European regulatory agencies. PI3K p110 delta plays a critical role in
transducing intracellular signals from the B cell receptor and cytokine receptors to
promote lymphocyte survival, proliferation, and chemokine secretion. Moreover,
pathologic PI3K-Akt signaling mediated by p110 delta has been identified in a
number B cell malignancies such as CLL. In the US, Idelalisib was granted full
approval for the treatment of recurrent CLL in conjunction with rituximab. The
drug is relatively well tolerated and can be given even to elderly patients who
cannot tolerate chemotherapy. Idelalisib also received accelerated approved as a
third-line systemic treatment for two types of recurrent indolent non-Hodgkin
lymphoma, follicular B cell non-Hodgkin lymphoma and small lymphocytic lym-
phoma. Confirmatory trials are presently being conducted for full approval. A novel
PI3K delta/gamma dual inhibitor (IPI-145, Duvelisib) has also entered phase III
clinical trials for CLL and is similarly being studied for activity in follicular lym-
phoma, T cell lymphoma, SLL, and marginal zone lymphoma [84].

Clinical Responses to PI3K-Akt-mTOR Inhibitors

Contrary to the expectations of many in the field, PI3K-Akt-mTOR inhibitors used
as monotherapy have provided only modest benefits to patients with most solid
tumors, with objective response rates in clinical trials often falling below 10 % [39,
90]. In the era of precision oncology, the efficacy of PI3K-Akt-mTOR inhibitors in
patients preselected based on tumor genotype has not matched the response rates of
other molecular therapies that have become the standard of care in clinical oncol-
ogy. These treatments include vemurafenib (and more recently the combination of
dabrafenib/trametinib) for BRAF V600E-mutant melanoma, EGFR inhibitors for
EGFR-mutant NSCLC, crizotinib for ALK- and ROS-rearranged NSCLC, the
combination of trastuzumab/pertuzumab for HER2-amplified breast cancer, and
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various forms of hormone therapy for prostate and breast cancer, respectively.
Collectively, these therapies have relatively high clinical response rates when
administered to patients whose tumors harbor specific molecular/genetic biomark-
ers. Moreover, phase III clinical trials have demonstrated measurable improvements
in overall survival.

In addition to low clinical response rates for the drugs evaluated to date, the field
of PI3K-Akt-mTOR therapeutics has been challenged to identify patients who are
most likely to benefit from therapy. In multiple completed clinical trials, genetic
biomarkers such as PIK3CA mutation and PTEN deletion have limited utility as
treatment response biomarkers. In the phase I trial of the pan-PI3K inhibitor
BKM120, the presence of tumor molecular status (i.e. PIK3CA and/or PTEN
alterations) did not predict clinical benefit in the patients who demonstrated partial
responses [7]. Similarly, in a phase I trial of the dual PI3K/mTOR inhibitor
GSK458, durable responses were observed across several different tumor types
(overall response rate 5 %) but there was no significant association between the
presence of PIK3CA mutations and the likelihood of response [77]. In a clinical trial
studying the efficacy of PI3K-Akt-mTOR inhibitors for patients with breast, cer-
vical, endometrial, or ovarian cancers whose tumors harbor PIK3CA mutations, a
partial response was observed in only 30 % of patients [51]. However, approxi-
mately 10 % of patients with wild-type PIK3CA also responded to treatment.
A recent study of archival tumor specimens from BOLERO-2 demonstrated that
progression-free survival benefit from the addition of everolimus to exemestane was
present regardless of the presence of PIK3CA alterations [45]. When taken together,
these results from clinical trials of PI3K-Akt-mTOR therapeutics suggest that tumor
mutational status is uncommonly a faithful predictor of drug response. Similar
results are apparent when one considers PI3K pathway activation as a biomarker of
response to other therapies. It was hypothesized, for example, that PTEN deletion
and/or PIK3CA mutation would identify patients who would not benefit from
anti-HER?2 directed therapies, as the PI3K signaling pathway is “downstream” from
this RTK. In vitro, both types of genetic alterations were found to confer resistance
to trastuzumab [9]. However, conflicting data have emerged from studies in
patients. Analysis of 429 biopsies of patients treated in the neoadjuvant setting with
trastuzumab, lapatinib, or the combination in addition to taxane chemotherapy
(Neo-ALTTO trial) found that neither PIK3CA mutation nor PTEN deficiency was
predictive of any meaningful measure of clinical efficacy [82]. In contrast, PIK3CA
mutations in other patient cohorts (GeparQuatrro, GeparQuinto, GeparSixto trials)
were indeed found to be associated with lower rates of pathologic complete
response to neoadjuvant anthracycline/taxane chemotherapy with anti-HER2
directed therapy [67]. These conflicting results are difficult to interpret. The
future success of PI3K-pathway directed therapy might in part depend on the
successful identification of novel biomarkers—mutational, transcriptional, protein-
based, or combinations of these—that are more predictive of treatment response.
Adding a layer of complexity, response biomarkers may ultimately
be found to be specific to certain classes of drugs (i.e., pan-PI3K inhibitor,
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PI3K isoform-selective inhibitor, PI3K/mTOR inhibitor) or tumors (i.e., PTEN-
deficient endometrial versus triple-negative breast cancer).

Putative Mechanisms Underlying Suboptimal Drug
Responses: Incomplete Pathway Suppression

The discordance between extensive preclinical evidence supporting a pathological
role for PI3K-Akt-mTOR signaling in cancer and the objective performance of this
class of therapeutics in clinical trials merits further analysis. One hypothesis is that
the importance of PI3K-Akt-mTOR signaling pathway activity in normal tissues,
coupled with the lack of mutant protein-specific inhibitors, limits the therapeutic
window for targeting this pathway for cancer therapy. In other words, suppression
of the pathway to the extent required for sustained tumor regression in vivo simply
may not be achievable in most patients for many of the current agents administered
at their maximum tolerated doses. A rigorous test of this hypothesis will require
detailed analysis of on-treatment biopsies from patients in clinical trials of
PI3K-Akt-mTOR inhibitors, which were not routinely performed in the trials that
have been completed and reported to date. Although serial on-treatment biopsies are
often difficult to obtain and may place patients at risk, such data would improve our
understanding of how varying degrees of pathway suppression over time relate to
tumor response. At present, it is unclear how this relationship varies among patients
and among tumors of different tissues of origin. While response biomarkers such as
ribosomal S6 phosphorylation in skin biopsies or hyperglycemia/insulin/C-peptide
levels are useful measures of target engagement, it uncertain to what extent these
surrogates reflect posttreatment changes in PI3K-Akt-mTOR signaling in actual
tumors.

Such on-treatment studies will be particularly important for newer agents in
clinical trials such as PI3K p110 isoform-selective inhibitors. While there is opti-
mism that these molecules will have a greater therapeutic window than pan-PI3K
inhibitors or dual PI3K/mTOR inhibitors, it is yet unclear whether the restricted
pharmacology of these agents will lead to improved clinical response rates. In one
recent study, for example, de novo resistance of PIK3CA-mutant breast cancers to
the PI3K p110 alpha-selective inhibitor BYL719 appeared to result from incom-
plete suppression of mTOR activity [34]. Therapeutic effectiveness was improved
with the addition of the allosteric mTOR inhibitor RADOO1.
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Putative Mechanisms Underlying Suboptimal Drug
Responses: PI3K Inhibitors Cause Hyperglycemia
and Hyperinsulinemia

A related hypothesis is that interpatient variability in treatment response may in part
arise from differential metabolic responses to drug therapy. PI3K pl110 alpha
inhibitors and pan PI3K inhibitors cause dramatic increases in serum insulin and
can also cause elevation in serum IGF1 and/or suppress IGF1 binding proteins.
These changes are physiological consequences of prolonged elevation in serum
glucose due to suppression of insulin signaling in muscle, fat and liver. Since many
solid tumors express high levels of insulin receptor or IGF1 receptor or both, the
elevation in these growth factors may cause activation of PI3K in the tumor,
countering the effects of the drugs. It is possible and plausible that variable
responses to PI3K pl110 alpha and pan PI3K inhibitors among patients whose
tumors harbor similar pathway-activating mutations result from differences in the
elevation of serum insulin and/or IGF1 during therapy. Although metformin is
typically given to reduce serum glucose during therapy, serum insulin and IGF1
levels are not routinely monitored. Patients who consume sugary drinks and
sugar-laden foods during therapy are likely to have extremely high levels of insulin
and IGF1 while those on ketogenic diets are likely to have very low levels of these
hormones. Of course, if drugs are developed that only target mutant forms of p110
alpha, the elevation in serum glucose and insulin would not occur and therapy
would be predicted to be more effective.

Putative Mechanisms Underlying Suboptimal Drug
Responses: Drug-Induced Signaling Adaptation
and Feedback

Another emerging hypothesis is that interpatient variability in treatment response
may arise from differences in how cancer cells respond to drug perturbation.
A number of preclinical studies have uncovered adaptive phenomena in cancer cells
that may act to counter the intended effects of targeted drug therapy. These studies
collectively suggest that signaling pathways in cancer cells are commonly resilient
to the perturbation of individual proteins. Such findings have been associated with
sensitivity/resistance to targeted therapeutics in preclinical studies but are more
difficult to assess in the context of actual human clinical trials, where the ability to
monitor dynamic signaling responses in tumors remains challenging. Nonetheless,
such discoveries may give rise to combinatorial strategies that more completely and
durably inhibit oncogenic signaling networks and may be vetted in vitro and in
animal models of human disease such as patient-derived xenografts.
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Within the PI3K-Akt-mTOR signaling network, a number of feedback mecha-
nisms elicited by targeted therapeutics have now been well defined. Pharmacologic
inhibition of TORC1 causes increased signaling through RTKs by at least 2 known
mechanisms. The first is mediated by S6 kinase, whose activation by TORCI1
normally results in feedback inhibition of insulin and insulin-like growth factor
receptor signaling through the phosphorylation and degradation of IRS-1, a sub-
strate of the insulin receptor (IR) [43, 83, 100, 109, 111]. Pharmacologic inhibition
of TORC1 by rapamycin results in decreased activity of S6 kinase, reduced
phosphorylation/inhibition of IRS-1, and increased activation of PI3K and ERK
through RTK signaling [17, 109]. TORCI signaling also directly phosphorylates
and stabilizes Grb10, which results in inhibition of growth factor signaling [47].
Pharmacologic inhibition of TORCI1 therefore results in the loss of Grb10-mediated
inhibition and enhanced signaling through RTKs. These feedback mechanisms are
hypothesized to contribute to the modest clinical efficacy of rapalogs as anticancer
therapeutics. However, pertinent to the question of how signaling networks might
vary in their organization across different tissues, rapalogs demonstrate significant
clinical benefit in patients with advanced RCC and are FDA approved for this
indication. It is unclear whether the strength of feedback activation of RTKSs is less
marked in RCC than in other cancer types.

A number of additional drugs targeting the PI3K-Akt-mTOR signaling pathway
induce various forms of feedback adaptation through similar mechanisms. Inhibitors
of mTOR kinase such as AZD8055 were found to have a biphasic effect with respect
to Akt signaling [91]. Inhibition of TORC?2 results in dephosphorylation of Akt at
serine 473 and transient inhibition of phosphorylation at Akt threonine 308.
However, because TORC1 inhibition relieves negative feedback of multiple RTKs,
PI3K is reactivated in the presence of drug and causes increased phosphorylation of
Akt at T308. This partial activation state of Akt was found to be sufficient to signal to
effector proteins in the pathway. Complete inhibition of Akt signaling and maximal
cell death and tumor regression in vivo required both inhibition of mTOR kinase
(TORC1/2) as well as induced RTKs.

In HER2-amplified breast cancer, inhibition of PI3K was found to cause increased
HER3 expression, ERBB receptor dimerization and phosphorylation, binding of
adaptor molecules, ultimately activation of the MAPK signaling pathway [99]. In this
setting, combined administration of ERBB2 antagonists, PI3K inhibitors, and MEK
inhibitors were found to be more efficacious than any individual treatment alone.
A second study similarly revealed that inhibition of PI3K signaling in HER2-ampli-
fied breast cancers resulted in increased expression of HER3, InsR, IGFIR, and
FGFR2 mRNA, and that these changes could be ameliorated by knockdown of
FOXO1 and FOXO3a transcription factors [19]. Co-drugging with a PI3K inhibitor
and trastuzumab or lapatinib was synergistic in established xenografts. Additional
studies confirmed that an Akt-FOXO signaling axis might more broadly mediate
feedback activation following inhibition of PI3K signaling. Direct pharmacologic
antagonism of Akt was found to induce the expression and/or phosphorylation of
multiple RTKSs including EGFR, HER3, HER4, IGF-1R, and IR due to the combined
effects of TORCI1 inhibition and the activation of forkhead (FOXO) transcription
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factors [20]. The latter mechanism was found to regulate the transcription of HER3,
IGF-IR, and IR and in all tissue lineages evaluated including breast, prostate, ovary,
lung, and melanoma. In xenografts, these effects resulted in a small recovery of Akt
activation but a more significant augmentation of MAPK signaling. Combined
inhibition of Akt and ERBB receptors was found to be effective in vivo. Activation
of adaptive Akt-FOXO signaling demonstrates cell-to-cell variability: in ovarian
cancer spheroids, dual inhibition of PI3K/mTOR lead to death of inner matrix-
deprived cells while matrix-attached cells were resistant to the effects of therapy by
FOXO-regulated transcription of RTKSs and other prosurvival factors [78].

Inhibition of PI3K by isoform-selective drugs may also result in feedback-
mediated signal reactivation. Pharmacologic antagonism of PI3K p110 beta in a
PTEN-deficient model of prostate cancer led only to transient inhibition of PI3K
signaling, with rebound signaling to Akt mediated by relief of negative feedback of
IGF-IR and other RTKs that primarily signal through the PI3K p110 alpha subunit
[98]. Previously it was found that antagonism of PI3K in prostate cancer causes the
activation of androgen receptors [18]; in this study, combined antagonism of PI3K
pl10 alpha, pl10 beta, and the androgen receptor resulted in greater tumor
regressions than either treatment alone. Similarly, it was previously found that
combining inhibitors of PI3K pl110 alpha and beta with endocrine therapy was
highly effective for hormone-positive breast cancer [25]. Finally, selective inhibi-
tion of PI3K p110 alpha was found to only transiently reduce the PIP3s messenger
in several PIK3CA mutant luminal and HER2-amplified breast cancer models due to
a rebound in signaling at the membrane mediated by PI3K p110 beta [22]. The
combination of selective PI3K pl10 alpha and beta inhibitors prevented this
rebound and produced greater efficacy than either treatment alone in breast cancer
models in vitro and in vivo.

Future Directions: Identifying Effective Drug Combinations

While compounds targeting mutant PI3K or mutant Akt might have a broader ther-
apeutic window than the drugs that are presently undergoing clinical evaluation, it is
unlikely that inhibiting these enzymes alone will be sufficient to cure patients: rational
drug combinations may prove more efficacious. Historically, anti-HER?2 directed
therapy followed a similar path in development. In the pivotal phase II trial of tras-
tuzumab for the treatment of HERZ2-amplified metastatic breast cancer, the
intention-to-treat clinical response rate was 15 % [4]. Response rates in this subset of
breast cancer increased when trastuzumab was combined with effective chemother-
apy. More recently, the combination of dual-HER?2 blockade with trastuzumab and
pertuzumab, when combined with taxane chemotherapy, became the new standard of
care for metastatic HER2-amplified breast cancer. When used as adjuvant therapy
following surgery, the combination of trastuzumab and chemotherapy has proven to
be extremely effective in preventing recurrence, and therefore is considered curative
for patients with early stage HER2-amplified breast cancers.
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Beyond targeting the specific signaling mechanisms that mediate feedback
activation, several preclinical studies have identified novel strategies for co-drugging
inspired by an improved understanding of how cells respond to PI3K inhibition. With
the availability of a broad armamentarium of targeted therapies, some of the most
promising combinatorial strategies can be rapidly translated into clinical trials. In
hormone-driven cancers, for example, crosstalk was observed between PI3K sig-
naling and hormone receptor-mediated transcriptional activity. In prostate cancer,
antagonism of PI3K results in increased androgen receptor (AR) stability and activity
and increased expression of AR-regulated genes [18]. In hormone-positive breast
cancer, antagonism of PI3K signaling was analogously observed to augment estrogen
receptor activity [10]. In each case, concomitant administration of PI3K inhibitors
with the appropriate endocrine therapy resulted in greater antitumor activity than the
individual treatments administered alone.

PI3K signaling was also found to contribute to the regulation of DNA repair. In
BRCA-mutant breast cancer mouse model and cell lines, PI3K inhibition increased
markers of DNA damage such as poly-ADP-ribosylation and YH2AX and perturbed
the recruitment of RADS1 to DNA damage foci [55]. Inhibitors of PARP had
previously demonstrated efficacy in BRCA-mutant breast cancers. In this study, the
combination of the PARP inhibitor olaparib and the pan-PI3K inhibitor BKM120
was significantly more effective than either agent alone. A second study also
revealed enhanced benefit from the sequential use of PI3K and PARP inhibitors in
BRCA I-mutant breast cancer cell lines [58]. Intriguingly, in TNBC tumor models
with wild-type BRCAI, dual PI3K/mTOR inhibition with GDC-0980 also increased
DNA damage and sensitized cells to the combination of a PARP inhibitor
(ABTS888) and carboplatin [27]. PI3K inhibition was found to increase DNA
damage response signaling in TNBC cell lines with wild-type BRCAI by regulating
the expression of BRCAI and BRCA2, thereby sensitizing cell lines to PARP
inhibition [49]. The downregulation of BRCAI/2 in this study appeared to be
secondary to increased MAPK signaling and activation of the ETS1 transcription
factor. These findings have led to an ongoing clinical trial studying the combination
of the pan-PI3K inhibitor BKM120 or the p110 alpha-selective inhibitor BYL719
with the PARP inhibitor olaparib in patients with recurrent triple-negative breast
cancer or high grade serous ovarian cancer.

Antagonism of transcriptional regulators may also act synergistically with PI3K
inhibitors. In a model of metastatic breast cancer driven by PI3K and MYC, adding
an inhibitor of BET bromodomains to PI3K inhibition resulted in greater cell death
and tumor regression [102]. In this model, BET bromodomain inhibition was found
to cause the dissociation of the transcriptional coactivator BRD4 from chromatin at
regions that regulate the expression of both insulin and ERBB receptor tyrosine
kinases, thereby interrupting a critical feedback circuit that normally results in
reactivation of signaling after inhibition of PI3K. Synergy between PI3K and BET
bromodomain inhibition was also observed in cell line models of hematologic
malignancies including acute myeloid leukemia, T-cell acute lymphoblastic leu-
kemia, multiple myeloma, and Burkitt lymphoma [107]. The combination of a dual
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mTOR inhibitor and a BET bromodomain inhibitor was also found to be highly
effective in merkel cell carcinoma, and aggressive neuroendocrine skin cancer [57].

Lastly, the co-targeting of PI3K and cell cycle regulators also appears to enhance
efficacy over either agent used alone. In a combinatorial drug screen performed on
multiple PIK3CA mutant cancers with relative insensitivity to PI3K inhibitors, the
combination of PI3K pl110 alpha (BYL719) and CDK4/6 inhibition (LEEOO1)
resulted in greater suppression of phosphorylated Rb and increased tumor regres-
sions in PIK3CA mutant xenografts [110].

Conclusion

PI3K-Akt-mTOR signaling is commonly dysregulated in cancers arising from
numerous tissues of origin. As a result, an important opportunity remains to effectively
target the pathway for the possible benefit of many patients suffering from cancer. To
realize the full potential of PI3K-Akt-mTOR therapeutics, a number of key advances
will be required. First, the therapeutic window for PI3K pathway inhibition must be
improved. Newer isoform-selective inhibitors, or even better, inhibitors that prefer-
entially target the mutant protein, may permit dosing regimens that more completely
inhibit oncogenic PI3K-Akt-mTOR signaling while sparing normal tissues. Second,
the identification of improved response biomarkers will be needed to facilitate pre-
cision trials that enroll only the patients who are most likely to respond to therapy. It is
yet unclear whether genetic biomarkers like PTEN or INPP4B deletion confer similar
therapeutic vulnerabilities when they occur in different tissues of origin. Advancing
our understanding of the context dependence of specific genetic mutations is partic-
ularly critical for “basket” clinical trial designs that prioritize patient enrollment based
on mutation/molecular status rather than cancer type. Third, a comprehensive under-
standing of the most common mechanisms that underlie recovery of signaling during
drug treatment may provide important leads for new therapeutic combinations. Finally,
it also appears that strategies for co-drugging may arise from an improved under-
standing of how inhibition of PI3K signaling—even when cell cycle arrest and/or
apoptosis are insufficient for clinical benefit—creates new vulnerabilities that may be
targeted by other available therapies.
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Chapter 2
The mTOR Complexes in Cancer Cell
Metabolism

Thomas Lynch, Joseph G. Moloughney and Estela Jacinto

Introduction

Our understanding of the intersection between cellular signaling pathways, nutrient
sensing, and metabolic functions is rapidly growing, and at the center of this
intersection is mMTOR. mTOR is an atypical protein kinase, that is conserved from
yeast to man, and is allosterically inhibited by a complex formed by the natural
compound rapamycin and the prolyl isomerase FKBP12 [15, 61, 62, 85, 125].
Using rapamycin and genetic studies in yeast, it was shown that TOR promotes
protein synthesis when nutrient conditions are favorable [3]. Its inhibition by
rapamycin arrests cells in G1 phase of the cell cycle, eliciting a phenotype char-
acteristic of starved cells [3, 15, 18, 59]. Moreover, rapamycin induces autophagy, a
starvation response that degrades and recycles cellular components [14, 110]. In
mammals, rapamycin blocks the activation of the translation regulator p70 S6K [22,
86, 118]. The major target of S6K is the 40S ribosomal protein S6, which is highly
phosphorylated during G1 [148]. Around this time, the phosphorylation of S6 was
discovered to be sensitive to amino acids, and that rapamycin and amino acids have
opposite effects on autophagy and protein synthesis [14]. Another translation reg-
ulator, 4E-BP1 is also sensitive to rapamycin [9, 52]. Furthermore, phosphorylation
of S6K diminishes upon amino acid withdrawal, resembling rapamycin treatment
[58]. These observations, along with the early studies in yeast and in Drosophila,
led to the notion that TOR/mTOR participates in nutrient sensing [3, 59, 114, 177].

Subsequent studies demonstrating that yeast TOR and mTOR play a role in the
expression and trafficking of nutrient transporters, and that mTOR can sense levels
of ATP, further reinforced the idea that mTOR is part of a nutrient signaling
cascade [5, 34, 39, 133]. Moreover, studies on different model organisms have
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<« Fig. 2.1 mTOR forms two distinct protein complexes. a mTOR association with LST8 and
RAPTOR characterizes the rapamycin-sensitive mMTORC]1. This complex responds to amino acids
and its activity is enhanced by inputs from growth factor signaling via the PI3K/AKT pathway.
mTORC]1 is negatively regulated by TSC1/2 and AMPK, in response to nutrient/energy
availability. Together, these opposing signaling pathways provide modulation for mTORCI1
signaling to various downstream effectors that positively regulate anabolic metabolism and protein
synthesis while negatively regulating catabolic processes including autophagy. b. mTOR
association with LST8, RICTOR, and SIN1 characterizes mTORC2, the rapamycin-insensitive
mTOR complex. mTORC?2 is activated by growth factor/PI3K signaling and association with
translating ribosomes. mTORC?2 regulates protein maturation by a cotranslational phosphorylation
mechanism, whereby nascent peptide stability is enhanced. AKT is stabilized in such a manner and
is further activated by additional mMTORC?2 phosphorylation, leading to the upregulation of several
metabolic pathways. mTORC?2 activity regulates additional cellular processes through additional
downstream effectors. Dashed lines refer to indirect regulation. Abbreviations used here include
4E-BP1: eukaryotic translation initiation factor 4E-binding protein 1, AMP: adenosine
monophosphate, AMPK: AMP-activated protein kinase, ATG13: autophagy-related 13, CAD:
carbamoyl phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase, FoxOl:
forkhead box O1, FKBP12: 12-kDa FK506-binding protein, GSK3: glycogen synthase kinase 3,
HIF1a: hypoxia inducible factor 1o subunit, HK: hexokinase, IRS: insulin receptor substrate,
LKBI1: liver kinase B1, LSTS: lethal with SEC13 protein 8, mTOR: mammalian target of
rapamycin, PDK1: phosphoinositide-dependent ~ kinase-1, ~ PGC-lo:  peroxisome
proliferator-activated receptor gamma coactivator 1-alpha, PI3K: phosphatidylinositol-3-kinase,
PIP2: phosphatidylinositol-4,5-bisphosphate, PIP3: phosphatidylinositol-(3,4,5)-trisphosphate,
PKCa: protein kinase Co, Rag: Ras-related GTP-binding protein, RAPTOR:
Regulatory-associated protein of mTOR, RHEB: Ras-homolog enriched in brain, RICTOR:
rapamycin-insensitive companion of mammalian target of rapamycin, RTK: receptor tyrosine
kinase, S6K: ribosomal protein S6 kinase, SGK1: serum and glucocorticoid-regulated kinase 1,
SIN1: stress-activated protein kinase-interacting 1, SREBP: sterol regulatory element-binding
proteins, and TSC: tuberous sclerosis complex

unraveled that TOR controls cell growth or increases in cell mass, as opposed to
cell proliferation or cell cycle progression [132]. Genome-wide screening has fur-
ther uncovered the effect of rapamycin on metabolic genes, revealing that
TOR/mTOR mediates the expression of genes involved in nutrient metabolism [59,
114]. Together, these early studies have laid the groundwork that paved the way for
understanding how nutrient signaling is linked to growth and metabolic signaling
pathways via mTOR.

In multicellular organisms, cell growth is coordinated with tissue and organismal
growth. Thus, in addition to nutrients, other extracellular inputs, such as growth
factors and hormones, signal cell growth processes. The insulin and insulin-like
growth factors play central roles in anabolic metabolism. The phosphatidylinositol-3
kinase (PI3K)/AKT signaling pathway couples signals from the insulin receptor to
the control of gene expression and cellular growth responses [99]. In the presence of
amino acids, insulin enhances S6K and 4E-BP1 phosphorylation, which can be
inhibited by PI3K inhibitors or rapamycin, thus placing mTOR as a downstream
effector of insulin signals [89]. The insulin/PI3K signals are wired to mTOR via the
tuberous sclerosis protein complex (TSC1/TSC2) [67] (Fig. 2.1a). TSC1/2 are tumor
suppressors and mutation of either one leads to hyperactivation of the mTOR/S6K 1
branch. Numerous signals, including AKT, and stress signals impinge on TSC1/2,
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modulating mTOR signaling. TSC1/2 negatively regulates mTOR (as part of mTOR
complex 1/mTORCI, see below) via inactivation of Rheb. In its GTP-bound form,
Rheb directly interacts and stimulates mMTORC1. mTORCI1 responds to amino acid
signals via Rag GTPases [126, 127]. Amino acids promote GTP loading of RagA/B
and enable the Rag heterodimers to interact with raptor and facilitate translocation of
mTORCI to the lysosomal surface [126]. Additionally, the presence of insulin or
growth factors acutely dissociates TSC and thereby excludes this negative regulator
of mMTORCI from this compartment [33, 103]. On the lysosomal surface, mMTORC1
becomes activated possibly via Rheb, which is found throughout the endomembrane
system. Thus, nutrient and growth factor signals converge to regulate the activation
and subcellular localization of mTORCI.

In addition to compartmental regulation, mTOR is also highly regulated by its
protein partners. Previous studies in yeast revealed a rapamycin-insensitive function
of TOR [134, 179]. Unlike mammals wherein only one gene encodes mTOR, there
are two in yeast, namely TORI and TOR2. TOR2 performs a function involving
actin cytoskeleton polarization that is insensitive to rapamycin treatment [134].
Biochemical purification has led to the identification of two structurally distinct
TOR complexes in both yeast and mammals [46, 57, 73, 74, 81, 94, 128, 167]. The
rapamycin-sensitive mMTORCI forms a complex with raptor and mLST8 (Fig. 2.1a),
whereas the rapamycin-insensitive mTORC2 forms a complex with rictor
(mAVO3), SIN1, and mLST8 (Fig. 2.1b). In addition to these conserved partners,
the mTORCs also associate with other distinct, less well-conserved proteins that
could regulate its activity and function [164]. The well-characterized function of
mTOR in regulating the translation regulators S6K1 and 4E-BP1 is mediated by
mTORCI1. On the other hand, mTORC2, but not mTORCI1, can phosphorylate
AKT, and this phosphorylation which leads to optimal activation of AKT, is not
acutely sensitive to rapamycin [64, 130]. Although AKT phosphorylation at its
conserved hydrophobic motif site is used as a hallmark of mTORC?2 activity, other
direct substrates of mTORC?2, such as SGK and PKC, are emerging from recent
studies [164]. mTORC?2 has also been linked to other cellular functions, such as
actin cytoskeleton reorganization, translation, and protein maturation/folding [111].
The latter function entails cotranslational phosphorylation of AKT and PKC at a
conserved turn motif that is critical for folding and stabilization of the kinase
domain [43, 71, 112]. Consistent with this function of mTORC?2, it was found to
associate with ribosomes [112, 181]. Thus, both mTORCs function during trans-
lation, albeit by distinct mechanisms. Whereas mTORC1 promotes translation in
response to amino acids, it remains unclear what activates mTORC2. The associ-
ation with ribosomes enhances its activity toward AKT but precisely how mTORC2
gets activated remains elusive [181]. ATP depletion and glucose withdrawal can
prevent optimal phosphorylation of AKT at the turn motif in vitro by mTORC?2,
suggesting that these signals could regulate mTORC?2 [19].

AKT has long been studied as a central regulator of the response to insulin [99].
Among its many functions, it mediates the increase in glucose transporters on the
plasma membrane upon insulin stimulation. Furthermore, it regulates numerous
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enzymes in the glycolytic pathway, emphasizing its pivotal role in cell metabolism
[122]. Thus, the finding that mTORC?2 controls AKT and that both mTOR com-
plexes feed back to regulate insulin/insulin receptor substrate (IRS) signals attest to
a broader role of mTOR in the control of cellular metabolism [65, 82, 173].
However, much of the recent studies on the role of mTOR in cell metabolism
highlight the involvement of mTORCI. This is partly due to the availability of
rapamycin and TSC knockout models, which have expanded our knowledge on the
functions of mTORCI1. Availability of mTOR inhibitors (MTI) that block both
mTORC1 and mTORC?2, along with genetic models containing deficiencies in
mTORC1 or mTORC2 components are now providing more insights on the role of
these complexes in cancer cell metabolism.

A hallmark of cancer cells is increased aerobic glycolysis despite the presence of
oxygen, also known as the Warburg effect [152]. The uncontrolled proliferation
necessitates reprogramming of energy metabolism in order to sustain cell growth
and division. Not only do cancer cells augment their uptake of nutrients, they also
rewire signaling circuits in order to route nutrient catabolism toward macro-
molecular synthesis. The increased uptake of glucose enhances flux through gly-
colysis. When glycolytic flux is high, this leads not only to production of abundant
ATP, but also produces intermediates that are required for biosynthetic pathways
[31]. In this review, we will discuss evidence supporting the role of mTORC1 and
mTORC2 in cell metabolism. We will discuss different metabolic pathways
including glycolysis, mitochondrial, and biosynthetic pathways that become
rewired in proliferating cancer cells and consider the role of the mTOR complexes
in metabolic reprogramming.

Glucose Metabolism (Glycolysis)

In normal differentiated cells, glucose is metabolized to pyruvate via glycolysis.
This process yields a net production of 2 mol of ATP/mol of glucose while
reducing the cofactor NAD* to NADH. Cancer cells enhance their rate of glucose
uptake and produce pyruvate at a higher rate than can be metabolized by the
mitochondria. Under this condition, the excess pyruvate is diverted from being
metabolized in the mitochondria and converted to lactate in the cytosol. This gly-
colytic switch can occur under aerobic conditions. Genetic mutations that lead to
enhanced growth factor-PI3K/AKT/mTOR pathway signaling can drive and/or
maintain this switch [152]. Indeed, multiple points along the glycolytic pathway are
influenced by mTOR via regulation of two critical transcription factors HIF1a and
Myc (Fig. 2.2).

A crucial signaling protein that is involved in the glycolytic switch is HIF1
(hypoxia inducible factor 1). HIF1 is a heterodimer, consisting of an O,-regulated
HIFla subunit and a constitutively expressed HIF1$ subunit [136]. Increased
HIFla expression is sufficient to induce expression of genes whose products
increase glycolytic flux [66]. While HIF1a expression is normally elevated under
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Fig. 2.2 mTORCs and glucose metabolism. mTORC]1 contributes to the upregulation of the
transcription factors HIF-loo and Myc, both of which drive a pro-glycolytic transcriptional
program. This activity can be inhibited by rapamycin. mTORC?2, through regulation of AKT
activity, can enhance the activity of various glycolytic enzymes, and through the stabilization of
Myec, can additionally promote transcription of glycolytic enzymes. Myc has been associated with
tumorigenesis. Additional abbreviations used here include GLUT1: glucose transporter 1, HDACs:
histone deacetylases, HIF-1a: hypoxia inducible factor lo, HK: hexokinase, LDHA: lactate
dehydrogenase A, miR-34C: microRNA 34c, PFK: phosphofructokinase, RTK: receptor tyrosine
kinase, S6K: ribosomal protein S6 kinase, and TCA Cycle: tricarboxylic acid cycle

hypoxia, deregulated mechanisms in cancer cells boost HIF1a levels despite aer-
obic conditions. Its expression is upregulated in many primary and metastatic
human tumors [136]. Early studies in prostate cancer cells have shown that
inhibiting mTOR by rapamycin blocks the growth factor- and mitogen-induced
HIF1a expression [180]. Rapamycin also decreases HIF1a stabilization and tran-
scriptional activity under hypoxic conditions [69]. Elevated mTORCI1 activation
that occurs in TSC2 ™~ cells also increases translation of HIF1oe mRNA [17] while
rapamycin decreases its mRNA levels [90, 149]. The control of HIF1a translation
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involves the mTORCI1 target, 4E-BP1 [38]. Thus, mTORCI1 can regulate HIF1a
expression via translational and posttranslational mechanisms.

mTORCI1 is also linked to regulation of genes that are controlled by HIFla.
Transcriptional profiling of rapamycin-treated lymphocytes revealed altered gly-
colytic gene expression in these cells [53, 114]. In prostate epithelial cells of
transgenic mice expressing active AKT, rapamycin diminishes the levels of gly-
colytic enzyme genes controlled by HIFla [98]. A combination of genomic,
metabolomics, and bioinformatics approaches further confirmed the involvement of
mTORCI1 in inducing a HIFla-dependent transcriptional program to promote
glycolysis [38]. Among the HIFla-regulated genes that are transcriptionally
upregulated in an mTORCI1-dependent manner include glycolytic enzymes and
VEGEF. The expression of the rate-limiting glycolytic enzyme pyruvate kinase M2
(PKM2), which is exclusively expressed in proliferating and tumor cells, is also
regulated transcriptionally by mTORC1 via HIFla [145]. Hence, mTORC1 also
regulates HIFlo-target genes at the level of transcription.

Other genes that become upregulated during glycolysis are those encoding
nutrient transporters. mTOR has been shown to play a role in regulating uptake of
nutrients via control of gene expression or membrane trafficking of their trans-
porters. Overexpression of kinase-inactive mTOR perturbs amino acid transporter
trafficking while rapamycin diminishes glycolytic activity [39]. In differentiating T
lymphocytes, rapamycin inhibits expression of HIF1a and genes involved in glu-
cose transport and metabolism [139]. Rapamycin treatment in vivo also reduces
fluorodeoxyglucose (FDG) uptake in kidney cancers with loss of the tumor sup-
pressor von Hippel Landau (VHLI), supporting a role for mTORC1 in glucose
uptake [149]. The sensitivity to mTOR inhibition is attributed to a block in trans-
lation of mRNA encoding HIFla, a target of VHL. However, in another study
using liver-specific Tsc/ mutant mice, increased mTORCI activation is accompa-
nied by reduced glucose uptake [77]. This is likely due to the
mTORC1/S6K1-mediated negative feedback loop that downregulates PI3K/AKT
pathway, which plays a role in glucose transport [60]. The reduced glucose uptake
under elevated mTORCI1 activity is also in line with the findings that TSC-deficient
cells are hypersensitive to glucose withdrawal [72]. Together, these findings sug-
gest that under normal conditions, mTOR couples uptake of nutrients with the
metabolic demands.

Another effector of mTORC1 that promotes glycolytic gene expression is the
transcription factor Myc [49, 159]. Using a bioinformatics approach, Manning and
coworkers have identified cis-regulatory elements among rapamycin-sensitive
genes to be regulated by Myc [38]. In T cells, mTORC1 inhibition also diminishes
the T cell receptor (TCR)-induced Myc expression, which is accompanied by
reduction of glycolytic activity [155]. HIF1 and Myc have overlapping metabolic
gene targets. One example of a common target gene is that encoding lactate
dehydrogenase (LDH) [29, 135]. LDH is a tetrameric enzyme composed of a
combination of the subunits LDHA and LDHB which converts pyruvate to lactate.
Rapamycin treatment of prostate cancer cell lines downregulates LDHA expression
among other metabolic effectors [151]. On the other hand, the expression of LDHB
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is upregulated in an mTOR-dependent manner in murine embryonic fibroblasts that
have deficiency in TSC1, TSC2, or PTEN and with activated AKT. The enhanced
LDHB levels are critical for hyperactive mTOR-mediated tumorigenesis [176].
Another common target of HIF1lo and Myc is PKM2. Unlike transcriptional acti-
vation of the PKM2 gene by HIF1a, Myc appears to regulate PKM2 expression in
an mTORC]1-dependent manner via the alternative splicing repressors, hnRNPs
[145]. How mTORCI contributes to the regulation of LDH and other common
target genes of HIFla and Myc awaits further investigation. In addition, how
mTORCI can regulate Myc remains to be characterized.

Studies using raptor knockout models are also beginning to reveal more insights
on specific roles of mTORCI in cellular metabolism. More recently, Yang et al.
showed that the metabolic programming that drives the exit of T cells from qui-
escence is dependent on mTORCI1. TCR stimulation of raptor-deficient CD4" T
cells triggers reduced glycolytic activity compared to wild type cells [166]. This
defect is accompanied by attenuated mRNA expression of glycolytic enzymes and
protein expression of Myc. Furthermore, mTORCI1 links glucose metabolism to
cytokine receptor expression and responsiveness [166]. There is also evidence that
downstream mTORC]1 substrates mediate glycolytic metabolism. Knockdown of
S6K1 in PTEN-deficient cells decreases HIF1a expression and glycolysis [146]. In
these studies, targeting the mTORC]1 substrate S6K1 in PTEN-deficient mouse
model of leukemia delays leukemogenesis. Additionally, pharmacological or
genetic inhibition of another mTORCI target, 4E-BP1, is also sufficient to block
Myc-driven tumorigenesis [117]. Whether other substrates of mMTORCI in addition
to S6K1 and 4E-BP1 mediate the function of mMTORCI1 in glycolysis will need to be
addressed.

mTORC?2 also plays a role in glycolytic metabolism. Early on, the mTORC2
substrate AKT was shown to couple growth factor signaling to glucose metabolism
[122]. Using an experimental leukemia model, Elstrom et al. [41] demonstrated that
AKT activation was sufficient in increasing the rate of glucose metabolism. They
also found increased rates of aerobic glycolysis in glioblastoma cells harboring
constitutive AKT activity. In prostate epithelial cells, activated AKT induces gly-
colytic genes via HIF1a [98]. On the other hand, AKT deficiency is sufficient to
suppress tumor development in PTEN= mice [20]. Thus, AKT plays a crucial role
in enhanced aerobic glycolysis. The most compelling evidence demonstrating a role
for mTORC?2 in glycolytic metabolism was presented using liver-specific rictor
knockout mice. In the liver of these mice, AKT phosphorylation is abrogated,
glycolysis is impaired and the activity of glucokinase is reduced. Expression of a
constitutively active AKT or glucokinase rescues glucose flux in these mice [55].
Thus, mTORC?2 regulates glycolysis in the liver via AKT. Recently, mMTORC2 was
shown to control glycolytic metabolism in glioblastoma independently of AKT
[101]. In this cancer model, mMTORC?2 controls the acetylation of FoxO through
inhibition of Class Ila HDAC phosphorylation [101]. These findings support that
mTORC?2 has functions in glycolytic metabolism distinct from AKT.
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Oxidative and Mitochondrial Metabolism

The maximum production of ATP under normal conditions requires metabolism of
pyruvate in the mitochondria. Pyruvate enters the mitochondria and is converted to
acetyl coenzyme A (acetyl CoA), which is further metabolized via the tricarboxylic
acid (TCA) cycle. Whereas the TCA cycle serves to produce maximal ATP pro-
duction in nonproliferating cells, it primarily generates intermediates that are utilized
as biosynthetic precursors in highly proliferating cells [152]. mTOR has been linked
to these processes occurring in the mitochondria (Fig. 2.3). Inhibition of mTOR by
rapamycin reduces mitochondrial membrane potential, oxygen consumption, ATP
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Fig. 2.3 mTORC:S in oxidative and mitochondrial metabolism. Mitochondrial gene transcription
is upregulated in an mTORCI1-dependent manner, through the stimulation of PGCla/YY1
coactivation, and mitochondrial gene translation is upregulated through eIF4E activity.
Additionally, mTORC1 promotes phosphorylation of mitochondrial proteins and associates with
VDAC and Bcl-xL, regulating mitochondrial substrate availability and apoptosis, respectively.
mTORC2 modulates mitochondrial metabolism and integrity through AKT activity. Additional
abbreviations used here include ADP: adenosine diphosphate, ATP: adenosine triphosphate,
Bcel-xL: B-cell lymphoma-extra large, G-6-P: glucose-6-phosphate, IP3R: inositol trisphosphate
receptor, PACS: phosphofurin acidic cluster sorting protein, PGC-lo: peroxisome
proliferator-activated receptor gamma coactivator l-alpha, VDAC: voltage-dependent anion
channel, and YY1: yin yang 1
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synthetic capacity and alters the mitochondrial phosphoproteome [131].
Interestingly, these effects of rapamycin do not seem to be mediated by S6K or
4E-BP1. In rapamycin-treated skeletal muscle tissue and cells, the expression of
mitochondrial transcriptional regulators such as PGC-1a is decreased along with
mitochondrial gene transcription [27]. By bioinformatics analysis, the transcription
factor YY1 was identified as a target of mTOR and PGCl-o in these cells.
Knockdown of YY1 decreases mitochondrial gene expression and YY1 is required
for the rapamycin-dependent repression of these genes. In TCR-stimulated
raptor-deficient CD4+ T cells, reduced oxygen consumption rate and diminished
expression of genes involved in oxidative phosphorylation are also observed [166].
Thus, mTORC1 could control mitochondrial metabolism via transcriptional
mechanisms.

Other studies have shown a more direct control of mitochondrial function by
mTOR [119]. mTOR can be found at the outer membrane of the mitochondria [35]
and associates with the outer mitochondrial membrane proteins Bcl-xL and
VDACI, proteins that are involved in cellular apoptosis and substrate transport,
respectively [119]. mTOR can phosphorylate Bcl-xL in vitro at Ser62, a site that
regulates Bcl-xL activity. Although phosphorylation of VDAC has not been
demonstrated, inhibition of VDAC2 in Jurkat cells generated some overlapping
metabolic profile as rapamycin treatment including increased lactate, glycerol and
upstream glycolytic intermediates [119]. Decreased levels of TCA cycle interme-
diates are also found. These findings suggest that mTORCI inhibition could limit
mitochondrial substrate availability and thus promotes diversion from mitochon-
drial respiration to aerobic glycolysis.

mTORCI1 also controls genes involved in mitochondrial function at the level of
translation. Raptor knockdown reduces mitochondrial respiration and the amounts
of TCA cycle intermediates. mTORC1, but not mMTORC?2, induces the expression of
nucleus-encoded mitochondrial proteins [105]. mMTORC1 performs this function via
inhibition of 4E-BP. S6K1 does not appear to affect mitochondrial respiration and
glucose flux to pyruvate and lactate [105]. Knockdown of S6K1 also does not
decrease expression of mitochondrial genes [27]. Thus, the mTORCI1 effector
4E-BP plays a more significant role in mitochondrial metabolism.

The role of mTORC2 in oxidative and mitochondrial metabolism is poorly
understood. Transformed cells that are mMTORC?2 addicted are highly dependent on
mitochondrial functions [23]. Knockdown of rictor stimulates mitochondrial res-
piration while diminishing the amounts of pyruvate and lactate, suggesting a
negative regulatory role in mitochondrial respiration [105]. mTORC?2 localizes to
mitochondria-associated endoplasmic reticulum (ER) membrane (MAM) upon
growth factor stimulation [12]. In this compartment, mTORC2 controls growth
factor-mediated MAM integrity, calcium flux, and mitochondrial membrane
potential. This function of mTORC2 is mediated by AKT, which regulates hex-
okinase II, along with other proteins involved in MAM integrity. AKT can also
regulate hexokinase-VDAC interaction at the outer mitochondrial membrane [50].
It was proposed that AKT increases coupling of glucose metabolism to oxidative
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phosphorylation. mTORC2 at MAM is associated with ribosomes and while this
suggests it is active in this compartment [12, 181], it remains unclear whether there
are AKT-independent functions of mTORC?2 in this compartment.

Glutamine Metabolism

Glutamine is the most abundant nonessential amino acid in the plasma and is avidly
used by proliferating tumor cells. Glutamine is a versatile molecule, as it serves as a
carbon source for energy production and its carbon and nitrogen are also used for
biosynthetic reactions [30]. Glutamine is a precursor for a-ketoglutarate (aKG) and
is used to replenish TCA intermediates (anaplerosis) in proliferating cells.
Incorporation of aKG into the TCA is the major anaplerotic step in proliferating
cells and important for production of oxaloacetate which reacts with acetyl CoA to
produce citrate. aKG and glutamine are also precursors for nucleotides and other
amino acids. Glutamine is also used for the production of UDP-GIcNAc, a
metabolite produced by the hexosamine biosynthesis pathway, which, in turn is
used for protein glycosylation. Glutamine is metabolized via glutaminolysis, which
consists of two steps: the first is catalyzed by glutaminase (GLS) and converts
glutamine to glutamate. The second is catalyzed by glutamate dehydrogenase
(GDH) and converts glutamate to «KG. Oncogenic signals such as elevated levels
of Myc increase glutamine uptake and metabolism through a transcriptional pro-
gram that includes enhancement of expression of mitochondrial glutaminase [47,
161]. As with glucose metabolism, mTOR signaling impinges on multiple aspects
of glutamine metabolism (Fig. 2.4).

mTORCI1 is sensitive to glutamine levels. Glutamine, in combination with
leucine activates mTORC1 by enhancing glutaminolysis and oKG production.
Glutaminolysis correlates with increased mTORCI1 activity and is necessary for
GTP loading of RagB and activation of mTORCI signaling. It also promotes cell
growth and inhibits autophagy via regulation of mTORCI1 [37]. The uptake of
glutamine by the transporter SLCIAS has also been suggested to be the
rate-limiting step that activates mTOR. The heterodimeric glutamine antiporter
SLC7AS/SLC3A2 (CD98) uses intracellular glutamine as an efflux substrate to
regulate the uptake of leucine. This in turn leads to activation of mTORC1 [109].
On the other hand, glutamine depletion that can occur as an off target effect of using
asparaginase, which has glutaminase activity, indirectly inhibits mTOR activity via
decreased leucine uptake in AML [160]. Thus, although mTORC1 may not directly
sense these amino acids, the above findings suggest an indirect mechanism whereby
glutaminolysis activates mTORCI. Since glutaminase uses glutamine as the sub-
strate and GDH is allosterically activated by leucine [137], the enzymes catalyzing
glutaminolysis themselves instead sense glutamine and leucine directly [37].

mTORCI1, via Myc, can also stimulate glutamine metabolism via regulation of
transcription factors involved in expression of glutaminolysis-related genes.
Deletion of Myc in T cells markedly inhibits T cell activation-induced
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Fig. 2.4 mTORCs and glutamine metabolism. Glutamine serves as a precursor to generate
molecules necessary for biosynthesis. mTORCI itself is sensitive to levels of glutamine and
leucine, both of which can drive glutaminolysis and o-ketoglutarate production, activating
mTORCI. Through the translational upregulation of Myc, mTORCI can drive the transcription of
genes involved in glutaminolysis (indicated by dashed box). Further, mTORC1 directly inhibits
CREB2, which drives the transcription of the GDH inhibitor, SIRT4. mTORC?2 contributes to
glycolytic and TCA cycle flux. The expression of Myc can be mTORC2-dependent but the
mTORC?2 role in glutaminolysis remains to be investigated. Additional abbreviations used here
include CREB2: cAMP response element-binding protein 2, GDH: glutamine dehydrogenase,
GLS: glutaminase, SIRT4: sirtuin 4, SLCl1AS: solute carrier family 1 member 35,
SLC7AS/SLC3A2: solute carrier family 7 member 5/solute carrier family 3 member 2 (CD98),
and UDP-GIcNAc: uridine diphosphate N-acetylglucosamine

glutaminolysis and decreases phosphorylation of mMTORCI1 substrates [155]. In the
Myc-deleted T cells, the transcription and translation of glutaminase 2, along with
other enzymes in the glutamine catabolic pathway are downregulated [155]. Since
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mTORCI1 mediates translational upregulation of Myc [159], these findings further
highlight a regulatory loop wherein mTORCI1 regulates Myc, which in turn pro-
motes glutaminolysis that further activates mMTORCI1. Another transcription factor
that is regulated by mTORCI1 to promote glutaminolysis is CREB2. Using bioin-
formatics, Csibi et al. identified a CREB2 (cAMP-responsive element-binding 2)
recognition motif in the promoter region of SIRT4. CREB2 is a transcription factor
that plays a role in metabolic processes. mTORC1 promotes the
proteasome-mediated degradation of CREB2 and represses SIRT4 transcription
[26]. SIRT4, which is localized in the mitochondria, is a member of the sirtuin
family of nicotinamide adenine dinucleotide (NAD)-dependent enzymes that have
been implicated in metabolism and longevity [56]. SIRT4 negatively regulates
GDH by ADP-ribosylation. Thus, repression of SIRT4 by rapamycin treatment
decreases GDH activity. These findings indicate that mMTORC1 promotes glutamine
metabolism via negative regulation of CREB2, which ultimately leads to activation
of GDH.

Whether mTORC2 plays a role in glutamine metabolism is obscure. The
expression of Myc in glioblastoma is mTORC2-dependent [101]. However, pre-
vious studies have shown that activation of PI3K and AKT is not required for
glutaminolysis in Myc-expressing cells [161]. Inhibition of GDH or glutaminase
does not affect phosphorylation of AKT, suggesting mTORC?2 activity is intact
under such conditions [37]. However, knockdown of rictor decreases levels of aKG
that are likely derived from glutaminolysis, suggesting that mTORC2 could regu-
late this process as well [105].

Amino Acid Metabolism

Amino acids are the building blocks for protein synthesis and also serve as meta-
bolic precursors. During nutrient-limiting conditions, protein synthesis is down-
regulated, autophagy is induced, and amino acid biosynthesis is enhanced via
mTOR-dependent mechanisms. Several recent reviews have discussed the role of
mTOR in protein synthesis and autophagy in response to the presence of amino
acids [76, 96]. Much work has been done characterizing the role that amino acids
play in stimulating mTOR signaling, however, there has been comparatively less
work done on describing the role mTOR plays in the regulation of amino acid
synthesis. Here, we will discuss its implicated role in amino acid biosynthesis.
For humans, essential amino acids must be supplied through the diet; however,
nonessential amino acids can be synthesized intracellularly. An abundant supply of
amino acids, that are utilized for enhanced protein synthesis and as metabolic
precursors, are required by cancer cells. Despite the apparent diversity of amino
acids, there is a common source of precursor molecules for their synthesis. The
importance of amino acid biosynthesis in metabolic reprogramming is underscored
by the use of amino acid depleting enzymes such as asparaginase as an anticancer
drug. Asparaginase has been used for the treatment of pediatric and adult acute
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lymphocytic leukemia as well as pediatric AML [108]. Asparaginase catalyzes the
hydrolysis of the nonessential amino acid asparagine into aspartic acid and
ammonia, thereby depleting the serum of asparagine. Malignant cells that are
auxotrophic for asparagine (due to lower asparagine synthetase activity than normal
cells) have impaired protein synthesis due to limiting amounts of this amino acid.
Rapamycin treatment of cells decreases asparagine levels and gene expression of
asparagine synthetase, suggesting a role for mTOR in regulating amino acid
biosynthesis [114, 119]. In contrast, argininosuccinate synthetase-1 (ASS1), the
rate-limiting enzyme for arginine biosynthesis, is increased by rapamycin treatment
[114]. The mechanism for this is not clear, but it is interesting to note that
arginine-auxotrophic tumors, such as melanoma and hepatocellular carcinoma [87],
develop resistance to therapy using arginine deiminase, which degrades extracel-
lular arginine. This resistance to the deiminase is due to elevation of ASS and these
tumors become particularly sensitive to PI3K/AKT inhibitors [95]. Future studies
should reveal how the mTORCs can regulate amino acid synthetases.

The mTORCs may also regulate amino acid metabolism at the level of their
transporters. Genomic studies identified neutral amino acid transporters to be
decreased upon rapamycin treatment [114]. In contrast, metabolic profiling of
rapamycin-treated cells revealed intracellular upregulation of specific amino acids
due to increased uptake via transporters rather than anabolic processes [119].
Lastly, mTORCs are indirectly involved in amino acid biosynthesis based on their
role in other metabolic pathways. Intermediates from glycolysis, the pentose
phosphate pathway (PPP), and the citric acid cycle supply the necessary building
blocks used for synthesizing the nonessential amino acids in human cells. Since
mTOR is known to regulate various steps along these pathways [38, 55, 171], it can
be deduced that mTOR regulates amino acid synthesis indirectly via different
mechanisms.

Pentose Phosphate Pathway and Nucleotide Synthesis

Cells utilize the PPP for two critical functions; to generate reducing equivalents in
the form of NADPH and ribose-5-phosphate for nucleic acid synthesis (Fig. 2.5).
About 5-30 % of glucose is metabolized via the PPP. Glucose-6-phosphate
dehydrogenase (G6PD) catalyzes the rate-limiting reaction in the PPP [143]. PPP is
divided into an oxidative and a nonoxidative branch, which are irreversible and
reversible, respectively. In the oxidative branch glucose-6-phosphate (G6P) is
oxidized by G6PD to produce NADPH. In contrast, the nonoxidative branch is a
series of reversible reactions, converting glycolytic intermediates into
ribose-5-phosphate. Both pathways ultimately generate phosphoribosyl pyrophos-
phate, the precursor for nucleotide synthesis. Rapidly dividing cells have increased
PPP activity. In addition to the requirement for pentose phosphates in nucleotide
production, NADPH is also used as a reducing agent in several synthetic steps of
fatty acid, cholesterol, and steroid hormones, along with detoxification reactions.
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Fig. 2.5 mTORGC:s in the pentose phosphate pathway and nucleotide synthesis. Both mTORCs
enhance transcription of enzymes involved in the PPP. mTORC2 has also been linked to
posttranslational regulation of PPP enzymes. mTORC2, through AKT, promotes flux through the
PPP and enhances levels of PRPP, the precursor for nucleotide synthesis. mMTORC1, through S6K
activity, can stimulate nucleotide synthesis through CAD, which catalyzes the initial steps of de
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genase, G6PD: glucose-6-phosphate dehydrogenase, PPP: pentose phosphate pathway, PRPP:
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mTORCI can stimulate flux through the oxidative branch [38, 172]. mTORCI is
involved in this pathway via transcription of genes encoding enzymes that drive the
PPP. By regulating expression of these genes, mTORCI1 promotes production of
ribose-5-phosphates, which are used in purine and pyrimidine nucleotide synthesis
and production of NADPH.

Rapidly proliferating cells require an ample pool of nucleotides which are
critical for cellular processes such as ribosome biogenesis. These pools are syn-
thesized through two pathways: the salvage pathway, which generates nucleotides
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from degradation intermediates and the de novo synthesis pathway, which
assembles complex nucleotides from basic molecules. Utilizing phosphoproteomic
and metabolomic profiling approaches, mTORCI has been linked to production of
pyrimidines via de novo pathways [7, 123]. mTORCI, via phosphorylation of
S6K1, promotes activation of CAD (carbamoyl phosphate synthetase 2, aspartate
transcarbamylase, and dihydroorotase). S6K1 directly phosphorylates CAD on
Ser1859. In raptor-, but not rictor-depleted MEFs, CAD phosphorylation is abro-
gated, demonstrating that this phosphorylation is mTORC1-specific [123]. CAD
catalyzes the initial steps of pyrimidine synthesis by utilizing glutamine, bicar-
bonate, and aspartic acid to generate pyrimidine rings. mTORCI1 and
S6K1-mediated phosphorylation of CAD enhances its oligomerization [123]. De
novo pyrimidine synthesis is enhanced by mTORC1 and S6K in response to growth
factor or amino acid stimulation, although they are not essential for de novo syn-
thesis per se [7].

mTORC?2 also plays a role in the PPP. Hyperactive mTORC2 can result in
increased flux through the PPP. AKT phosphorylates hexokinase and drives its
association with the mitochondria, where hexokinase can phosphorylate glucose,
and thus elevate the levels of G6P, the substrate for the PPP [144]. Moreover, in an
insulin-driven model of hepatocellular carcinoma cells, Evert et al. [42] have shown
that AKT drives the upregulation of the PPP through several mechanisms, including
via increase of phosphate dehydrogenase and ribose 5-phosphate isomerase A
expression and activity, as well as through driving glycolysis. A significant role for
mTORC?2 in regulating the PPP was recently demonstrated using a chemical genetic
screen. The yeast TORC2 specifically interacts with the PPP [83]. Proteins that play
a role in the PPP physically associate with TORC2. Furthermore, metabolic
intermediates such as 6-phospho-D-gluconate (6PG) and ribose-5-phosphate are
strongly downregulated in response to TOR2 inhibition. Since the decrease in PPP
metabolite levels is rapid, it was proposed that TORC?2 likely plays a posttransla-
tional role in the regulation of the PPP.

So far, the role of mMTORC?2 in nucleotide metabolism is likely via stabilization
of AKT, which regulates purine synthesis [156]. The PI3K/AKT signaling axis
regulates the early steps of the nonoxidative PPP at the level of phosphoribo-
sylpyrophosphate (PRPP) synthesis and later steps by modulating the activity of
aminoimidazole-carboxamide ribonucleotide transformylase IMP cyclohydrolase
[156]. Whether mTORC?2 has a more direct role in regulating the expression or
activity of the enzymes involved in nucleotide synthesis remains to be elucidated.

Lipid Metabolism

Cancer cells undergo increased de novo lipid synthesis. Production of lipids and
fatty acids are enhanced for biosynthesis of membranes and signaling molecules.
Cell membrane lipids including phospholipids, sterols, sphingolipids, and
lyso-phospholipids are derived in part from acetyl CoA. The enhanced glutamine
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metabolism that occurs in cancer cells leads to elevated citrate production. Citrate,
in turn, is exported from the mitochondria to the cytosol. Cytosolic citrate is pro-
cessed by ATP citrate lyase (ACL) to generate cytosolic acetyl CoA, the building
block for endogenous synthesis of acyl groups and sterols. Indeed, ACL expression
is found upregulated in a number of cancers [6, 104, 157].

Early studies on the use of rapamycin in transplantation have revealed that an
adverse side effect of mTOR inhibition is hyperlipidemia [162], underscoring the
role of mTOR in lipid metabolism (Fig. 2.6). Although the in vivo studies imply a
negative regulatory role for mTOR in lipid biosynthesis, cellular studies have
revealed the opposite. Rapamycin reduces the expression of acetyl CoA carboxy-
lase, fatty acid synthase and stearoyl CoA desaturase, which are lipogenic enzymes
whose transcription is targeted by the transcription factor SREBP (sterol regulatory
element-binding protein) [16, 102, 114]. Rapamycin also elevates levels of glycerol
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and promotes accumulation of acetyl CoA and malonyl CoA, which are substrates
for lipid synthesis [119]. These findings suggest that the hyperlipidemia observed
upon rapamycin treatment in vivo is probably not due to increased synthesis in the
liver but is due to delayed peripheral clearance [16]. Indeed, numerous studies
support a positive role for mTOR in lipid biosynthesis [88, 121].

Several studies have uncovered a role for mTORCI in lipogenesis [38, 116,
166]. In cells expressing active AKT, the induction of lipid synthesis is dependent
on mTORCI1 [116]. In TSC2-deficient fibroblasts where mTORCI1 activity is
upregulated, there is a rapamycin-sensitive increase in de novo lipid biosynthesis
[38]. A more direct analysis in liver-specific raptor knockout confirmed the
requirement for mTORC]1 in lipogenesis [154]. Similarly, raptor-deficient CD4* T
cells have defective de novo lipid synthesis and fails to induce genes involved in
lipogenic pathways upon TCR stimulation [166]. In T regulatory cells (Tyegs),
mTORC]1 promotes cholesterol and lipid metabolism, with the mevalonate pathway
being particularly important for Ty, proliferation and upregulation of mediators
important for suppressive function [175]. Several studies support that the mTORC1
function in lipid metabolism is mediated via SREBP. An enrichment in DNA
binding elements that recognize the transcription factor SREBP is found in
rapamycin-sensitive genes identified in microarray studies using TSC-deficient cells
[38]. There are three isoforms of SREBP in mammalian cells, SREBP1a, SREBPlc,
and SREBP-2 that regulate distinct, yet overlapping transcriptional programs
governing lipid synthesis. In raptor-deficient T cells, the protein expression of both
SREBP1 and SREBP2 is attenuated [166]. In hepatocytes, the insulin-mediated
increase in SREBP-1c mRNA is mTORC]1-dependent but S6K-independent [113,
154]. Thus, mTORCI1 can regulate SREBP at the level of transcription and protein
expression to control lipogenesis.

SREBPs are synthesized as inactive precursors that reside in the ER and
translocate to the nucleus after processing from the Golgi. This active processed
form induces transcription of SRE-containing target genes. The processing step is
thus sensitive to sterol levels and controlled by mTORCT1 signaling. An enhance-
ment of processed forms of SREBP1 has been observed in the TSC-deficient cells
and the mTORCI target S6K1 has been shown to regulate SREBP processing [38,
113]. The stability of its processed active form has also been linked to AKT
regulation [116]. mTORCI1 also regulates SREBP by controlling the nuclear
localization of lipin 1, a phosphatidic acid phosphatase that represses SREBP
activity [115]. Thus, mTORCI signals promote accumulation of the active form of
SREBP, serving as another mode of regulation of lipogenesis by mTORCI.

In addition to SREBP, mTORCI1 has been linked to the regulation of peroxisome
proliferator-activated receptor y (PPARY). Upregulation of the mTORCI1 pathway,
such as by inactivation of TSC2, promotes adipocyte differentiation, in which
PPARY plays a central role [178]. The mTORCI1 effectors 4E-BP1 and S6K can in
part mediate this function of mMTORCI in adipogenesis. mTORC1 can also increase
the activity of lipin 1, which promotes triglyceride synthesis and enhances the
PPARY adipogenic activity [70]. How this function of mTORCI in adipogenesis
becomes deregulated in cancer is not clear but reducing fatty acid availability to
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cancer cells by diverting them to storage pathways or blocking their release from
storage could be promising as therapeutic targets [28].

The role of mTORC?2 in lipid metabolism is revealed in studies from knockout
models using different organisms. In yeast, the TORC2 component, Avo3 (rictor
orthologue) regulates ceramide and downstream sphingolipid synthesis [2].
Sphingolipids are a major component of cell membranes and are required for cell
growth. In C. elegans, a high body fat phenotype occurs in Rictor null worms, which
is independent of AKT, but rather dependent on SGK1 [79, 142]. In mice, knockout
of rictor specifically in the liver decreases lipogenesis [55, 174]. Hagiwara et al. have
shown that in these mice, there is a loss of SREBPIc activity and in turn, loss of
lipogenesis, suggesting that there is an mTORC?2 specific role for the regulation of
lipogenesis, as these mice have functional mTORCI1. Further, expression of a
constitutively active AKT is able to rescue de novo lipogenesis [55]. In glucose
stimulated hematopoietic cells, knockdown of ACL impairs AKT-induced tumori-
genesis [4]. ACL is itself phosphorylated by AKT [11]. The requirement for AKT in
lipogenesis is strengthened by the findings that mTORC1 activation is not sufficient
to stimulate lipogenesis under conditions wherein AKT signaling is downregulated
[154, 172]. On the other hand, Yuan et al. [174] reported that active AKT is unable to
drive hepatic lipogenesis in the absence of mTORC2. Thus, mTORC2 plays an
additional role in lipogenesis that is independent of AKT.

mTORC?2 also plays a role in adipogenesis. The BSD domain containing protein,
BSTA, is targeted by mTORC?2 and its interaction with AKT enhances its activation
and suppression of FoxC2, driving adipogenesis [169]. Given the link between
obesity and cancer, the impact of mTOR signaling in adipogenesis and cancer
progression needs further investigation.

Acetylation

Protein modifications such as acetylation are dependent on the generation of
metabolites. In addition to its use in lipogenesis, acetyl CoA is a key metabolite for
acetylation and is also used to generate metabolites required for glycosylation
[158]. Protein acetylation is a critical posttranslation modification in the regulation
of various cellular processes. Analogous to phosphorylation, acetylation can modify
protein function and interactions. Histone acetylation is the most common example
of protein acetylation, in which the acetylation and deacetylation of lysine residues
alter the interaction of histones with DNA, providing access for or inhibiting
transcription of specific genes. Thus, levels of acetyl CoA could have profound
effects on epigenetic regulation. As discussed above under lipid metabolism, the
PI3K/AKT pathway plays a role in the production of acetyl CoA via regulation of
ACL. Whether mTORC2 functions in regulating ACL remains unclear.
Nevertheless, mMTORC2 has a role in the indirect regulation of acetylation. Recent
work has shown that mTORC?2 regulates class Ila histone deacetylases [101]. Using
a model of glioblastoma, this regulation of histone deacetylases occurs via
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phosphorylation of histone deacetylases, which suppresses acetylation of FoxO,
ultimately resulting in an increase in c-Myc expression and metabolic reprogram-
ming [101]. Histone acetylation changes that precede tumor development are also
stimulated by AKT and that this effect of AKT is mediated via ACL [91]. Since the
mTORC2-mediated AKT phosphorylation at Serd73 correlated with histone
acetylation marks in gliomas and prostate tumors, these findings also support a role
for mTORC?2 in acetylation. Interestingly, multiple sites of acetylation have been
identified on the mTORC2 subunit Rictor [48]. Glidden et al. [48] identified a
region along Rictor that is the target of acetylation and that the consequence of this
acetylation is increased mTORC?2 activity, as determined by stimulation of AKT
activity. These findings reveal a regulatory loop wherein mTORC?2 can control and
is controlled by acetylation.

Clinical Relevance

mTOR sits within a key regulatory node, integrating extracellular cues such as
growth and stress signals to control cell growth, metabolism and proliferation. This
role makes mTOR a viable target for cancer therapeutic intervention (Table 2.1).
Deregulated activation of the mTOR pathway is prevalent in many types of cancer.
Mutations in mTOR itself that increase its activity have been found in solid tumors
[51, 153]. Furthermore, mutations in upstream regulators of mTOR occur fre-
quently in human tumors, including the oncogene PIK3CA (encoding PI3K) and the
tumor suppressor PTEN [163]. There are also other genetic lesions that induce
activation of the PI3K/mTOR pathway in cancer cells such as those encoding Ras,
AKT, TSC1/2, Notchl, and receptor tyrosine kinases [10, 138]. Mutations and
genomic alterations in metabolic enzymes and other key regulators of metabolic
pathways of which mTOR has been linked are also common in cancers [54, 136].
Altogether, these mutations reprogram metabolism to favor biosynthetic processes
crucial for the growth and proliferation of cancer cells. Hence, there is substantial
effort to test MTT in the clinic and utilize existing drugs that target the pathways that
become deregulated due to the above mutations (Table 2.1). More importantly,
research efforts are geared toward improving cancer therapeutic strategies via better
understanding of the growth and metabolic signaling network and identifying
predictive biomarkers. This would allow more specific targeting using single agent
therapies and/or more efficacious approach by combined therapeutic approaches.
A more targeted approach holds promise particularly when specific mutations
driving the malignancy are identified and the gene products are druggable. In
support of this notion, a recent Phase I study wherein a urothelial cancer patient had
an exceptional response to the mTOR inhibitor, everolimus, turned out to have
activating mutations in mTOR [153]. In another study that analyzed gene expres-
sion patterns of patients with different types of gastric cancer, it was found that
tumors of the mesenchymal subtype are particularly sensitive to MTI [92]. Whether
common mutations in the mTOR/PI3K pathway in this cancer subtype occur



2 The mTOR Complexes in Cancer Cell Metabolism

49

Table 2.1 Compounds currently being evaluated as anticancer agents targeting mTOR, as well as

other aspects of cellular metabolism

Drug Target Mechanism of action | Clinical trial/status

mTOR inhibitors

AZD8055 mTORC1/2 Inhibits mTOR NCT01316809, NCT00973076,
signaling NCT00999882, NCT00731263

Everolimus mTORC1 Inhibits mTOR NCT00510068, NCT00912340,
signaling NCT00410124

MLNO0128 mTORC1/2 Inhibits mTOR NCT01058707
signaling

OSI-027 mTORC1/2 Inhibits mTOR NCT00698243
signaling

Ridaforolimus | mTORC1 Inhibits mTOR NCT00770185, NCT00736970,
signaling NCT01234857, NCT01605396

Temsirolimus mTORC1 Inhibits mTOR NCT01111825, NCT00909831
signaling

Glucose metabolism (glycolysis)

2-deoxyglucose | Hexokinase Inhibits glucose flux | NCT00096707, NCT00633087,
NCT00247403

AZD-3965 MCT1 Inhibits lactate NCTO01791595
transport

Dichloroacetate | PDK Promotes oxidative NCT00566410, NCT00703859,
metabolism NCT00540176, NCT01163487

Metformin AMPK Impairs glucose NCT02149459, NCT2145559,
metabolism NCT02048384

PX-478 HIF1la Decrease HIF1a NCT00522652
levels

TLN-232 PKM2 Inhibits anaerobic NCT00422786

glycolysis

Oxidative and mitochondrial metabolism

AG-120 IDH1/2 Inhibits mutant NCT02073994, NCT02074839
IDH1/2
Dichloroacetate | PDK Modulates NCT00566410, NCT00703859,
mitochondrial NCT00540176, NCT01163487
metabolism
Metformin Mitochondrial Inhibits oxidative NCTO02145559, NCT02048384
complex I metabolism

Glutamine metab

olism

L-asparaginase

Asparagine

Impairs glutamine
uptake

Approved agent

Amino acid metabolism

L-asparaginase

Asparagine

Depletes asparagine

Approved agent

Methotrexate

DHFR

Impairs folate
metabolism

Approved agent

Pentose phosphate pathway and nucleotide synthesis

5-fluorouracil

Approved agent

(continued)
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Table 2.1 (continued)

Drug Target Mechanism of action | Clinical trial/status
Thymidylate Irreversibly inhibits
synthase thymidine synthesis

Gemcitabine Nucleoside Impedes nucleotide Approved agent
analog incorporation

Hydroxyurea Ribonucleotide | Impairs Approved agent
reductase deoxyribonucleotide

production

remains to be examined. Nevertheless, these studies support the concept that more
effective therapy could be achieved as we gain better understanding of the
molecular basis of tumor heterogeneity.

The clinical use of rapamycin is limited due to poor water solubility and sta-
bility. Thus, several pharmaceutical companies have developed rapamycin analogs
(rapalogues) with improved pharmacokinetic properties. Rapalogues are already
being used for the treatment of specific types of cancers and are also undergoing
clinical trials for a number of different types of malignancies. We refer the reader to
previous excellent reviews on rapamycin clinical trials and we focus our discussion
here on more recent findings [8, 36]. Everolimus (Afinitor, RAD0O01; Novartis) has
been efficacious for the treatment of renal cell carcinoma [106], subependymal giant
cell astrocytoma and angiomyolipoma in tuberous sclerosis [13, 84]. Temsirolimus
(Torisel, CCI779; Wyeth) is currently approved for advanced renal cell carcinoma
and refractory mantle cell lymphoma [63]. Everolimus significantly prolonged
progression-free survival (PFS) among patients with advanced pancreatic neu-
roendocrine tumors in a Phase III study [168], making everolimus the first effective
treatment in prolonging the life of patients with this type of cancer. Ridaforolimus
(A23573, deforolimus; Merck/Ariad) delayed tumor progression albeit modestly in
patients with metastatic sarcoma [32]. It also has antitumor activity in advanced
endometrial cancer patients in a Phase II clinical trial [24]. However, in most cancer
types, rapalogues only stabilize the disease. Studies using cell lines have provided
clues on possible molecular basis for this. Rapamycin and its analogs do not inhibit
all the functions of mTORCI and can inhibit mTORC?2 indirectly only in certain
cell types [21, 45, 129, 150]. Furthermore, inhibiting mTORCI1 can also trigger a
feedback loop that activates the PI3K/AKT pathway [60]. In addition, there are
likely other bypass mechanisms or alternative pathways that tumor cells employ to
acquire resistance against mTOR inhibition and evade cell death [68]. Thus,
identifying such mechanisms would provide additional viable targets.

Indeed, although rapalogues as a single agent therapy have not lived up to
expectations, combination therapy is yielding more promising clinical results.
Everolimus in combination with the aromatase inhibitor, exemestane, is now
approved for the treatment of ER-positive, HER2-negative advanced breast cancer
resistant to nonsteroidal aromatase inhibitors based on extended median PFS of
patients treated with everolimus + exemestane compared to placebo + exemestane
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in the BOLERO-2 Phase III trial [170]. In the BOLERO-3 trial, use of everolimus
in addition to trastuzumab and vinorelbine also significantly prolonged the PFS of
patients with trastuzumab-resistant, taxane pretreated, HER2-positive advanced
breast cancer [1]. Several clinical trials are ongoing to evaluate rapalogues in dif-
ferent breast cancer types either as combination or adjuvant/neoadjuvant therapy
[75]. Temsirolimus in combination with the autophagy inhibitor hydroxychloro-
quine gave significant antitumor activity in melanoma patients in a Phase I clinical
trial [120].

When combined with conventional chemotherapeutic agents (such as doxoru-
bicin, camptothecin, paclitaxel, carboplatin, cisplatin, and vinorelbine), preclinical
studies have revealed that rapamycin and rapalogues have enhanced antitumor
activity. Thus, rapalogues in combination with chemotherapeutic agents are
undergoing clinical trials for a number of different cancers. Phase I clinical trials
have been conducted for use of everolimus with conventional chemotherapeutic
agents for the treatment of advanced/metastatic pancreatic cancer [78],
recurrent/metastatic squamous cell carcinoma of the head and neck [124], cholan-
giocarcinoma [25]. Phase II clinical trials of everolimus with carboplatin for the
treatment of patients with triple negative breast cancer demonstrated efficacy [141].

While the use of rapalogs have mainly cytostatic effects, use of pan-mTOR
kinase inhibitors either by itself or in combination with other targeted therapies and
chemotherapeutic agents have been more successful in inducing cytotoxicity in
preclinical studies. Unlike rapamycin, which allosterically inhibits mTOR and
blocks some of mTORCI1 functions, the ATP-competitive or active site inhibitors
selectively target the ATP-binding pocket of mTOR and thus inhibit the catalytic
activity of both mTORC1 and mTORC?2 [45, 150]. The pan-mTOR inhibitors are
currently undergoing a number of preclinical and early clinical trials. In U87-MG
glioma xenografts, treatment with AZD8055 (AstraZeneca) led to a rapid decrease
in uptake of labeled glucose, suggesting that this response can be used as an early
biomarker for the metabolic changes that occur upon mTOR inhibition [80]. The
mTOR kinase domain is structurally related to PI3K. Thus, some PI3K inhibitors
can block both mTOR and PI3K activity. Dual mTOR/PI3K inhibitors are also
undergoing early clinical trials. A clinical trial investigating the combination of
mTOR and p100a-specific PI3K inhibition in non-hematological cancers is ongoing
(NCTO01899053) based on preclinical studies demonstrating that mMTORCI1 inhibi-
tion was required for PI3K p100a inhibitor sensitivity in breast cancer cells har-
boring PIK3CA mutations [40].

The activation of the mTOR pathway in cancers leads to altered expression
and/or activity of a number of metabolic enzymes. This represents another attractive
strategy particularly since antimetabolic agents have been in clinical use to effec-
tively treat various cancers. For example, folate analogs were one of the first agents
to cure liquid and solid tumors and remain in use as adjuvant therapy and for the
management of several cancers [44, 93]. In preclinical studies, combined
methotrexate (an antifolate) and MTI were synergistically effective for treatment of
ALL in xenograft mouse models [147]. Gemcitabine, a nucleoside analog, is used
in various cancers. Phase II clinical trials are ongoing that combine gemcitabine
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with MTI based on promising results from a Phase I study on patients with
advanced solid tumors and xenografts of sarcoma and leiomyosarcoma [100]. The
antidiabetic drug, metformin, which acts by inhibiting the mitochondrial complex I
and suppressing glucose production in the liver, has also been combined with MTI
in several clinical studies. In a phase I clinical trial combining metformin and
temsirolimus, one of 11 enrolled patients experienced partial response and five of
the 11 patients experienced stable disease for 22 months [97]. Additional studies
are ongoing investigating the combination of metformin and sirolimus in advanced
solid tumors (NCT02145559), as well as metformin and rapamycin in pancreatic
cancer (NCT02048384) (Table 2.1).

As we continue to gain insights from current preclinical and clinical studies
about the role of mTOR in cancer, we can better design agents and combinatorial
strategies to combat oncogenesis and tumor progression. Further understanding of
the unbalanced metabolic processes that uniquely occur in different cancer subtypes
and perhaps even at the individual level would pave the way for more rational
therapeutic strategies with better treatment specificity and efficacy while having
minimal toxicity.

Conclusions and Future Perspectives

The mTORC complexes control metabolic pathways at different levels, from
transcription, translation, and posttranslational mechanisms. Most of the mTORC
functions in cellular metabolism that have been uncovered point to the regulation of
metabolic enzymes, transcription factors, and other effectors that ultimately mod-
ulate metabolite production and/or flux through a metabolic and biosynthetic
pathways. While direct regulation of the mTORCs by nutrients remains elusive,
most of the metabolic enzymes and effectors that are mTORC-dependent are
allosterically regulated by nutrients or metabolites or utilize nutrients as substrates.
Localization of mTORCSs and association with specific regulators and metabolic
enzymes in cellular compartments could serve to acutely modulate mTORC activity
while triggering a cascade of events that ultimately induce gene expression of
metabolic effectors.

An outstanding question is how the two mTOR complexes can overlap or
diverge in the regulation of metabolic pathways. A number of studies using rapa-
mycin, particularly in vivo models, have employed prolonged treatment of this
drug, which can also inhibit mMTORC2 under such conditions [129]. Furthermore,
studies on mTORC?2 and its function in metabolism, in comparison to mTORCI,
are lagging behind. Thus, the function of mTORC2 on metabolism is so far
underestimated. Knockout mouse models are shedding light on the distinct func-
tions of these two complexes. Combined metabolomics and genomics using these
mouse models along with cancer models would further enhance our understanding
on the function of these two complexes. Development of specific inhibitors for each
complex would also accelerate our analysis of their metabolic functions.
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Phosphoproteomic studies have identified a number of mTOR targets, both
directly and indirectly [65, 123, 173]. A number of these targets are involved in
metabolic pathways and protein synthesis. Most of the mMTORC metabolic targets
that have been characterized and described herein appear to be indirectly regulated
by mTOR. Although a number of transcriptional targets involved in metabolism
have been pulled out, it remains unclear how mTORCs can regulate transcription in
a more direct manner, i.e., whether its protein kinase activity is required. In some
cases, it has been shown that the function of mTORCSs is mediated by their
canonical substrates such as AKT and S6K1. Given the predominant role of both
mTORCs in control of protein synthesis, future studies should address precisely
how metabolic enzymes and effectors could be regulated at the level of translation.
Subcellular compartmentalization of mTORCs is emerging to play a key role in
how mTOR integrate nutrient signals with growth and metabolic pathways. Thus,
how mTORCs become recruited to membrane compartments and whether they
control protein synthesis in such compartments would provide important clues on
its regulation and functions in response to a specific nutrient. Further understanding
of the structure of mTOR in complex with its partners would also shed light on its
activation mechanisms and development of more specific MTI [165].

Lastly, we are just beginning to understand how oncogenic mutations can trigger
metabolic reprogramming and the role mTOR plays in these metabolic processes.
Future studies should further delineate how the mTORCSs reprogram metabolic and
biosynthetic pathways under specific oncogenic mutations. It has been recognized
early on that although rapamycin by itself does not induce apoptosis, it augmented
apoptosis and increased sensitivity to chemotherapeutic agents [140]. Nevertheless,
tumors develop resistance to mTOR/PI3K inhibition due to induction of alternative
pathways [107]. Identifying synthetic—lethal interactions and drug resistance
mechanisms inherent to metabolic or growth signaling pathways upon mTOR
inhibition will be important in order to develop more effective cancer therapy.
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Chapter 3

PI3K-AKT-mTOR Pathway Cooperates

with the DNA Damage Repair Pathway:
Carcinogenesis in Triple-Negative Breast
Cancers and Beyond

Pradip De, Jennifer H. Carlson, Brian Leyland-Jones and Nandini Dey

Introduction

Understanding of the biology of breast cancers (BC) like most of other solid tumors
has undergone an evolutionary change at the molecular level with the advent of
microarray technology. BC gene expression patterns derived from cDNA microar-
rays identified four major intrinsic gene signatures of luminal (which was later
classified as luminal A and luminal B subgroups), HER2-enriched, basal-like and
normal breast-like subtype [126]. The paramount importance of classification was
soon exemplified by a correlation between the gene expression patterns of the indi-
vidual group/subgroup and survival, disease relapse, site of metastasis, and
chemotherapy response [77, 123, 134, 144]. The revelation of BC intrinsic subtypes
and its importance promptly led to the development of five novel gene expression

Review Criteria The information for this chapter is compiled in part by searching the PubMed
database for articles those are published before January 2016. Electronic early release
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(multigene based) prognostic tests for BC including 70-gene MammaPrint assay (first
commercially available and FDA-approved signatures; stratifies patients into low or
high risk of distant metastases at 5 years), MapQuant Dx, 21-gene Oncotype DX
assay (estimates the risk of relapse in ER+, node-negative BC and their chemosen-
sitivity and divides patients into three groups on the basis of their recurrence score),
PAMS50 (defined the four major intrinsic subtypes of BC through the analysis of 50
classifier genes and five control genes), and Theros Breast Cancer Index (for distant
recurrence and overall survival in comparison to adjuvant). These multigene-based
prognostic tests eventually added prognostic and predictive information to conven-
tional biomarkers and extended more reliable and reproducible techniques than the
subjective interpretation associated with the IHC assays. Gene expression profile tests
in the context of BC subtypes and the significance and utility of these signatures on a
comparative basis (evaluation and the comparison between the predictive value of
PAMS50 and Oncotype DX) are discussed in detail by Angela Toss and Massimo
Cristofanilli in their recent review [152]. In today’s “clinic to laboratory and back”
culture of medical practice, this genetic alteration-driven (biomarker) approach has
not only provided a better justification for the treatment of BC but also added an
invaluable tool for the sequential diagnosis of cancer.

Alterations of PI3K-AKT-mTOR Pathway in BC

Genomic aberrations in breast carcinogenesis act as the fundamental basis of the
target(s)-guided therapeutic approach in personalized medicine. The
“Introductory/Opening Chapter” of this textbook by Prof. Lewis Cantley elegantly
elucidated the basic signaling of the PI3K-AKT-mTOR pathway in the context of
cancers. His original work pioneered our understanding of the signaling cascade of
the PI3K-AKT-mTOR pathway, its components, its downstream effectors, its
associated transcription factors and its feedback loops as well as its cross-talks with
the RAS-RAF-MAPK-ERK pathway which has collectively presented us the
opportunity to revolutionize our therapeutic regime in clinics. Growth
factor-mediated upregulation of the PI3K-AKT-mTOR pathway is the most com-
monly upregulated oncogenic signaling pathway in BC and the predominant
mechanisms of the pathway upregulation is attributed to PIK3CA mutations and
protein loss of PTEN [23, 31, 37]. Alterations of PI3K-AKT-mTOR pathway are
the most widely reported in BC [20]. The alteration is not only common but also
subtype specific and contextual in character.

We have obtained oncoprints showing percentage of the alterations (amplifica-
tion, homozygous deletion mutation, mRNA upregulation, mRNA downregulation,
RPPA upregulation, RPPA downregulation) in 17 key genes of PI3K-AKT-mTOR
signaling pathway in breast invasive carcinomas (TCGA Provisional and TCGA,
Nature 2012) and the subtypes (Luminal A,TCGA, Nature 2012; Luminal B
TCGA, Nature 2012; HER2 enriched, TCGA, Nature 2012; Basal-like, TCGA,
Nature 2012) using cBioPortal (Fig. 3.1a—g). Data mining was carried out using
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cBioPortal for Cancer Genomics, a data portal (cBioPortal for Cancer Genomics),
available at http://www.cbioportal.org to measure the alterations in the
PIBK-AKT-mTOR pathway genes as per the criteria mentioned in the legends of
the respective figure (Fig. 3.1). The database query was based on deregulation
(mutant, copy-number alterations and altered expression) of the pathway genes. We
have prioritized “Mutation and CNA” data type (We acknowledge the cBioPortal
for Cancer Genomics site (http://cbioportal.org) which provides a Web resource for
exploring, visualizing, and analyzing multidimensional cancer genomics data. We
also acknowledge the TCGA Research Network for generating TCGA datasets.
This in-depth exercise demonstrated that in Breast Invasive Carcinoma (TCGA,
Provisional; case set of all 1062 tumor samples), the PIK3CA gene is altered to the
greatest extent (37 %) as compared to the alterations in 16 others genes (Fig. 3.1a).
Interestingly, we have observed a wide range of mutations in PIK3CA gene in
samples of tumors from our Avera breast cancer patients (unpublished observa-
tions). Although this percentage is a little lower in the oncoprint obtained from the
Breast Invasive Carcinoma (TCGA, Nature 2012; case set of all 825 tumor samples)
the alteration of this gene remains the highest altered gene in these samples and
mutation remains the predominant type of alteration (Fig. 3.1b).

Alterations of PI3K-AKT-mTOR Pathway in Subtypes
of BC

Although the PI3K-AKT-mTOR pathway is the most common and predominant
oncogenic pathway altered in BC, the alteration of an individual component of the
pathway which eventually leads to the overall upregulation of the pathway varies
between BC subtypes and is characteristic of that particular subtype. The alterations
of genes belonging to the PI3K-AKT-mTOR pathway characterize different sub-
types of BC [20, 38]. The PI3K-AKT-mTOR pathway contributes to the complex
control of cellular energy, glucose metabolism, senescence, and angiogenesis, and
more specifically ER-positive BC cells bring out ER transcriptional activity. The
most common mutations or amplifications in the PI3K-AKT-mTOR pathway affect
the genes encoding the PI3K catalytic subunits (PIK3CA, PIK3CB), PI3K regula-
tory subunit (PIK3R1), PI3K effectors (AKTI, AKT2, PDK]I), and loss of PTEN and
INPP4B. The activation of this parallel pathway is known to provide alternative
proliferation and survival stimuli to cancer cells, even in the presence of ER
pathway inhibition following targeted therapy against estrogen.

We extended our analysis of alterations of 17 genes of PI3K-AKT-mTOR pathway
in subtypes of BC. In the luminal A (TCGA, Nature 2012; case set of all 235 tumor
samples), the alteration reaches a striking 49 % as compared to 37 % in the luminal B
(TCGA, Nature 2012; case set of all 131 tumor samples) (Fig. 3.1c—d). A composite
table (Fig. 3.1g) of a simultaneous comparison of alterations in all 17 genes in all
subtypes showed that PIK3CA was highly altered in luminal A and HER2-enriched
tumors.
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(a) Gene Set / Pathway is altered in 87.2% of all cases.
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Fig. 3.1 Oncoprints showing the percentage of the alterations (amplification, homozygous
deletion mutation, mRNA upregulation, mRNA downregulation, RPPA upregulation, RPPA
downregulation) in 17 key genes of PI3K-AKT-mTOR signaling pathway in: a Breast Invasive
Carcinoma (TCGA, Provisional) case set (all 1062 tumor samples), b Breast Invasive Carcinoma
(TCGA, Nature 2012) case set (all 825 tumor samples), ¢ Luminal A (TCGA, Nature 2012) case
set (all 235 tumor samples), d Luminal B (TCGA, Nature 2012) case set (all 131 tumor samples),
e HER2-enriched (TCGA, Nature 2012) case set (all 58 tumor samples), f Basal-like(TCGA,
Nature 2012) case set (all 80 tumor samples). g Summary of alterations of 17 key genes of the
PI3K-AKT-mTOR signaling pathway in luminal A, luminal B, HER2-enriched and basal-like
tumor samples of Invasive Carcinoma of breast from cBioPortal (nature 2012). cBioPortal data is
subjected to scheduled updates. Genomic study selected were (1) mutations, (2) putative
copy-number alteration from GISTIC, (3) mRNA expression Z-scores (microarray) with Z-score
thresholds £2.0, and (4) protein/phosphoprotein level (RPPA) with Z-score thresholds £2.0. Gray
bars represent unaltered cases. Advanced cancer genomic data visualization is obtained with the
help of “The Onco Query Language (OQL)”. We used the Onco Query Language (OQL) to select
and define genetic alterations for all the oncoprint outputs on the cBioPortal for Cancer Genomics.
Oncoprints (different levels of zoom) have been generated using cBioPortal. Tumor types (tumor
data sets) are chosen in accordance with the publication guidelines (last updated on January 17,
2014) of TCGA (tcga@mail.nih.gov). cBioPortal data is subjected to scheduled updates. We
acknowledge the cBioPortal for Cancer Genomics site (http://cbioportal.org) which provides a
Web resource for exploring, visualizing, and analyzing multidimensional cancer genomics data.
The portal reduces molecular profiling data from cancer tissues and cell lines into readily
understandable genetic, epigenetic, gene expression, and proteomic events [59]. We acknowledge
works of Cerami et al. [24] and Gao et al. [59]. We acknowledge the TCGA Research Network for
generating TCGA datasets
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(b) Gene Set / Pathway is altered in 59.4% of all cases.
Breast Invasive Carcinoma (TCGA, Nature 2012)/All Tumors: (825)/General: PI3K-AKT-mTOR signaling (17 genes)/17genes
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(c) Gene Set / Pathway is altered in 80.4% of all cases.

Breast Invasive Carcinoma (TCGA, Nature 2012)/User-defined Case List: (235)/General: PI3K-AKT-mTOR signaling (17 genes)/17genes

Altered in 189 (80%) of cases
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Gene Set [ Pathway is altered in 84% of all cases.
Breast Invasive Carcinoma (TCGA, Nature 2012)/User-defined Case List: (131)/General: PI3K-AKT-mTOR sianaling (17 genes)/17genes

Case Set: User-defined Case List: User defined case list.

Altered in 110 (84%) of cases
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Numerous preclinical and clinical studies demonstrated the fundamental role of
the PI3K-AKT-mTOR pathway in the onset and the progression of ER + breast
tumors, and its intrinsic cross talk with ER signaling [27, 73, 139, 150]. The prog-
nostic and therapeutic implications of PI3K mutations in breast cancer have been
reviewed in detail by several scientists [48, 115]. The staggering wealth of knowledge
about the biology and therapeutic potential of PI3K-AKT-mTOR signaling in
ER + BC[58,93, 115, 136, 157] has been the fundamental basis for the development
of ongoing strategies to combine PI3K-AKT-mTOR pathway inhibitors (rapalogues)
with the standard endocrine therapy toward obtaining improved clinical outcomes
[10, 64]. Neoadjuvant trial (RAD2222) and trails in the metastatic setting
(TAMRAD, BOLERO-2) have reported improved clinical outcome of patients with
unselected luminal BC following the addition of mTOR inhibitors to standard
endocrine treatment. The success of these clinical studies (Breast Cancer Trials of
Oral Everolimus, BOLERO 1 Trial, BOLERO 2 Trial, BOLERO 3 Trial) proved the
importance of selecting patient populations that would benefit most from this com-
bination treatment. Therapeutic targeting of the PI3K pathway showed promise
toward improved clinical outcomes for patients with luminal breast cancer [160].

Luminal B BC has early relapse following endocrine therapy and exhibits a poor
prognosis similar to that of the aggressive basal-like BC. Several groups have
identified phosphatidylinositol 3-kinase (PI3K) pathway activation as a frequent
event in luminal B cancers with poor outcomes [27] (Belle 2 Trial, Belle 3 Trial).
A composite table (Fig. 3.1g) shows that AKT1 (14 %) and AKT2 (15 %) were
altered mostly in luminal B and basal-like tumors. In identifying a genetic mech-
anism that adds to the luminal B endocrine-resistant phenotype Fu, colleagues have
designed a human model of the luminal B subtype and were able to control the
expression of phosphatase and tensin homolog (PTEN) using inducible short
hairpin RNAs. Through varying the expression of PTEN, the authors were suc-
cessful in conferring endocrine resistance as well as recapitulating the luminal B
gene expression signature. Their findings demonstrated the importance of PTEN
expression levels in the development and progression of endocrine resistance in
luminal B BC indicating that patients with PTEN-low estrogen receptor-positive
tumors might benefit from combined endocrine and PI3K pathway therapies as even
a moderate reduction in PTEN was sufficient to activate the PI3K pathway toward
endocrine resistance [57]. Figure 3.1g shows that alterations in PTEN were second
highest in luminal B (15 %) which was mainly comprised of mRNA downregu-
lation and RPPA downregulation. Luminal B also had high alterations of FOXO1
(11 %) and 3 (16 %) while the basal-like had high alterations of TSC1 (19 %),
TCS2 (13 %), and RHEB (30 %) (Fig. 3.1g). Cornen et al. studied candidate
luminal B breast cancer genes identified by the genome, gene expression, and DNA
methylation profiling [29]. In their study a total of 100 candidate oncogenes were
validated in a public series of 5,765 BCs and the overexpression of 67 of these was
associated with poor survival in luminal tumors. They reported that FOXO3,
PIK3CA, and TP53 were the most frequently mutated genes among the nine tested.
Interestingly, they also observed that 24 genes presented a deregulated expression
in relation with a high DNA methylation level.
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The HER2 signaling network in BC is one of the most intriguing and most
studied signaling networks in oncology [45]. Despite advances in targeted therapy
for this subtype of BC, drug resistance and recurrence of disease are still chal-
lenging for clinicians to overcome. Since PTEN phosphatase loss or activating
mutations of the phosphoinositol-3 (PI3) kinase (PIK3CA) are known to be con-
nected to trastuzumab resistance, the prognostic and predictive significance of
PI3K-AKT-mTOR pathway has been extensively studied [38, 113, 145].
Although PTEN status determination was not found to be a useful biomarker to
predict resistance to trastuzumab and lapatinib-based therapies and the benefit to
neoadjuvant anti-human epidermal growth factor receptor 2 (HER2)-targeted
therapies in HER2-positive primary breast cancer was independent of PTEN status
[118], the importance of this pathway in mediating trastuzumab resistance remains
critical. A systematic review of dual targeting in HER2-positive breast cancer
described efficacy and safety of lapatinib, pertuzumab, or trastuzumab-DM1 in
combination with trastuzumab in the (neo)adjuvant and metastatic settings as well
as combinations of trastuzumab with drugs targeting the downstream pathway [83].
In an HER?2 enriched group (TCGA, Nature 2012; case set of all 58 tumor samples)
the PIK3CA alteration was comparable to that of in the luminal B subtype as 47 %
(Fig. 3.1e). PIK3CA genotype has been reported to determine treatment decisions
in HER2 BC in studies reported by Majewski et al. [95] wherein they observed that
PIK3CA mutations are associated with decreased benefit to neoadjuvant human
epidermal growth factor receptor 2-targeted therapies. Patients treated with a
combination of trastuzumab and lapatinib having a wild-type PIK3CA obtained a
total pathologic complete response (pCR) rate of 53.1 %, which decreased to
28.6 % in patients with tumors that carried PIK3CA activating mutations. In their
study, activating mutations in PIK3CA predicted poor pCR in patients with
HER2-positive breast cancer treated with neoadjuvant therapies targeting HER2.
The results called for the obvious combination of anti-HER2 agents and PI3K
inhibitors. Similarly, PIK3CA mutations are associated with lower rates of patho-
logic complete response to antihuman epidermal growth factor receptor 2 (HER2)
therapy in primary HER2-overexpressing breast cancer [94] and these
HER2-positive breast carcinomas with a PIK3CA mutation were found less likely
to achieve a pCR after neoadjuvant anthracycline—taxane-based chemotherapy plus
anti-HER2 treatment, even if a dual anti-HER2 treatment is given. A preclinical
evaluation of the PI3K alpha/delta dominant inhibitor BAY 80-6946 in
HER2-positive breast cancer models with acquired resistance to the HER2-targeted
therapies trastuzumab and lapatinib demonstrated that the combination of
HER2-targeted therapies and BAY 80-6946 inhibited growth more effectively than
either therapy used alone (with clear synergism in many cases) and can restore
sensitivity to trastuzumab and lapatinib in cells with acquired resistance to either
trastuzumab and/or lapatinib [51].

Terms TNBC and basal-like BC are not synonymous. Determination of clonal
genotype of an individual tumor is important to understand the biology and hence
establish the treatment regime [3, 8, 12, 42, 140]. TNBC and basal-like BC remain
a therapeutic challenge as a translation of the molecular message(s) of TNBC and
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basal-like BC into targeted therapy is daunting [6, 30, 65, 96, 151, 155]. TNBC and
basal-like BC are inherently heterogeneous forms of BC. In 2011 Lehmann et al.
identified six different subtypes within TNBC with the help of RNA microarray
analyses [87] and a differential response to neoadjuvant chemotherapy has been
subsequently reported among these seven molecular subtypes of TNBC [1, 84,
103]. Mayer et al. in a review of new strategies for triple-negative breast cancer
based on deciphering its heterogeneity commented on the identified six distinct
TNBC subtypes, each of which is known to display a unique biology. The study to
establish a novel-targeted therapy in this breast cancer subtype is of critical
importance because, (1) less than 30 % of women with metastatic breast cancer
survive 5 years and virtually all women with metastatic TNBC die of their disease
despite systemic therapy, and (2) not a single targeted therapy has been approved
for the treatment of TNBC and cytotoxic chemotherapy remains the standard
treatment [105, 106]. The mechanism of activation of PI3K-AKT-mTOR pathway
in basal-like BC is largely contributed by the frequent genomic alteration of PTEN
and INPP4B phosphatases [49]. Microarray phosphatome profiling of breast cancer
patients showed that a complex phosphatase regulatory role of the MAPK and PI3K
pathways exist for estrogen receptor-negative BC [97]. In the basal-like (TCGA,
Nature 2012; case set of all 80 tumor samples) subtype, the predominant alteration
was observed in PTEN (29 %) which comprised of most mRNA downregulation
and homozygous deletion (Fig. 3.1f). In a comprehensive analysis of PTEN status
in breast carcinomas Jones et al. demonstrated that the PTEN complete loss status
was significantly associated with estrogen receptor (ER) negativity (p = 0.006) and,
in particular, the basal-like phenotype [71]. Studies by Marty et al. reported that
basal-like BC expressed significantly lower levels of PTEN and PTEN levels were
negatively correlated with AKT activity within that population. PTEN protein
expression correlated significantly with PTEN DNA copy number and more
importantly, reduced PTEN DNA copy numbers were observed specifically in
basal-like BC [102]. Thus, frequent genomic alterations of PTEN directly con-
tribute to the activated phosphatidylinositol 3-kinase pathway in basal-like breast
cancer cells. In addition to PTEN phosphatase, the activation of PI3K-AKT-mTOR
pathway in basal-like BC is also contributed by inositol polyphosphate
4-phosphatase I (INPP4B), a phosphatase which regulates PI3K/AKT signaling
and is lost in basal-like BC. Fedele et al. reported that INPP4B protein expression
was frequently lost in primary human breast carcinomas that are associated with
high clinical grades, tumor sizes, loss of hormone receptors and was lost most
commonly in aggressive basal-like breast carcinomas. INPP4B protein loss was
also frequently observed in PTEN-null tumors and that loss of INPP4B protein is a
marker of aggressive basal-like breast carcinomas [54]. Although alteration of
PIK3CA is found to be the lowest (25 %) as compared to other subtypes (luminal A
49 %, luminal B 37 % and HER2 enriched 47 %) (Fig. 3.1g), a recent study by
Young et al. reported that activating PIK3CA mutations induce an EGFR/ERK
paracrine signaling axis in basal-like breast cancer [158].
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Alteration(S) of PI3K-AKT-mTOR Pathway in BC Is
Contextual

It is clear from the above discussion that the most important characteristic feature of
alterations of PI3K-AKT-mTOR pathway in BC is that the oncogenic effect of
alteration of a particular tumor suppressor or an oncogene in a particular BC
subtype is contextual. A good example is that almost all basal-like tumors have
TP53 mutations (80 %) or the loss of TP53 functions (through gene mutations or
dysfunctions in theTP53 pathway). As a tumor suppressor gene, TP53 following the
activation by oncogenic stress signals promotes either cell cycle arrest along with
DNA repair or cell apoptosis. This activity of TP53 is achieved by downstream
targets (p21), indirect targets (PTEN), cell cycle regulation proteins (Chkl and
Chk?2), and DNA repair proteins (PARP-1 and BRCA-1). BL1 and BL2 subtypes of
TNBC express high cell cycle genes and DNA damage response genes
(ATR/BRCA) and representative cell lines respond particularly to antimitotic and
DNA-damaging agents, such as platinum agents. Hence, the loss of TP53 function
in BL1 and BL2 tumor cells will have characteristically different oncogenic driver
effect than in a different subset of TNBC, for example, immune modulatory or
mesenchymal type of TNBC wherein tumor cells do not necessarily express high
cell cycle genes and DNA damage response genes (ATR/BRCA). Since genetic
alterations that cause the upregulation of the PI3K-AKT-mTOR pathway is con-
textual, the resulting characteristic features of the deregulated signaling (caused by
the alteration of a particular tumor suppressor or an oncogene about the
PI3K-AKT-mTOR pathway) of the PI3K-AKT-mTOR pathway is also contextual.
For example, almost all BC have some alterations in one or more genes corre-
sponding to the proteins of the PI3K-AKT-mTOR pathway. However, the effect of
these alterations is manifested in the context of other genetic alterations which
eventually affects the process of oncogenesis, malignant progression, and the
response of the tumor to a drug as well as the development of the resistance to that
drug. The other examples include the oncogenes MYC and PIK3CA, the products of
which are well-established oncoproteins that contribute to the development of
resistance to that particular drug in many solid tumors including breast oncogenesis
[36, 41]. However, their similarities outnumber their dissimilarities in the context of
their specific oncogenic cellular signals and MYC overexpression is sufficient to
confer resistance to PI3K and mTOR inhibitors. We observed an overlap between
alterations of human MYC and PIK3CA genes in Breast Invasive Carcinoma
(TCGA, Provisional; cBioPortal) and differential alterations of human MYC and
PIK3CA genes in subtypes of Breast Invasive Carcinoma (TCGA, Nature 2012;
cBioPortal) (See Fig. 2 of [41]. We have described that the specific cellular signals
initiated the following alteration in the MYC gene and PIK3CA gene in BC and
interrogated how MYC gene alterations influence the action of PI3K
pathway-targeted drugs in the context of PIK3CA mutation toward the development
of PI3K inhibitor-induced drug resistance in BC [41]. Others have also reported
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alterations in the PI3K-AKT-mTOR pathway in the context of another pathway
alteration which eventually affects the response of the tumor to a drug as well as the
development of resistance to that drug in different subsets of BC.

PI3K-AKT-mTOR Pathway Alterations in the Context
of DNA Damage Response

In the light of results from studies undertaken by several scientists and data from
various clinical trials instituted in different centers, it is becoming increasingly clear
that alterations in HRD (Homologous Recombination Defect) genes are one of the
important contextual events of the upregulation of the PI3K-AKT-mTOR pathway.
The PI3K family includes (three distal homologs of PI3K, DNA-PKcs, ATM, and
ATR, as key DDR regulators; DNA-PKcs controls NHEJ; ATM and ATR control
HR) ataxia telangiectasia mutated (ATM), ataxia telangiectasia and RAD3-related
(ATR), and DNA-dependent protein kinase (DNA-PKcs) [44, 86, 91, 138]. These
kinases are all activated following DNA damage [2]. Since the nucleus provides a
unique compartmental environment for protein—protein and protein—-DNA/RNA
interactions required for cell survival, growth, and proliferation, it is important to
understand the nuclear PI3K signaling in cell growth and tumorigenesis and its
relationship to alterations of HRD genes/DNA damage (DDR) response genes. For
PI3K signaling to regulate DDR and affect the outcome of treatment in BC in the
context of alterations of HRD genes, PI3K signaling should be functional in the
nucleus. The existence of a nuclear phosphatidylinositol (PtdIns) cycle was pre-
sented by Manzoli and his group [98, 99]. Kumar et al. reported that the
p85P/p110B complex localizes to the nucleus in several cell types [82]. Among the
four class I PI3Ks (alpha, beta, gamma, and delta) that are implicated in cancer, the
p110b catalytic isoform has been found in the nucleus as described by Kumar et al.
[82] where it may regulate DNA double-strand break (DSB) repair and p110beta
deletion induced radiation sensitivity and genomic instability [81]. Their study
concluded that pllObata activity (PIP3) facilitates DNA repair and pllObeta
expression is required for this process, supporting the concept that pl10beta con-
tribution in DDR is mainly kinase-independent [81]. A recent and an elegant review
on nuclear PI3K signaling in cell growth and tumorigenesis describes the spatial
and temporal localization of the major nuclear kinases having PI3K activities and
the counteracting phosphatases as well as the role of nuclear PI3K/AKT signaling
in many nuclear functions including DNA replication and repair in the context of
cell survival and tumorigenesis [34].

On the flip side of the coin, PTEN tumor suppressor, the master negative reg-
ulator of the PI3K-AKT-mTOR pathway which is lost in all subtypes of BC pre-
dominantly TNBC, acts as a guardian of genome integrity and actively participates
in DDR. Shen et al. demonstrated that PTEN acts on chromatin and regulated
expression of RADS51, which reduces the incidence of spontaneous DSBs and thus
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regulated control of DNA repair. PTEN dephosphorylates PIP3 and also controls
DSB repair by regulating RAD51 expression [142]. Liu et al. reported that PTEN
also associates with the centromeric protein CENP-C to maintain centromere
integrity and suppresses chromosomal instability from DNA DSBs via transcrip-
tional regulation of RADS51 (radiosensitive yeast mutant 51) [92]. Nuclear PTEN is
involved in chromosome stability, DNA repair, cell cycle arrest, and cellular sta-
bility [127]. Bassi et al. demonstrated that nuclear PTEN controls DNA repair [11].
Localized and retained in the nucleus following sumoylation at K254, PTEN effi-
ciently carries out genotoxic stress-induced DSB repair. Nuclear localization
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<« Fig. 3.2 Percent change in the alterations in 17 PI3K-AKT-mTOR signaling genes and12 DNA
damage response genes in BC. a Changes in 12 DNA damage response genes and 17
PIBK-AKT-mTOR signaling genes in PAMS50 Basal case set of Breast Invasive Carcinoma (The
Cancer Genome Atlas (TCGA; Raw data via the TCGA Data Portal. TCGA, Nature 2012).
A custom case set was built for the number of matching cases of PAM50 basal breast cancers using
cBioPortal (TCGA, Nature 2012 data; raw data at the NCI.). Following Genomic Profiles were
selected: (1) mutations, (2) putative copy-number alteration (CNA) from GISTIC, (3) mRNA
expression Z-scores (RNA-Seq V2 RSEM) with Z-score thresholds +£2.0, and
(4) protein/phosphoprotein level (RPPA) with Z-score thresholds =+2.0. (Breast Invasive
Carcinoma project. 825 cases. Nature 2012). cBioPortal data is subjected to scheduled updates.
b Changes in 12 DNA damage response genes in PAM50 Basal case set and Basal-like Breast
Invasive Carcinoma (The Cancer Genome Atlas (TCGA; Raw data via the TCGA Data Portal.
TCGA, Nature 2012). A custom case set was built for the number of matching cases of PAMS50
basal and basal-like breast cancers using cBioPortal (TCGA, Nature 2012 data; raw data at the
NCL.). Following Genomic Profiles were selected: (1) mutations, (2) putative copy-number
alteration (CNA) from GISTIC, (3) mRNA expression Z-scores (RNA-Seq V2 RSEM) with
Z-score thresholds £2.0, and (4) protein/phosphoprotein level (RPPA) with Z-score thresholds
+2.0. (Breast Invasive Carcinoma project. 825 cases. Nature 2012). A custom case set was built
for Disease Free Status and progressed/recurred status of basal-like cases. cBioPortal data is
subjected to scheduled updates. ¢ Changes in BRCA1 and BRCA2 in PAMS50 Basal case set and
Basal-like Breast Invasive Carcinoma (The Cancer Genome Atlas (TCGA; Raw data via the
TCGA Data Portal. TCGA, Nature 2012). A custom case set was built for the number of matching
cases of PAMS50 basal and basal-like breast cancers using cBioPortal (TCGA, Nature 2012 data;
raw data at the NCI.). Following Genomic Profiles were selected: (1) mutations, (2) putative
copy-number alteration (CNA) from GISTIC, (3) mRNA expression Z-scores (RNA-Seq V2
RSEM) with Z-score thresholds £2.0, and (4) protein/phosphoprotein level (RPPA) with Z-score
thresholds £2.0. (Breast Invasive Carcinoma project. 825 cases. Nature 2012). A custom case set
was built for Disease Free Status and progressed/recurred status of basal-like cases. cBioPortal
data is subjected to scheduled updates. d Oncoprint of changes in 12 DNA damage response genes
in PAMS50 Basal case set of Breast Invasive Carcinoma (The Cancer Genome Atlas (TCGA; Raw
data via the TCGA Data Portal. TCGA, Nature 2012). A custom case set was built for the number
of matching cases of PAMS50 basal breast cancers using cBioPortal (TCGA, Nature 2012 data; raw
data at the NCI.). Following Genomic Profiles were selected: (1) mutations, (2) putative
copy-number alteration (CNA) from GISTIC, (3) mRNA expression Z-scores (RNA-Seq V2
RSEM) with Z-score thresholds £-2.0, and (4) protein/phosphoprotein level (RPPA) with Z-score
thresholds £2.0. (Breast Invasive Carcinoma project. 825 cases. Nature 2012). Genetic alterations
were amplification, deep deletion, mRNA Downregulation, mRNA upregulation, RPPA
Downregulation, RPPA upregulation, missense mutation, and truncating mutation. 81 patient/81
samples were used. cBioPortal data is subjected to scheduled updates
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without functional sumoylation of PTEN was not sufficient to recruit the recom-
binase RADS51 to sites of DNA damage to initiate DNA repair [11]. PTEN’s
functional role in DNA damage repair (especially in DSB repair and nucleotide
excision repair) and DNA damage response (through its interaction with the Chkl1
and p53 pathways) included (1) to the ability of PTEN to suppress the formation of
the y-H2AX foci, a marker of DNA damage, which alternatively suggests that
PTEN decreases DSB levels, (2) PTEN’s ability to promote NER, and (3) PTEN’s
interaction with Chkl, pS3 [111].

Thus, both PI3K enzyme and PTEN phosphatase directly regulate DDR and
strongly indicate that in a tumor cell PI3K-AKT-mTOR pathway alterations can be
contextually connected to DNA damage response elements and alterations in HRD
genes especially in the specific subset of BC like TNBC wherein PTEN gene and
HRD genes are most commonly altered.

DNA Damage in Invasive Carcinoma of Breast: Alterations
of DDR Pathway Genes and HRD Genes in Basal-Like BC

An elevated load of DNA damage has been significantly associated with BC risk. It
is logical to propose that a higher level of DNA damage in the context of a deficient
DNA damage repair system may predispose individuals to BC. Logically, it sug-
gests that the accumulation of DNA damage may contribute to breast carcino-
genesis. In order to understand the above proposition we extended our analysis of
alterations of 12 genes of DNA damage response pathway genes in PAMS0 basal
subtypes of BC and compared it with the changes in the alterations of 17 genes of
PI3K-AKT-mTOR pathway in the same subtypes of BC (Fig. 3.2a) (TCGA, Nature
2012; 81 cases) using cBioPortal. Table (Fig. 3.2) shows that 12 of DNA damage
response pathway genes (CHEKI, CHEK2, RADS5I, BRCAI, BRCA2, MLHI,
MSH?2, ATM, ATR, MDC1, PARPI, FANCF) are altered in 90.1 % of all 81 cases
while 17 PI3K-AKT-mTOR signaling genes are altered in 88.9 % of all 81 cases.
Figure 3.2b shows changes in 12 DNA damage response genes in PAMS50 Basal
case set and Basal-like Breast Invasive Carcinoma (The Cancer Genome Atlas
(TCGA; Raw data via the TCGA Data Portal. TCGA, Nature 2012; [20]). A custom
case set was build for the number of matching cases of PAMS50 basal and basal-like
BC using cBioPortal (TCGA, Nature 2012 data; raw data at the NCI.). The custom
case set was built for disease-free status and progressed/recurred status of basal-like
cases. Figure 3.2c shows changes in BRCA1 and BRCA2 in PAMS50 Basal case set
and Basal-like Breast Invasive Carcinoma (The Cancer Genome Atlas (TCGA; Raw
data via the TCGA Data Portal. TCGA, Nature 2012; [20]). A custom case set was
build for the number of matching cases of PAMS50 basal and basal-like BC using
cBioPortal (TCGA, Nature 2012 data; raw data at the NCI.). The custom case set
was built for disease-free status and progressed/recurred status of basal-like cases.
Figure 3.2d presents oncoprint of changes in 12 DNA damage response genes in
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PAMS0 Basal case set of Breast Invasive Carcinoma (The Cancer Genome Atlas
(TCGA; Raw data via the TCGA Data Portal. TCGA, Nature 2012; [20]). A custom
case set was build for the number of matching cases of PAMS50 basal BC using
cBioPortal (TCGA, Nature 2012 data; raw data at the NCI.). Genetic alterations
were amplification, deep deletion, mRNA Downregulation, mRNA upregulation,
RPPA Downregulation, RPPA upregulation, missense mutation, and truncating
mutation (81 patient/81 samples were used).

PI3K-AKT-mTOR Pathway and DDR Pathway
in Basal-like BC: Protein—-Protein Interactions

Interaction between these two pathways was evaluated using 13 oncogenes and
tumor suppressor genes which were altered most frequently in basal-like cancers
(Nature 2012 of cBioPortal) including PTEN, AKT1, AKT2, TSC1, TSC2, mTOR,
RICTOR, RHEB, BRCAI, BRCA2, ATM, ATR, FANCF were used as input to
STRINGI1O0 in order to test the association at the two confidence views, 0.900
(highest confidence) and 0.700 (high confidence). The active prediction methods
included databases and Text mining. The Protein—Protein Interaction Network
(PPIN) was built from PPIs in the STRING database. STRING is a comprehensive
PPI database, and the PPIs are experimentally derived or predicted by comparative
genomics and Text mining. The subnetwork was built by hits in the original screen,
at highest confidence interactions in the STRING network (confidence score > 0.9
as otherwise mentioned).

Proteins corresponding to the 17 PI3K-AKT-mTOR signaling pathway genes
(highlighted in red) as well as 12 DNA Damage Repair pathway genes (highlighted
in green) and their cellular functions used in the PPIN using STRING database were
presented below.

17 PI3K-AKT-mTOR Signaling Pathway Genes: Proteins
(Amino Acid; Aa) and Their Cellular Functions

PIK3CA—Phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha
(1068 aa); Phosphoinositide-3-kinase (PI3K) enzyme phosphorylates PtdIns
(Phosphatidylinositol), PtdIns4P (Phosphatidylinositol 4-phosphate), and PtdIns
(4,5)P2 (Phosphatidylinositol 4,5-bisphosphate) to generate phosphatidylinositol
3.4,5-trisphosphate (PIP3) as the product. PIP3 plays a cardinal role in signaling the
cell growth, survival, proliferation, motility, and morphology by recruiting PH
domain-containing proteins to the membrane, including AKT1 and PDPKI1. The
membrane recruitment of AKT1 and PDPKI1 initiates an activating signaling cas-
cade which culminates into a complex and interactive chain of reactions comprising
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of (1) activation of enzymes/transcription factors/structural proteins that facilitates
cell growth, survival, proliferation, motility, and morphology and (2) inhibition of
enzymes/transcription factors/structural proteins that facilitates cell death, apopto-
sis, and necrosis. It participates in cellular signaling (1) in response to various
external agents including growth factors, cytokines, hormones, nutrients, energy,
stress signals, and drugs and (2) following alterations in the specific genes in the
nucleus due to external (physical and chemical) and internal (ROS and DNA repair
failure). By acting as a transducer of signals from both outsides and insides of the
cell, PIK3CA acts as a key component of PI3K-AKT-mTOR pathway, a master
signal processor for survival and growth in a cell. Mutation (activation) of this gene
has a high oncogenic potential.

PIK3RI—Phosphoinositide-3-kinase, regulatory subunit 1 (alpha) (724 aa)
PIK3R2—Phosphoinositide-3-kinase, regulatory subunit 2 (beta); PIK3R1 protein
(728 aa) is an adaptor protein. It binds to activated (phosphorylated)
protein-tyrosine kinases, through its SH2 domain, and acts as an adapter in medi-
ating the association of the p110 catalytic unit to the plasma membrane.
PTEN—Phosphatase and tensin homolog; It is a tumor suppressor gene. PTEN
protein (403 aa) acts as a dual-specificity protein phosphatase, dephosphorylating
tyrosine-, serine-, and threonine-phosphorylated proteins and a lipid phosphatase,
eliminating the phosphate in the D3 position of the inositol ring from phos-
phatidylinositol 3,4,5-trisphosphate, phosphatidylinositol 3,4-diphosphate, phos-
phatidylinositol 3-phosphate, and inositol 1,3,4,5-tetrakisphosphate with order of
substrate preference in vitro PtdIns(3,4,5)P3 > PtdIns(3,4)P2 > PtdIns3P > Ins
(1,3,4,5)P4. The lipid phosphatase activity of PTEN is critical for its tumor sup-
pressor function and serves as a “virtual break” in downregulating an activated
PI3K-AKT-mTOR pathway.

PDPKI1—3-Phosphoinositide dependent protein kinase-1; serine/threonine kinase;
PDPKI1 protein (556 aa) acts as a master kinase, phosphorylating and activating a
subgroup of the AGC family of protein kinases. Its targets are protein kinase B
(PKB/AKT1, PKB/AKT2, PKB/AKT3), p70 ribosomal protein S6 kinase
(RPS6KB1), p90 ribosomal protein S6 kinase (RPS6KA1, RPS6KA2 and
RPS6KA3), cyclic AMP-dependent protein kinase (PRKACA), protein kinase C
(PRKCD and PRKCZ), serum and glucocorticoid-inducible kinase (SGK1, SGK2,
and SGK3), p2l-activated kinase-1 (PAK1), protein kinase PKN (PKN1 and
PKN2).

AKT]—v-akt murine thymoma viral oncogene homolog 1; AKT1 protein (480 aa)
is one of the three closely related serine/threonine protein kinases (AKT1, AKT2
and AKT3) called the AKT kinase. AKT protein regulates cellular processes
including metabolism, proliferation, cell survival, growth, protein synthesis,
apoptosis, and angiogenesis. The action of AKT is mediated through its serine
and/or threonine phosphorylation of a wide range of downstream substrates (over
100 substrate candidates have been reported so far) which in turn controls or
initiates these functions.

AKT2—yv-akt murine thymoma viral oncogene homolog 1; AKT?2 protein (481 aa)
is one of the three closely related serine/threonine protein kinases (AKT1, AKT2
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and AKT?3) called the AKT kinase. No isoform specificity for the substrates of AKT
has been reported so far.

FOXO1—Forkhead box O1; FOXO1 protein(655 aa) is a transcription factor that
acts as the main target of insulin signaling and regulates metabolic homeostasis
specifically in response to oxidative stress. FOXO1 binds to the insulin response
element (IRE) with consensus sequence 5’-TT[G/A]TTTTG-3" and the related
Daf-16 family binding element (DBE) with consensus sequence 5°-TT[G/A]
TTTAC-3’. Activity is suppressed by insulin. FOXO1 is the main regulator of
redox balance and the bone-specific endocrine function via regulating glucose
metabolism.

FOX0O3—Forkhead box O3; FOXO3 protein (673 aa) is a transcriptional activator
which triggers apoptosis in the absence of survival factors, including neuronal cell
death upon oxidative stress. FOXO3 protein recognizes and binds to the DNA
sequence 5’-[AG]TAAA[TC]A-3’ as a transcriptional factor and participates in
posttranscriptional  regulation of MYC: following phosphorylation by
MAPKAPKS, it promotes induction of miR-34b and miR-34c expression, two
posttranscriptional regulators of MYC that bind to the 3’UTR of MYC transcript
and prevents its translation.

AKTISI—AKT1 substrate 1 (proline-rich); Subunit of mMTORC1; AKTI1S1 protein
(256 aa) regulates cell growth and survival in response to nutrient and hormonal
signals. When growth factor stimulates mTORCI1 activation, it involves an
AKT1-mediated phosphorylation of TSC1-TSC2 that leads to the activation of the
RHEB GTPase which potently activates the protein kinase activity of mTORCI.
AKT1S1 acts as an amino acid sensor to mTORC1 which requires its relocalization
to the lysosomes, mediated by the Ragulator complex and the Rag GTPases.
mTOR—Mechanistic target of rapamycin (serine/threonine kinase); mTOR protein
(2549 aa) is a serine/threonine protein kinase which acts as a central regulator of
cellular metabolism, growth, cap-dependent protein synthesis, autophagy and sur-
vival in response to hormones, drugs, growth factors, nutrients, energy, PI3K
pathway activation, and stress signals. mTOR protein functions as part of two
structurally and functionally distinct signaling complexes mTORC1 and mTORC2
(mTOR complex 1 and 2).

RICTOR—RPTOR independent companion of MTOR, complex 2; RICTOR pro-
tein (1708 aa) is a subunit of mMTORC?2, which regulates cell growth and survival in
response to hormonal signals. mTORC?2 is activated by growth factors, but, in
contrast to mTORCI1, appears to be nutrient-insensitive. mTORC2 function
upstream of Rho GTPases to regulate the actin cytoskeleton, probably by activating
one or more Rho-type guanine nucleotide exchange factors. mMTORC2 promotes the
serum-induced formation of stress fibers or F-actin. mTORC?2 plays a critical role in
AKT1 “Ser-473’ phosphorylation, which may facilitate a feedback loop in the
PI3K-pathway.

TSCI—Tuberous sclerosis 1; TSC1 protein (/164 aa) acts as a tumor suppressor. In
complex with TSC2, TSC1 protein inhibits nutrient-mediated or growth
factor-stimulated phosphorylation of S6K1 and EIFAEBP1 by negatively regulating
mTORCI1 signaling. However, it appears not to be required for TSC2 GAP activity
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toward RHEB. TSC1 controls microtubule-mediated protein transport following
deregulation of mTOR signaling.

TSC2—Tuberous sclerosis 2; TSC2 protein (/807 aa) in complex with TSCI,
inhibits the nutrient-mediated or growth factor-stimulated phosphorylation of S6K1
and EIF4EBP1 by negatively regulating mTORCI1 signaling. TSC2 protein acts as a
GTPase-activating protein (GAP) for the small GTPase RHEB, and thus a direct
activator of the protein kinase activity of mTORCI1. TSC2 protein is a tumor
suppressor. TSC2 protein weakly stimulates the intrinsic GTPase activity of the
Ras-related proteins RAP1A and RABS in vitro.

RHEB—Ras homolog enriched in brain; RHEB protein (/84 aa) has a low intrinsic
GTPase activity. RHEB protein stimulates the phosphorylation of S6K1 and
EIF4EBP1 via activation of mTORCI signaling. RHEB protein activates the pro-
tein kinase activity of mTORCI.

RPTOR—Regulatory associated protein of mTOR, complex 1; RPTOR (RAPTOR)
protein (/335 aa) functions as a scaffold for recruiting mTORCI1 substrates.
RPTOR (RAPTOR) protein controls the mammalian target of rapamycin complex 1
(mTORC1). mTORCI is activated in response to growth factors or amino acids.
Growth factor-stimulated mTORC]1 activation occurs via AKT1-mediated phos-
phorylation of TSCI-TSC2 leading to the activation of the RHEB GTPase which
activates the protein kinase activity of mTORCI.

MLSTS8—mTOR-associated protein, LST8 homolog (S. cerevisiae).

12 DNA Damage Repair Pathway Genes: Proteins
and Their Cellular Functions

CHEKI—Checkpoint kinase 1; CHEKI1 protein preserves the integrity of the
genome. CHEKI1 protein (476 aa) is a serine/threonine protein kinase which is
required for checkpoint-mediated cell cycle arrest and activation of DNA repair in
response to the presence of DNA damage or unreplicated DNA. CHEKI1 protein
also negatively regulates cell cycle progression during unperturbed cell cycles.
CHEKI1 protein preserves the integrity of the genome. CHEKI1 protein recognizes
the substrate consensus sequence [R-X-X-S/T] and binds to and phosphorylates
CDC25A, CDC25B, and CDC25C.

CHEK?2—Checkpoint kinase 2 (586 aa)

MLH1—MutL. homolog 1, colon cancer, nonpolyposis type 2 (E. coli); MLHI1
protein (756 aa) heterodimerizes with PMS2 to form MutL alpha, a component of
the postreplicative DNA mismatch repair system (MMR).

MSH2—MutS homolog 2, colon cancer, nonpolyposis type 1 (E. coli); MLH1
protein (934 aa) is a component of the postreplicative DNA mismatch repair system
(MMR). MLH1 protein forms two different heterodimers-MutS alpha
(MSH2-MSH6 heterodimer) and MutS beta (MSH2-MSH3 heterodimer) which
bind to DNA mismatches thereby initiating DNA repair.
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ATM—Ataxia telangiectasia mutated; ATM protein (3056 aa) is a DNA damage
sensor. ATM is a serine/threonine protein kinase which activates checkpoint sig-
naling upon double-strand breaks (DSBs), apoptosis and genotoxic stresses such as
ionizing ultraviolet A light (UVA). ATM recognizes the substrate consensus
sequence [ST]-Q and phosphorylates ‘Ser-139° of histone variant H2ZAX/H2AFX at
DSBs and thus initiates and regulates DNA damage response mechanism.
ATR—Ataxia telangiectasia and RAD?3 related; ATR protein (2644 aa) is a DNA
damage sensor for ionizing radiation (IR), ultraviolet light (UV), or DNA repli-
cation stalling. ATR protein is a serine/threonine protein kinase which activates
checkpoint signaling upon genotoxic stresses such as IR, UV, or DNA replication
stalling. Recognizes the substrate consensus sequence [ST]-Q and phosphorylates
BRCAI1, CHEK1, MCM2, RAD17, RPA2, SMC1, and p53/TP53, which collec-
tively inhibit DNA replication and mitosis and promote DNA repair, recombina-
tion, and apoptosis. ATR protein phosphorylates ‘Ser-139° of histone variant
H2AX/H2AFX at sites of DNA damage and initiates the complex repair process.
FANCF—Fanconi anemia, complementation group F; FANCF protein (374 aa) is a
DNA repair protein that operates in a postreplication repair or a cell cycle check-
point function. FANCF protein is implicated in interstrand DNA cross-link repair
and in the maintenance of normal chromosome stability.

PARPI1—Poly (ADP-ribose) polymerase 1; PARPI1 is a nick-sensor. PARP1 pro-
tein (1014 aa) is involved in the base excision repair (BER) pathway. It catalyzes
the poly(ADP-ribosyl)-ation of a number of acceptor proteins involved in chromatin
architecture, in damage repair, and in DNA metabolism. PARylation initiates DNA
damage repair and appears as a mandatory step in detection/signaling pathway
leading to the reparation of DNA strand breaks. PARP1 protein mediates the poly
(ADP-ribosyl)-ation of APLF and CHFR. PARPI protein positively regulates the
transcription of MTUSI and negatively regulates the transcription of
MTUS2/TIP150. PARP1 also PARylates itself.

MDCI—Mediator of DNA damage checkpoint 1 (2089 aa)

BRCAI—Breast cancer 1, early onset; BRCAl protein (/884 aa) is an E3
ubiquitin-protein ligase that specifically mediates the formation of ‘Lys-6’-linked
polyubiquitin chains and plays a central role in DNA repair by facilitating cellular
responses to DNA damage. The E3 ubiquitin-protein ligase activity of BRCA1
protein is required for its tumor suppressor function. The BRCAI-BARDI het-
erodimer coordinates a diverse range of cellular pathways such as DNA damage
repair, ubiquitination, and transcriptional regulation to maintain genomic stability.
BRCA2—Breast cancer 2, early onset; BRCA2 protein (3418 aa) is involved in
DSB repair and/or homologous recombination. BRCA2 protein binds RADS51 and
potentiates recombinational DNA repair by promoting assembly of RADS51 onto
single-stranded DNA (ssDNA). BRCA?2 protein acts by targeting RADS51 to ssDNA
over double-stranded DNA, enabling RADS51 to displace replication protein A
(RPA) from ssDNA and stabilizing RAD51-ssDNA filaments by blocking ATP
hydrolysis. BRCA2 protein participates in S phase checkpoint activation. BRCA2
protein binds selectively to ssDNA, and to ssDNA in tailed duplexes and replication
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fork structures. BRCA2 mutation (germline and sporadic are strongly associated
with cancer predisposition including ovary and breast).

RAD51—RADS51 homolog (S. cerevisiae); RADS1protein (340 aa) participates in a
common DNA damage response pathway associated with the activation of
homologous recombination and DSB repair. RADS51 protein binds to single- and
double-stranded DNA and exhibits DNA-dependent ATPase activity. RADS1
protein reorients duplex DNA and forms helical nucleoprotein filaments.
RADS51protein regulates mitochondrial DNA copy number under conditions of
oxidative stress in the presence of RAD51C and XRCC3.

We used the network image of the “Action View” of the network summary of 17
PI3K-AKT-mTOR signaling pathway genes which are frequently altered in cancers
(cBioPortal) as obtained using STRING 10. The network is displayed in Fig. 3.3a.
Using STRING 10 we obtained the “Action View” of the network summary of 12
DNA damage repair genes those are identified in cBioPortal as genes “known” to
be frequently altered in cancers Fig. 3.3b. Figure 3.3c presents interaction between
these two pathways, PI3K-AKT-mTOR and DNA damage repair pathways which
included 13 oncogenes and tumor suppressor genes that were highly altered in
basal-like cancers as shown in Fig. 3.1g (data from cBioPortal; Nature 2012 of
cBioPortal) including PTEN, AKTI1, AKT2, TSCI, TSC2, mTOR, RICTOR, RHEB,
BRCAI, BRCA2, ATM, ATR, FANCF which were used as “input” to STRING10 in
order to find the association at the two “Confidence Views”, 0.900 (highest con-
fidence). “Action View” is presented with “Confidence View” as the inset. The
active prediction methods included databases and Text mining. The customs limit
was chosen for the interactors. Figure 3.3d presents interaction between these two
pathways, PI3K-AKT-mTOR and DNA damage repair pathways which included 13
oncogenes and tumor suppressor genes that were highly altered in basal-like can-
cers (data from cBioPortal; Nature 2012 of cBioPortal) including PTEN, AKTI,
AKT2, TSC1, TSC2, mTOR, RICTOR, RHEB, BRCAIl, BRCA2, ATM, ATR, FANCF
which were used as “input” to STRING10 in order to find the association at the two
“Confidence Views”, 0.700 (high confidence). “Action View” is presented with
“Confidence View” as the inset. The active prediction methods included databases
and Text mining. The customs limit was chosen for the interactors.

16 genes of the PI3K-AKT-mTOR signaling pathway appear to be closely asso-
ciated both at the level of “Confidence Views” and “Action Views” (Fig. 3.3a).
A similar close association was observed among 11 genes of the DNA Damage
Repair pathway (Fig. 3.3b). These close and intricate associations in between genes
of both the pathways clearly indicate the overall complexity of the pathways and also
form the basis of the tremendous amount of plasticity of the signals originating from
the respective pathways. This plasticity is by far the best way to explain the devel-
opment of inevitable resistance to the drug in the tumor cells. When the “Action
Views” of 16 genes of the PI3K-AKT-mTOR signaling pathway is compared with the
“Action Views” of 11 genes of the DNA Damage Repair pathway it is clearly evident
that the associations between the individual gene of the PI3K-AKT-mTOR signaling
pathway is much tighter and intricate than the association of the DNA Damage Repair
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<« Fig. 3.3 a The network image of the “Action View” and “Confidence View” of association of 17
PI3K-AKT-mTOR signaling pathway genes that were frequently altered in cancers (cBioPortal) is
obtained using STRING 10. The network is displayed as Nodes which are either colored (as they
are directly linked to the input of 17 genes). Edges, i.e., predicted functional links, consist of up to
eight lines: one color for each type of evidence (as shown in the picture). Active prediction
methods included Databases and Text mining. Confidence view of the association is presented as
an inset. Stronger associations are represented by thicker lines. The confidence score presented is
at the highest confidence level (0.900). The confidence score is the approximate probability that a
predicted link exists between two enzymes in the same metabolic map in the KEGG database.
b “Action View” of the network summary of 12 DNA damage repair genes those are frequently
altered in cancers as obtained using STRING 10. The network is displayed as Nodes which are
either colored (as they are directly linked to the input of 12 genes). Edges, i.e., predicted functional
links, consist of up to eight lines: one color for each type of evidence (as shown in the picture).
Active prediction methods included Databases and Text mining. “Confidence View” of the
association is presented as an inset. Stronger associations are represented by thicker lines. The
confidence score presented is at the highest confidence level (0.900). ¢ Interaction between these
two pathways, PI3K-AKT-mTOR and DNA damage repair pathways which included 13
oncogenes and tumor suppressor genes that were highly altered in basal-like cancers (data from
cBioPortal; Nature 2012 of cBioPortal) including PTEN, AKTI, AKT2, TSC1, TSC2, mTOR,
RICTOR, RHEB, BRCAI, BRCA2, ATM, ATR, FANCF were used as “input” to STRING10 in
order to find the association at the two “Confidence Views”, 0.900 (highest confidence). “Action
View” is presented with “Confidence View” as the inset. The active prediction methods included
databases and Text mining. The customs limit was chosen for the interactors. d Interaction
between these two pathways, PI3K-AKT-mTOR and DNA damage repair pathways which
included 13 oncogenes and tumor suppressor genes that were highly altered in basal-like cancers
(data from cBioPortal; Nature 2012 of cBioPortal) including PTEN, AKTI1, AKT2, TSC1, TSC2,
mTOR, RICTOR, RHEB, BRCAI, BRCA2, ATM, ATR, FANCF were used as “input” to STRING10
in order to find the association at the two confidence views, 0.700 (high confidence). “Action
View” is presented with “Confidence View” as the inset. The active prediction methods included
databases and Text mining. The customs limit was chosen for the interactors. STRING (Search
Tool for the Retrieval of Interacting Genes/Proteins) is being developed at CPR (NNF Center for
Protein Research), EMBL (European Molecular Biology Laboratory), SIB (Swiss Institute of
Bioinformatics), KU (SUND-KU, University of Copenhagen), TUD (Technical University
Dresden, Biotec), and UZH (University of Zurich). The version 10 of STRING covers more than
2000 organisms and is equipped with improved prediction algorithms. We acknowledge the
version 10 of STRING and authorities/institutions/organizations/Universities/resources which
institutionally and financially support the STRING

pathway genes indicating a higher level of plasticity in the PI3K-AKT-mTOR sig-
naling pathway. Interestingly, we find that among 17 PI3K-AKT-mTOR signaling
pathway genes, PIK3R2 was not associated with other genes as shown in the network
image of both “Confidence Views” and “Action Views” (Fig. 3.3a). Similarly among
12 DNA Damage Repair pathway genes, PARP1 was not associated with other genes
as shown in the network image of both “Confidence Views” and “Action Views”
(Fig. 3.3b). At the high level of confidence, PTEN gene of the PI3K-AKT-mTOR
signaling pathway was observed to be associated with BRCA1/2 genes of the DDR
pathway both in “Confidence Views” and “Action Views” (Fig. 3.3d) in contrast to
the highest confidence level (Fig. 3.3c).
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PI3BK-AKT-mTOR Pathway Inhibition in the Context
of DDR: PARP Inhibitors in BC

The outcome of DDR is an integrated response of both proapoptotic and prosur-
vival signaling routes. A proapoptotic response which initiates the death of a cell
will ensue depending on the inferiority/failure/surrender of the prosurvival signal-
ing (to the proapoptotic signaling) which would have facilitated the survival via
initiating the repair. Thus, it is obvious that DDR is linked with the cell prosurvival
pathway like the PI3K-AKT-mTOR pathway. Recently, a review by Paull high-
lighted functional similarities between the activation mechanisms of ATM, phos-
phatidylinositol 3-kinases (PI3Ks), and the other PI3K-like kinases, as well as the
cellular mode of ATM kinase activation following DNA damage/oxidative stress
and structural insights into their regulation [125]. DNA-PK, ATM, and ATR
members of PI3K family are involved in the H2AX phosphorylation, a marker of
DNA damage [62]. Evidence suggests that there is a close functional relationship
between the DDR and PI3K-AKT-mTOR pathway. PI3K/AKT and MDM?2 acti-
vation were reported to be associated with the inhibitory effect of cAMP increasing
agents on DNA damage-induced cell death in cells [60].

PI3BK-AKT-mTOR pathway’s involvement in DDR and PI3K-AKT-mTOR
pathway’s cross-talk to the components of DDR are the fundamental bases for the
testing of the combination of these drugs in tumor cells. As the details about the
signaling landscape of these two pathways are being identified explaining their
interactions at different functional levels, the rationale behind the combination of
inhibitors of these two pathways are becoming more logical in the treatment of cancers
and the management of the resistance to the anticancer drugs in clinics. The example
of the cross talk between the components of DDR and the PI3K-AKT pathway was
clearly evident from effects of DNA-PKcs deficiency on the chemosensitivity of
human hepatoma HepG2 cells to cisplatin (CDDP) and S5-fluorouracil (5-Fu).
Recently, DNA-PKcs deficiency has been reported to sensitize the human hepatoma
HepG2 cells to DNA-damaging cytotoxic drugs including cisplatin and 5-fluorouracil
through suppression of the PI3K-AKT-NF-kB pathway [52].

In addition to the cross-talk between the PI3K-AKT-mTOR pathway and DDR,
there exists a direct functional interplay between two predominant tumor suppressors
of each pathway BRCAI and PTEN as reported in BC [109]. BRCALI regulates the
PI3K-AKT pathway by acting on upstream kinases of AKT and some of the BC with
BRCA Imutations have high frequencies of PTEN mutations [135]. PTEN acts on
chromatin and regulates expression of RADS51, which repairs spontaneous DSBs
[142, 143]. It is possible that nuclear PTEN participates in a variety of nuclear
functions like DNA repair, cell cycle arrest, and genome stability and these functions
are brought out in cooperation with BRCA1. A connection between tumor sup-
pressor BRCA1 and PTEN in damaged DNA repair has been reviewed by Minami,
Nakanishi et al. PTEN and BRCA1 genes are now recognized as one of the most
frequently deleted and/or mutated in many human cancers and PTEN as well as
BRCAL is known to play critical role in DNA damage responses. The PI3K/AKT
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pathway has been found to be constitutively active in BRCA1-defective human
cancer cells. Loss or decrease of PTEN or BRCA1 function, either by mutation or
following reduced expression contributed to the development of various tumors. The
literature showed that the BRCAI gene product can functionally cooperate with
PTEN and might be an essential blockage in the development of several tumors
[109]. Their review summarized recent findings regarding the functions of BRCA1
and PTEN which were involved in genomic stability and cancer cell signaling. It can
be argued here that this cooperation can be mediated by the effect of both PTEN and
BRCAL1 on genome stability. From PTEN’s side of the story, a loss of PTEN would
increase cell survival and reduce DNA repair, which would lead to genomic insta-
bility. Resistance to cytotoxic chemotherapy drugs/radiation which causes alter-
ations in the DNA to induce genotoxic stress to the tumor cells although poses the
most unsurpassable obstacle in clinics provides an opportunity to study the drug
interactions in tumor cells on a real-time basis. Hence, the other evidence regarding
the close interaction between the PI3K-AKT-mTOR pathway and DDR is presented
from the radioresistance and chemoresistance in cancers. Several reports have
indicated that reduced levels of PTEN are associated with radioresistance, which can
be suppressed by ectopic PTEN expression [74, 89]. AKT is the direct downstream
effector of PTEN and a signaling readout of PTEN function (lipid phosphatase) as a
direct inverse relationship exists between phosphorylated AKT (S473) and lipid
phosphatase function of PTEN in cells. A study by Toker et al., on doxorubicin
resistance in BC reported that AKT substrate MERIT40 helps in the resolution of
DNA damage induced by chemotherapy [15]. MERIT40, a component of the
BRCA1-A DNA damage repair complex has been demonstrated to be phosphory-
lated following doxorubicin treatment which facilitates assembly of the BRCA1-A
complex in response to DNA damage and contributes to doxorubicin resistance via
DNA repair and cell survival (following doxorubicin treatment).

Thus, an understanding of the connection between BRCA1 and PTEN would be
a key to appreciating the cross talk between the PI3K-AKT-mTOR pathway and
DDR pathway toward evolving to a therapeutically beneficial regime. A similar
functional relationship was reported in the case of INPP4B, the lipid phosphatase
inositol polyphosphate 4-phosphatase type II has been described as a tumor sup-
pressor in the PI3K-Akt pathway with the loss of expression found most commonly
in the breast (TNBC), ovarian cancer, and melanoma. In a recent report, Ip et al.
demonstrated the DNA repair defect in INPP4B-deficient cells by comet assays and
quantification of YH2AX, RADS51, and 53BP1 foci formation. INPP4B loss resulted
in significantly increased PARP sensitivity in vitro models, as well as in vivo
xenograft models. INPP4B forms a protein complex with ATR and BRCAI, in
GST pull-down and 293T overexpression assays, and INPP4B loss affected
BRCAL, ATM and ATR protein stability resulting in the observed DNA repair
defect [67]. Thus, a defect in the repair of DNA damage due to a loss of a phos-
phatase belonging to the PI3K pathway has been demonstrated to be associated
with the loss of BRCA1, ATM, and ATR and was targeted by PARP inhibitor.
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PARP Inhibitors as Chemo/Radiopotentiating Agents:
TNBC and Beyond

TNBC with all its clinical distinctiveness including (1) discordance of definition
between TNBC and basal-like BC, (2) diverse and heterogeneous molecular fea-
tures, (3) conspicuous absence of actionable targets, (4) BRCA-ness, and
(5) yet-to-define biomarker status is the most challenging BC subtype at the clinical
setting. Although several studies [1, 17, 18, 26, 42, 56, 84, 87, 88, 107, 122, 129,
144, 153, 159] have been undertaken to resolve the differences TNBC and basal-like
BC, their inherent discordance, and the intratumor heterogeneity in order to define
the molecular subtypes of this BC subtype, the results of those studies and their
associated clinical trials have added more questions/controversies than answers.
One of the most agreeable conclusions amidst of different controversies regarding
the usefulness of PARP inhibitor(s) is the possibility that PARP inhibitors can target
the BRCA-ness in order to inhibit DDR which in turn induces apoptosis [7, 17, 35,
72, 85, 128, 133, 147]. The premise of the use of PARP inhibitors in
BRCA1/2-associated and sporadic cancers have come a long way based on the
concept of “synthetic lethality” [16, 46, 53, 55]. Following the “proof-of-concept
trial” by Andrew Tutt et al. using oral poly(ADP-ribose) polymerase (PARP) inhi-
bitor olaparib in patients with BRCA1 or BRCA2 mutations and advanced breast
cancer [154], Iniparib plus chemotherapy was soon tested in metastatic TNBC [119].
Although the pathway of the development of PARP inhibitor was rough [50, 104,
119, 120], PARP inhibition is projected as the “targeted” therapy for advanced breast
cancer (both TNBC and BRCA deficient) [5, 9, 22]. In a comprehensive overview of
the distinct levels of the polypharmacology of PARP-1 inhibitors, (interfamily
polypharmacology, intrafamily polypharmacology, and multisignaling polyphar-
macology) Passeri et al. have recently reviewed the progress made in gaining insight
into the molecular basis of the multiple target-independent and target-dependent
activities of PARP-1 inhibitors [124]. Regulation of FANCD2 by the mTOR path-
way has been shown to contribute to the resistance of cancer cells to DNA DSBs by
Shen et al., as inhibition of mTOR resulted in sensitization to DNA-damaging
agents. In their study, it was demonstrated that AZD8055, an mTOR-selective kinase
inhibitor significantly enhanced the sensitivity of a pediatric thabdomyosarcoma
xenograft to radiotherapy and sensitized rhabdomyosarcoma cells to the DNA
interstrand cross-linked (ICL) melphalan. Sensitization correlated with drug-induced
downregulation of a key component of the Fanconi anemia pathway, FANCD2
through mTOR regulation of FANCD?2 gene transcripts via mTORC1-S6K1 [141].
Interestingly in a study delineating large deletion causing von Hippel-Lindau dis-
ease and hereditary breast cancer syndrome, a deletion of FANCD2 gene has been
reported to be an important gene in the DNA repair pathway that might be associated
with an increased risk of breast cancer wherein large VHL deletions (patients with
intragenic mutations of the VHL gene) that remove the FANCD?2 gene occur [80]. In
a study similar to Shen et al., Zang et al. reported that targeting the
PI3K-AKT-mTOR pathway signaling can sensitize cancer cells to radiotherapy and
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chemotherapy [156]. Mechanistically, PI3K-AKT-mTOR signaling contributes to
DDR via its control on FANCD?2 and ribonucleotide reductase (RNR) which helps in
the entire process of DDR at different nodes including ATM-Chk2 and ATR-Chk1
activation [141]. FANCD? is involved in the development of resistance of cells to
DNA damage agents and the activation of DNA damage checkpoints while RNR is
critical for the completion of DNA replication and repair in response to DNA
damage and replication stress. Thus the regulation of FANCD2 and RNR by
PI3BK-AKT-mTOR signaling advocates that cancer cells depend on
PI3K-AKT-mTOR pathway for survival in response to DNA damage, indicating that
the PI3K-AKT-mTOR pathway promotes resistance to chemotherapy and radio-
therapy by enhancing DNA damage repair, thus linking PI3K-AKT-mTOR pathway
to DDR pathway in tumor cells and strengthening the premise for a therapeutic
combination of PARP inhibitor and PI3K-AKT-mTOR pathway inhibitor.

Because genomic instability marks cancer, several chemotherapeutic drugs and
radiotherapy induce DNA damage to prevent cancer cell replication.
Mechanistically, cancer cells being treated with chemotherapeutic drugs or radio-
therapy, in turn, activate different DNA damage response pathways to either repair
the damage or induce cell death. DDR pathways also elicit metabolic alterations and
thus the PI3K-AKT-mTOR signaling can logically contribute to DDR via its
control of cellular metabolism. To further strengthen this concept, we refer to a
recent study by Bhute and Palecek who studied metabolic effects resulting from
different types of DNA damage and repair mechanisms in BC cell lines [13].
Using NMR metabolomics to identify metabolic pathways they studied altered
cellular metabolism in MCF7 cells in response to different DNA-damaging agents.
Their findings point out that cancer cell metabolic responses depend on the type of
DNA damage responses and can also be used to classify the type of DNA damage
suggesting an application of metabolomics to classify the types of DNA damage
responses. Interestingly enough, the suppression of homologous recombination by
Insulin-like growth factor-1 inhibition has been reported to sensitize cancer cells to
PARP inhibitors [4]. The study demonstrated that cells with mutated/methylated
BRCAL1 had an impaired HR function, and had an overactivation of the IGF-1R
pathway. These cells were found to be more sensitive to IGF-1R inhibition com-
pared to HR-proficient cells. The IGF-IR inhibitor reduced RADS51 expression at
mRNA and protein levels in HR-proficient cells and sensitized these cells to PARP
inhibitor. Targeting IGF-1R might lead to improved personalized therapeutic
approaches in cancer patients with HR deficiency. These results indicate that tar-
geting both PARP and IGF-1R might be beneficial in obtaining better clinical
efficacy in HR-deficient patients and expand the use of PARP inhibitors to the
population of patients who have indications to target IGF-1R. The most direct mode
of interaction between DDR and the PI3K-mTOR pathway can be understood from
the studies of Prof. G Mills and his colleagues [112] who reported that mTOR
inhibitors suppress homologous recombination repair and synergize with PARP
inhibitors in BRCA-proficient triple-negative breast cancer which strongly suggest
that combination of mTOR inhibitors and PARP inhibitors would be clinically
effective to treat BRCA-proficient TNBC patients.
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The wealth of information we have regarding the merits of the clinical use of
Poly (ADP-ribose) polymerase inhibitors in metastatic breast cancer and TNBC is
staggering [28, 42, 68, 85, 132, 148]. It has also been suggested that the treatment
combination of a PARP inhibitor with DNA-damaging chemotherapy may be an
effective strategy for some of these tumors [50]. The initial reports regarding the
chemopotentiating effect of temozolomide, irinotecan, and cisplatin activity by a
PARP inhibitor was presented by Miknyoczki et al., using CEP-6800, a PARP
inhibitor [108]. A number of articles described the chemo/radiopotentiating prop-
erty of PARP inhibitors in a wide variety of solid tumors [14, 19, 32, 40, 114, 117,
121, 149] and many clinical trials were initiated based on the results of these
studies. A phase II trial of the PARP inhibitor veliparib (ABT888) and temozolo-
mide was instituted for metastatic breast cancer [69]. Doxorubicin has been
reported to enhance Snail/LSDI1-mediated PTEN suppression in a
PARP1-dependent manner [90]. The PARP inhibitor ABT-888 has been reported to
synergize irinotecan treatment of colon cancer cell lines indicating that ABT-888
may be a clinically effective adjuvant to current colon cancer therapies that include
the use of irinotecan and/or oxaliplatin [33]. Initial reports regarding the chemo
potentiation of temozolomide, irinotecan, and cisplatin activity by a PARP inhibitor
was presented by Miknyoczki et al., using CEP-6800, a PARP inhibitor [108]. The
results of these studies describing the chemo/radiopotentiating property of PARP
inhibitors in a wide variety of solid tumors [14, 19, 32, 40, 117, 137, 149] have
generated an increased interest toward the employment of PARP inhibitors as
chemotherapeutic adjuvants. Murai et al. put forward the rationale for PARP
inhibitors in combination therapy with camptothecins or temozolomide based on
PARP trapping versus catalytic inhibition [116]. The results showed that catalytic
PARP inhibitors are highly effective in combination with camptothecins, whereas
PARP inhibitors capable of PARP trapping are more effective with temozolomide
and provided insights in combination treatment rationales for different PARP
inhibitors. A synergistic effect of olaparib with a combination of cisplatin was
observed in PTEN-deficient lung cancer cells wherein the mechanistic investiga-
tions revealed that PTEN deficiency caused reductions in nuclear RAD51 and RPA
focus formation and phosphorylated Chkl and Mrell, which also indicated that
genetic inactivation of PTEN might lead to the suppression of DNA repair in the
tumor cells [110]. Efficacy of Carboplatin Alone and in Combination with ABT888
in intracranial murine models of BRCA-Mutated and BRCA-wild-type TNBC has
been reported [76]. A recent study by Mariano et al. demonstrated that the PARP
inhibitor ABT-888 modulated the MDA-MB-231 cell response to doxorubicin,
leading to an increase in the rate of apoptosis. Mechanistically, PARP-1 controlled
Snail expression at transcriptional level in cells exposed to doxorubicin. Their
results suggested that one of the mechanisms through which PARP inhibitions can
chemosensitize cancer cells is targeting Snail expression and thus promoting
apoptosis [100]. Synergistic effect of PARP inhibitor with c-Met inhibitor has been
observed in BC. The combination of c-Met and PARPI inhibitors synergized to
suppress the growth of breast cancer cells in vitro and xenograft tumor models. In
their report, Du et al. demonstrated that blocking c-Met-mediated PARP1
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phosphorylation enhances antitumor effects of PARP inhibitors suggesting that the
abundance of PARP1 pY907 may predict tumor resistance to PARP inhibitors and
that treatment with a combination of c-Met and PARP inhibitors may benefit
patients with high c-Met expression and insensitive to PARP inhibition alone [47].

A Combination of PARP Inhibitors and PI3K-AKT-mTOR
Pathway Inhibitors: Drug Sensitivity and Drug Resistance

The first experimental evidence in favor of the potential to combine inhibition of
PI3K and PARP in cancer therapy [130] was provided by LC Cantley’s group in
BRCA1-related breast cancer [75]. Responding to need to improve treatments for
metastatic breast cancer, Juvekar et al. used a MMTV-CreBrcal (f/f)Trp53(£)
mouse model of BC with the activation of the phosphoinositide 3-kinase (PI3K)
and mitogen-activated protein kinase (MAPK) pathways [75]. Treatment with the
pan-class IA PI3K inhibitor NVP-BKM120 delayed the tumor doubling from 5 to
26 days. Mechanistically, PI3K inhibition increased indicators of DNA damage,
poly-ADP-ribosylation (PAR), and y-H2AX and decreased RADS51 focus forma-
tion suggesting a role of PI3K activity for RADS1 recruitment. When combined
with NVP-BKM120 and olaparib tumor doubling was delayed to more than
70 days in the mouse model and more than 50 days in xenotransplants from human
BRCA1-related tumors indicating that the combination of a PI3K inhibitor with a
PARP inhibitor provides a new trend of combination to be tested in clinics for
BRCA1l-related BC. In BRCAl-deficient breast cancer cells co-targeting of the
PI3K pathway was reported to improve the response of to PARPI inhibition by
Kimbung et al. [78]. In their study, a sequential combination of PARP and PI3K
inhibitors interacted synergistically to significantly decrease growth compared to
PARP inhibition alone. Global transcriptional profiling showed that this decrease in
growth was associated with downregulation of macromolecule biosynthesis and the
induction of apoptosis. During the same time (same publication issue), J Baselga’s
group put forward experimental evidence that inhibition of PI3K following
BKM120 impaired BRCA1/2 expression and sensitized BRCA-proficient TNBC to
PARP inhibition [66]. Their study demonstrated that in TNBC cells PI3K inhibition
leads to DNA damage, downregulation of BRCAI1/2, the gain in
poly-ADP-ribosylation, and subsequent sensitization to PARP inhibition. In line
with this observation a dual PI3K and PARP inhibition with BKM120 and olaparib
reduced the growth of patient-derived primary TNBC xenografts and displaying
BRCA1/2 downregulation following PI3K inhibition. PI3K-mediated BRCA
downregulation was mediated by ERK-dependent ETSI1 transcription factor.
Considering the limited therapy options for TNBC patients and more so for the
BRCA-proficient TNBC patients (PARP inhibitors have clinical activity restricted
to a small subgroup of patients with BRCA mutations) their study demonstrated that
PI3K blockade-mediated HR impairment can effectively sensitize PARP inhibition



96 P. De et al.

in BRCA-proficient TNBC patients [66]. Building on their study in the following
years, we hypothesized that a node-specific inhibition of the PI3K pathway by
GDC-0980 in the presence of carboplatin would result in (1) an enhanced
impairment of DSB repair and (2) a subsequent sensitization to PARPi. This effect
occurring simultaneously with the inhibition of classic PI3K-mTOR survival signal
(s) would induce a robust antiproliferative/proapoptotic signal(s) even in
BRCA-competent TNBC cells (a BC-subtype model in which PARPi are not
active). We reported for the first time that a node-specific dual inhibition of the
PI3BK-mTOR pathway by GDC-0980 caused an impairment of DSB repair and
resulted in a consequent sensitization to ABT888 plus carboplatin treatment in a
BRCA-competent TNBC model. We demonstrated that in a BRCA-competent
model, GDC-0980 enhanced the antitumor activity of ABT888 plus carboplatin by
inhibiting both tumor cell proliferation and tumor-induced angiogenesis along with
an increase in the tumor cell apoptosis [39]. This is the first mechanism-based study
to demonstrate that a dual-node inhibition of the PI3K-AKT-mTOR pathway can
potentiate the antitumor efficacy of PARP inhibitor in combination with a
chemotherapy drug in BRCA-proficient TNBC model. Our data identified the
inhibition of DDR as another mode of action of GDC-0980 and demonstrate that
when combined with carboplatin plus ABT888, GDC-0980 sensitized
BRCA-competent TNBC cells to PARP inhibitor to induce an effective antitumor
effect. This study demonstrates that an additional mechanism of action of
GDC-0980 is the inhibition of the PI3K pathway-dependent DNA damage
response, which is augmented by PARP inhibition owing to an inability to respond
to additional DNA damage induced by carboplatin. The latter provides additional
support that PI3K and mTOR regulate DNA damage responses both in vitro and
in vivo and provides a strong mechanistic rationale for the combination of the
PI3K-mTOR pathway inhibitors with PARPi in TNBC that is BRCA proficient
[39]. Interestingly, Cardnell et al. demonstrated that proteomic markers of DNA
repair (“DNA repair protein score”) and PI3K pathway activation predicted
response to the PARP inhibitor BMN 673 in SCLC xenograft models which
complemented the report regarding the cooperation between DNA repair and PI3K
pathways [21].

In the phase II TBCRCOOQ9 trial reported in the Journal of Clinical Oncology,
Isakoff et al. found that platinum monotherapy was active in treatment of metastatic
triple-negative breast cancer, particularly in cases with BRCA1/2 mutation, and that
an assay of genomic instability characteristic of BRCA1/2 deficiency may predict
better outcome in patients without BRCA1/2 mutation (TBCRC009: A Multicenter
Phase Il Clinical Trial of Platinum Monotherapy With Biomarker Assessment in
Metastatic Triple-Negative Breast Cancer; Steven J. Isakoff, Erica L. Mayer, Lei He,
Tiffany A. Traina, Lisa A. Carey, Karen J. Krag, Hope S. Rugo, Minetta C. Liu,
Vered Stearns, Steven E. Come, Kirsten M. Timms, Anne-Renee Hartman, Darrel R.
Borger, Dianne M. Finkelstein, Judy E. Garber, Paula D. Ryan, Eric P. Winer,
Paul E. Goss and Leif W. Ellisen; Presented in part at the 47th Annual Meeting of
the American Society of Clinical Oncology (ASCO), Chicago, IL, June 3-7, 2011;
the 50th Annual Meeting of the ASCO, Chicago, IL, May 30—June 3, 2014, and the
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Clinical and Translational Research Center-American Association for Cancer
Research 35th Annual San Antonio Breast Cancer Symposium, San Antonio, TX,
December 4-8, 2012.). The investigators concluded: “Platinum agents are active in
[metastatic triple-negative breast cancer], especially in patients with germline
BRCA1/2 mutations. A measure of tumor DNA repair function may identify patients
without mutations who could benefit from platinum therapy agents. Prospective
controlled confirmatory trials are warranted” (ASCO Post; By Matthew Stenger,
Posted: 4/14/2015 12:17:00 PM; Last Updated: 4/14/2015 12:17:00 PM). Our report
indicated that an additional load of DNA damage by carboplatin leads to an
enhanced impairment of DSB repair effective in obtaining an antitumor effect of
PARP inhibitor and PI3K-mTOR pathway inhibitor [39]. Similarly, radiation was
used by Jang et al., to induce the burden of DNA DSBs. They reported that
radiosensitization with combined use of olaparib and PI-103 has found to be effi-
cacious in a xenograft model of TNBC [70]. Efficacy of carboplatin alone and in
combination with ABT888 in Intracranial murine models of BRCA-mutated and
BRCA-wild-type TNBC is also reported by Karginova et al. [76].

Subsequently, we demonstrated that following a dual inhibition of PI3K-mTOR,
S6RP/4EBP1 dephosphorylation tracks more consistently with the drug’s tumor
growth inhibitory response rather than the upstream state of AKT activation. Unlike
mTORCT1 inhibitor RAD001, GDC-0980 potently eliminates (in vitro and in vivo)
feedback reactivation of the pathway as, (1) it targets PI3K, reactivation of AKT™
is blocked and (2) inhibition of the mTORC?2 complex blocks the reactivation of
AKT®*?. TNBC tumors with PTEN-independent RAS/RAF mutation-mediated
activation of PI3K-mTOR pathway can be controlled by dual node blockade of the
PI3BK-mTOR pathway when combined with a PARP inhibitor and carboplatin. In
contrast, blocking a single nodal point of PI3K by GDC-0941 failed to inhibit
significantly the growth of preestablished tumors (>20 %) even in combination with
A and C in MDA-MB231 xenografts, while GDC-0980 potentiated an antitumor
effect by inhibiting tumor growth by 90 %. Data indicated that the nullness of PTEN
synergized with the drug effects [43]. The role of PTEN was reported in prostate
cancer model by Gonzélez-Billalabeitia et al., wherein they demonstrated that PARP
and PI3K inhibitors effectively synergize to suppress tumorigenesis in human
prostate cancer cell lines and in a PTEN/TP53-deficient mouse model of advanced
prostate cancer. Their study identified a combinatorial treatment with PARP and
PI3K inhibitors as an effective option for PTEN-deficient prostate cancer [61].
Interestingly, PTEN’s role in the nucleus in the context of DNA damage response is
also reported to be connected to its role in autophagy. PTEN phosphorylation by
ATM was found to be essential for PTEN nuclear translocation and the subsequent
induction of autophagy in response to DNA damage [25]. On the flip side of it,
overexpression of INPP4B which encodes the inositol polyphosphate 4-phosphatase
type II, one of the other phosphatase involved in phosphatidylinositol signaling
pathways (removes the phosphate group at position 4 of the inositol ring from
inositol 3,4-bisphosphate) has been shown to enhance the antitumor efficacy of
PARP inhibitor AG014699 in MDA-MB-231 TNBC cells [146]. Loss of INPP4B
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has been shown to cause a DNA repair defect through loss of BRCA1, ATM and
ATR and can be targeted with PARP inhibitor treatment [67].

The sensitivity of a tumor cell to a rational drug combination is obvious and the
development of resistance in the tumor cell to the drug combination in due course
of time is inevitable. The biology of the signal transduction in the tumor cell is
responsible for determining its sensitivity to a drug and is critical to understand and
or predict the development of the resistance to the drug combination. Thus, sen-
sitivity to the drug is the “action” of the drug on the cellular signals while the
resistance to the drug is the “opposite reaction” of the cell signals to the drug; this
“opposite reaction” ensues with time and is far more than equal. Thus, resistance to
PARP inhibitors is inevitable. Our success in the targeted therapies in TNBC [101]
with PARP inhibitor will have to depend on our collective ability to manage the
resistance to PARP inhibitors. In the latest study by J Jonkers group, a selective
resistance to the PARP inhibitor olaparib in a mouse model for BRCA1-deficient
metaplastic breast cancer (MBC) was studied and their results indicate that patients
with BRCA 1-associated MBC show poor response to olaparib and illustrate the
value of GEMM-ESC models of human cancer for evaluation of novel therapeutics
[63]. The successes and challenges of PARP inhibitors are one of the crucial
avenues of cancer therapy [131]. In-depth mechanisms of resistance to targeting the
PI3K pathway have been elegantly reviewed by Prof. L Cantley [79]. Future holds
the knowledge regarding the prospect of drug action and the puzzle of drug
resistance of a combination of PARP inhibitors and PI3K-AKT-mTOR pathway
inhibitors in BC.
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Chapter 4

The AKT-mTOR Signaling Pathway
for Drug Response Prediction

and Prognostic Signatures

John Conor Moran, Elisa Baldelli, Emanuel F. Petricoin
and Mariaelena Pierobon

The PI3K-AKT-mTOR Signaling Pathway in Cancer:
An Overview

The PI3K-AKT-mTOR signaling pathway is a well-known and central contributor
to tumorigenesis and metastasis and orchestrates a number of cellular functions
including cell survival, proliferation, and migration as well as regulation of a
number of metabolic functions [1-3]. Genomic analyses of tumors originated from
different organs have shown that different members of this pathway are often
mutated in human malignancies [4]. For this reason, efforts have increasingly been
focused on developing therapeutic compounds targeting directly the products of
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these genes (e.g. PI3K, AKT, and mTOR) to modulate the aberrant signaling
network of this key pathway.

Although derangements at the genomic level (e.g. gene mutation/deletion/
amplification and epigenetic modification) are the underlying cause of cancer, these
alterations lead to biochemical dysfunctions at the protein level: functionally cancer
is a proteomic disease. Exploring the functional impacts these derangements have
on the signaling network has become a new paradigm for understanding the
molecular mechanisms driving tumor onset and progression and for identifying
“real drivers” within the malignant lesions. Because most targeted therapeutics,
especially those that concentrate on AKT-mTOR signaling, work by modulating
protein enzymatic (e.g. kinase) activity, focusing on the functional protein signaling
network may represent a more direct approach to predictive and prognostic bio-
marker analysis and implementation. Moreover, rather than concentrating on the
identification of new proteins or on single molecules, functional proteomic studies
focus instead on protein expression and post-translational modifications that lead to
the activation of biochemical networks driving all major cell functions [5]. Among
others, protein kinases, a large family of enzymes that are known for being con-
stitutively activated in malignant lesions, are considered major players of the sig-
naling network and as a consequence are highly involved in tumorigenesis and
cancer progression [6].

The PI3K-AKT-mTOR Pathway: Kinase Activation
and Signaling Cascades

Kinases regulate most cellular functions by activating downstream substrates via
phosphorylation, a post-translational modification that controls signaling trans-
duction, protein localization, and formation of dynamic and transient protein
complexes. These heterotypic complexes, or “signaling hubs”, which are respon-
sible for malignant transformations, contain the direct targets for therapeutic
interventions. For all of the aforementioned reasons, the vast majority of the new
generation of anti-cancer compounds do not target specifically mutated genes, but
rather interfere with the activation of key membrane or intracellular kinases and the
signaling network in which they are involved.

Most of the PI3K-AKT-mTOR pathway members and their downstream sub-
strates are protein kinases that are highly regulated via changes in their phosphory-
lation status (Fig. 4.1). The PI3K itself is a lipid kinase usually located on the plasma
membrane able to phosphorylate the 3’°OH group of phosphatidylinositol-4,5-
bisphosphate (PIP2) to generate phosphatidylinositol-3,4,5-trisphosphate (PIP3), a
secondary messenger involved in recruitment of signaling proteins (e.g. PDK1 and
AKT). Recruitment and activation of these kinases leads to the initiation of complex
AKT-dependent or -independent signal transduction cascades ultimately leading to
cell proliferation and survival [2, 7].
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Fig. 4.1 Simplified schematic representation of the kinase interactions within the
PI3BK-AKT-mTOR signaling network

AKT, a serine/threonine kinase, regulates a number of cellular functions via
direct phosphorylation of its downstream substrates; glycogen synthase kinase 3o
(GSK3a), GSK3p, Forkhead box O transcription factors (FoxO), MDM?2, and a
number of proteins involved in the regulation of programmed cell death. In addi-
tion, AKT modulates the activation of the mTOR complex 1 (mTORC1), a “hub”
where a number of different signaling pathways are integrated. Indeed, the acti-
vation of mTORCI, via phosphorylation and consequent inhibition of tuberous
sclerosis 2 (TSC2) and activation of the AKT1 substrate 1 (PRAS40) leads to the
phosphorylation of downstream substrates like p70S6 Kinase, 4E-binding protein 1
(4E-BP1), 4E-BP2 and 4E-BP3, and the S6 Ribosomal protein. All of these bio-
chemical changes within the signaling network translate into increased cell survival
and metabolic adaptation to nutrient and O, availability and overall cellular energy
level [7]. A number of different feedback mechanisms and tumor suppressors are
responsible for controlling the PI3K signaling in physiological conditions. Among
others, it is worth mentioning the dual protein/lipid phosphatase and tensin
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homolog (PTEN), an oncosuppressor able to inactivate the PI3K signaling at its
origin via dephosphorylation of PIP3.

The PI3K-AKT-mTOR Pathway: Association Between
PIK3CA Mutation and Activation of the PI3K-AKT-mTOR
Signaling Network

As recently shown by the analysis of The Cancer Genome Atlas (TCGA) dataset,
mutations of the PI3K-AKT-mTOR axis are overall relatively frequent in tumors
[8]. Although differences in term of incidence have been detected across tumors of
different anatomical origin, PIK3CA mutations appear to be one of the most fre-
quent genetic abnormalities in tumors, second only the mutation of the TP53
oncosuppressor with an overall incidence across all tumors of 17.8 % [8]. Most of
the PIK3CA mutations affect either the kinase domain of p110a, which results in
constitutive activation of PI3K, or the helical domain causing a change in the
intermolecular interaction between pl10a and the regulatory subunit p85 [9, 10].
Additional major abnormalities affecting the PI3K-AKT-mTOR pathways are:
loss of the PTEN oncosuppressor (overall incidence: 9 %), PIK3RI mutation
(overall incidence: 4.4 %), and somatic mutation of AKTI (overall incidence <1 %)
[4, 8, 11].

Because PI3K-AKT-mTOR is one of the most important pathways in tumor
progression and mutations of its components are relatively frequent in malignant
lesions, a number of studies have evaluated whether the identification of a mutation
on one or more of the members of the pathway is sufficient for predicting the
activation status of the PI3K signaling network in cancerous cells. While
pre-clinical models have shown significant correlation between PIK3CA mutation
leading to PI3K gain-of-function and activation, via phosphorylation, of the
downstream substrates like AKT [12, 13], analysis of clinical specimens evaluating
this correlation have shown controversial results [14]. Stemke-Hale et al. [15] have
evaluated the association between PTEN and PIK3CA mutation and phosphoryla-
tion of a number PI3K of downstream substrates including AKT (S473 and T308),
GSK3 (S21), mTOR (52448), and p70S6K (T389) in over 300 breast cancers.
While increased phosphorylation of AKT, mTOR, and p70S6 was detected in
tumors affected by a PTEN loss, there was no difference regarding activation of
AKT, mTOR, GSK3, and p70S6 in tumors harboring a PIK3CA mutation versus
PIK3CA wild-type lesions. Similarly, Hashimoto et al. as well as Lazaridis et al.
showed that the activation of AKT in breast cancer samples is not necessarily
associated with the presence of a PIK3CA mutation [16, 17]. Taken together, these
findings indicate that the presence of a PIK3CA mutation in human specimens may
not be sufficient for identifying patients with hyper-activated downstream effectors.
This observation becomes particularly important when molecular information are
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used as predictive markers of response to therapy or as therapeutic biomarkers for
stratifying cancer patients to different targeted treatments.

Because signaling pathways are regulated by a number of different mechanisms,
to identify the “real” molecular drivers of individual tumors it is essential to
combined genomic characterization with functional studies of the signaling net-
work. While PIK3CA mutations leading to gain-of-function can undoubtedly result
in the activation of the PI3K-AKT-mTOR pathway, they are not sufficient in pre-
dicting the activation of the PI3K signaling network. Indeed, different molecular
mechanisms can induce activation of PI3K and its downstream substrates inde-
pendently from the mutation. For example, upstream activation of receptor tyrosine
kinases (RTK) can lead to the direct hyper-activation of the PI3K-AKT-mTOR
pathway in human cancer regardless of PIK3CA mutation status [7, 18, 19].
Similarly, pathway cross-talk can also deeply affect the activation level of PI3K and
its downstream substrates. An example is given by the interplay between
PI3BK-AKT-mTOR and the MAPK pathway, especially through Ras, a small
GTPase that can directly activate PI3K [7, 20, 21]. Finally, the establishment of
feedback loops within or between different pathways can also deeply influence the
activation level of PI3K and its downstream effectors [22, 23]. For example,
phosphorylated mTOR can activate negative feedback mechanisms via S6
Ribosomal protein which can lead to down-regulation of PI3K and AKT [22]. As a
consequence, inhibition of mTOR using rapalouges can ultimately result in
increased activation of AKT and consequent increased tumor growth [24, 25].
Similarly, negative feedback loops involving collateral networks can induce PI3K
independent activation of AKT and downstream substrates [22, 23].

Activation of the PI3K-AKT-mTOR Signaling Pathway
as Prognostic and Predictive Biomarker

Numerous studies have explored the prognostic role of the PI3K-AKT-mTOR
pathway across different cancers, but results between individual studies are
inconsistent probably due to heterogeneous patient populations, sample size, and
other confounding factors [26-29]. To further explore these discrepancies, a
number of systematic reviews of the literature and meta-analyses have recently been
conducted to explore the role of the PI3K/AKT/mTOR pathway comprehensively
as prognostic factor for patient overall survival (OS) as well as progression free
survival (PES).

Ocana et al. [30] have evaluated the overall association between genomic and
functional alterations of the PI3K-AKT-mTOR pathway and patient OS across a
panel of tumors. Pooled analysis of 17 studies indicated that overall PIK3CA
mutations are not associated with OS. On the other hand, phosphorylation of AKT
and mTOR along with loss of PTEN were identified as molecular predictors of poor
OS indicating that the activation of PI3K downstream effectors may be more
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clinically relevant in identifying patients with less favorable prognosis than the
PIK3CA mutational status itself. As discussed by the author, a major limitation of
the analysis was given by the lack of distinction between mutations affecting the
catalytic versus the helical domain of PIK3CA and the exclusion from the analysis
of other molecular parameters (e.g. ER and ErbB2 expression) relevant to PI3K
activation.

Two distinct analyses have evaluated the role of AKT activation in non-small
cell lung carcinoma (NSCLC) [31, 32]. Unadjusted univariate analysis presented by
Qiu et al. found an HR of 1.49 (CIL: 1.01-2.20) for patients with increased activation
of AKT compared to individuals with low AKT phosphorylation. Yang et al. [32]
have confirmed the prognostic role of AKT activation in lung cancer. In addition,
this second analysis found AKT activation to be a prognostic factor especially for
early stage tumors (HR: 1.35, CI: 1.08-1.69 for stage I-II versus HR 1.22 CI: 0.64—
2.33 for stage III-1V). This association was stronger in surgically treated patients,
but lost in patients treated with RTK inhibitors possibly suggesting that RTK
targeted compounds indirectly affect the activation of the PI3K-AKT-mTOR
axis [32].

A meta-analysis of eleven epithelial ovarian cancer studies has also shown a
strong correlation between PTEN expression and OS. While the prognostic value of
PI3K expression was significant only in multivariate analysis, AKT phosphoryla-
tion was the only marker to be an indicator not only of poor OS, but also worse PFS
[33]. Finally, Yang and colleagues evaluated the role of phosphorylated AKT
across twenty breast cancer studies. The data suggested that patients with high
activation of AKT have approximately 50 % increase in risk of dying from the
disease than patients with low activation of AKT. This analysis also identified
phosphorylated AKT as a molecular marker associated with lower disease free
survival interval [34].

The role of the PI3K-AKT-mTOR axis has also been amply evaluated as a
predictive factor for response to therapy. Significant evidence, for example, has
been collected on the role of this pathway in predicting response to endocrine
therapy, HER targeted agents, and cytotoxic compounds, especially in breast cancer
[35, 36]. It is well established that in estrogen receptor (ER) positive breast cancers
the PI3K-AKT-mTOR pathway mediates response to ER-targeted agents like
tamoxifen. In addition, recent studies have shown that response to adjuvant
endocrine therapy is associated with increased activation of PI3K substrates like
phosphorylated AKT, mTOR, p70S6K and 4E-BP1 [37-41]. As a consequence,
these biomarkers may be informative in predicting resistance to treatment with
tamoxifen and should be kept into consideration when treating ER positive breast
cancer patients.

Similarly, activation of the PI3K pathway can predict response rate to RTK
inhibitors targeting the HER family. Using in vitro breast cancer models, O’Brien
et al. [42] have reported an association between activation of AKT at the residue
S473 and resistance to Trastuzumab, but not lapatinib. Haas-Kogan et al. [43] have
shown that in glioblastomas treated with erlotinib +/— temozolomide phosphory-
lation of AKT may be the strongest biomarker of response prediction where low
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response rate may be associated with increased AKT phosphorylation. On the
contrary, pAKT seems to be associated with response to anti-EGFR targeted
treatment in NSCLC. Emery et al. [44] have found a significant association between
activation of AKT and response rate to Erlotinib and/or Gefitinib. Independent
studies have confirmed the association between longer survival in NSCLC patient
treated with Gefitinib and pre-treatment hyper activation of AKT [45-47].

Finally, the therapeutic efficacy and safety, both as single agent or in combi-
nation therapies, of targeted compound against the PI3K-AKT-mTOR have been
tested. A large panel of Pan-PI3K, dual mTOR-PI3K, selected p110a, AKT, and
mTOR inhibitors are currently used in pre-clinical and clinical studies across dif-
ferent types of solid tumors and hematological malignancies [2]. Unlike most
compounds targeting upstream receptors and substrates like EGFR, BRAF or
EMLA4/ALK translocation, compounds targeting PI3K signaling network have
shown overall limited efficacy as single therapeutic agents most likely due to an
ineffective upfront selection of patients that may benefit from this type of treatment
[48]. For example, Li et al. [49] have explored the role of PI3K downstream
substrates, and in particular phosphorylation of AKT, mTOR, eIF4E, 4E-BP1, and
S6 Ribosomal Protein as a read out for identifying renal cancer patients that may
benefit from treatment with the mTOR inhibitor everolimus. This analysis showed
that 71.4 % of the patients with high activation of mTOR at the residue S2448 had
clinical benefit from the administration of everolimus. Conversely, none of the
patients with low activation of mTOR S2448 benefited from the mTOR targeted
agent. Similar observations were also reported for the downstream effector SORP
S235/236, but not for pAKT S473 and p4E-BP1 T37/46 [49].

High Throughput Multiplexed Platforms for Functional
Analysis of the PI3K-AKT-mTOR Pathway of Clinical
Samples

Although encouraging results are emerging from functional proteomic studies on
the ability to identify accurate predictive and prognostic biomarkers as well as “real
drivers” within the complex cellular network, findings are often inconsistent
between studies [50, 51]. A major issue associated with these conflicting results is
given by the lack of consensus within the scientific community on how to con-
sistently measure the activation of the PI3K-AKT-mTOR axis. Indeed, most
proteomic-based diagnostic tests used in the clinic for stratifying patients to targeted
treatments are based on conventional immunohistochemistry and are focused on the
measurement of the overall expression of a given protein in its unmodified form
(e.g. expression of ER or HER2 in breast cancer). Similar scoring systems still need
to be developed for quantifying post-translational modifications and their effect on
the cellular network. In addition, because these protein networks are extremely
complex and dynamic there is an urgent need to develop high throughput and
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multiplex clinical tests able to capture functional changes of a number of targeted
analytes and effectors starting from little biological material like a fine needle
aspirate or a core needle biopsy. This chapter will briefly describe a few platforms
available for exploring the human kinome and its activation. Two major classes of
technologies will be described: Antibody-based technologies and Non-antibody-
based platforms.

Antibody-Based Technologies

Like for conventional IHC, protein recognition and quantification in antibody-based
assays is achieved by using a single or multiple antibodies able to selectively
recognize and efficiently bind to the epitope(s) of interest. These technologies allow
for the identification of proteins in their unmodified form as well as specific
post-translation modifications, including phosphorylation. Multiplex Immunoassays
including planar or suspension arrays, Reverse Phase Protein Microarray (RPPA),
Phosphoflow, and Tissue Microarrays (TMA) will be briefly described and com-
pared in terms of their ability to measure changes of the phosphoproteome
(Figs. 4.2 and 4.3).

Overall, antibody specificity strongly impacts the accuracy by which these
platforms can detect any analyte of interest as well as the ability to be multiplexed.

% Q

Multiple Ant}p_gc_i_i_q_s__

_Multiple Antibodies

Planar Array Suspension Array
| |

MultipleSamples. ... Melbiple Sarmple:

Reverse Phase Protein Array Tissue Microarray

Fig. 4.2 Schematic representation of four different antibody based platforms that can be used for
multiplex high throughput analysis: planar and suspension immunoassay, Reverse Phase Protein
Microarray, and Tissue Microarrays
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Fig. 4.3 Representation of number of samples (x axis) and analytes (y axis) for six different
proteomic platforms that can be used for functional analysis

For these reasons increasing efforts have been focused on developing highly
specific antibodies along with databases to track their performance. An important
example in the field is offered by the Human Protein Atlas, a database that is
publicly available and that contains validation images for thousands of antibodies
using different technologies (e.g. protein assay, western blot, immunohistochem-
istry, and immunofluorescence) along with tissue distribution of each protein [52].

Multiplex Immunoassays

These technologies are sandwich-based immunoassays able to concomitantly
measure multiple analytes within the same samples. Signal detection of
sandwich-based assays, by definition, requires two antibodies targeting different
epitopes of the same protein. The first antibody is usually immobilized either on a
solid substrate (planar assay) or on the surface of beads (suspension assay) [53-55].
After incubation of the immobilized antibody with a complex protein solution (e.g.
biological fluid, cell/tissue lysate) only proteins selectively captured by the anti-
bodies are bound and retained on substrate. A second antibody targeting a different
epitope of the same protein is then used to detect the protein of interest. Standard
curves prepared according to international guidelines are usually run along site with
experimental samples. Because of their ability of concomitantly measuring a rela-
tively large number of analytes across multiple samples, multiplex immunoassays
are considered high throughput and multiplex technologies able to generate quan-
titative or semi-quantitative data starting from relatively little biological material
(detection range from ng to pg/mL).
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FAST Quant®, A2™ Protein MicroArray System, Cira™ immunoassay plat-
form, and Meso-scale discovery (MSD) are a few examples of planar multiplex
immunoassay [56, 57]. Of interest, the MSD platform incorporates a unique
electrochemiluminescence-based detection system which, compared to other
options on the market, makes the platform highly sensitive while protecting the
signal from a time-dependent degradation. Example of commercially available
multiplex suspension bead arrays are Luminex or xMAP and FlowCytomix [53].
Suspension beads array allow for the concomitant measurement of a greater number
of analytes compared to the planar platforms (less than ten vs. hundreds).

Reverse Phase Protein Microarray

The RPPA platform is a high throughput proteomic technology capable of quan-
titatively measuring the activation level of hundreds of kinases in clinical samples
as well as in in vitro and in vivo models. Because of its ability to measure the
activation level of hundreds of kinases across a large number of samples, this
technology has been widely used to perform signaling network analysis of human
cancers [58-61].

Hundreds of denatured cell lysates are immobilized onto nitrocellulose coated
slides using automated contact or non-contact systems (e.g. Aushon 2740 arrayer,
Arrayjet Marathon systems) [62—-64]. Protein quantification is usually achieved by
using a single antibody targeting one protein of interest. Colorimetric or fluorescent
detection systems can be employed for the detection of the signal. Both detection
methods have been successfully coupled with tyramide-based amplification systems
to further increase the limit of detection of the RPPA platform [65]. A major
advantage of the RPPA technology is its ability to concomitantly measure large
panels of analytes across hundreds of samples starting from very little biological
material (e.g. fine needle aspirates and core biopsies) [63]. Indeed, hundreds of
arrays can be prepared starting from only 5,000 to 20,000 cells. For this reason, this
platform has been used not only in predictive clinical studies, but also as a com-
panion to diagnostics in precision medicine clinical trials [60, 66, 67].

Phosphoflow

Phosphoflow, or the use of flow cytometry to monitor intracellular phosphorylation
events, is another antibody-based method that can be used to investigate the
phosphoproteome [68]. Similar to the multiplex immunoassays previously descri-
bed, this platform allows for the measurement of multiple analytes within a sample,
and multiple samples can be analyzed concomitantly when coupled with upfront
barcoding [69]. Like the RPPA, it has been utilized for signaling network analysis
of human cancers, although its use is limited to liquid biopsies, blood, or in vitro
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models [70, 71]. Because it uses a flow cytometry-based approach, this techniques
is suitable for analyzing heterogeneous samples in terms of cell composition and for
single cells analysis. Nonetheless, to effectively measure membrane and intracel-
lular protein this technique requires upfront membrane permeabilization which can
affect antibody’s epitope binding capacity [70, 71]. Finally, because denaturing
agents cannot be used and proteins need to be detected in their native form, the
panel of analytes that can be measured using this technique is inferior compare to
the other platforms previously described [72].

Tissue Microarrays

The last antibody-based method described in this chapter is tissue microarrays
(TMA), an extension of conventional immunohistochemistry (IHC) that allow for
the direct visualization of the subcellular localization of the analyte(s) of interest.
Similar to the RPPA, protein identification is based on a single antibody targeting
the protein of interest. In the TMA platform small sections (as little as a few mm)
derived from up to one thousand samples are mounted on the same glass slide and
can be concomitantly probed with the same antibody [73]. The main advantage of
this configuration is the requirement of a lower amount of biological material and
high sample throughput, although, like most of the multiplex immunoassay, this
platform has relatively low multiplex capability ( < 10 analytes per field). Similar to
the phosphoflow, membrane permeabilization and antigen retrieval procedures
required for effective antibody staining can also cause loss of the phospho-epitope
of interest or ineffective antibody-epitope recognition.

Scoring systems conventionally used for IHC and TMA are semi-quantitative
and operator-dependent. For this reason inter-operator reproducibility can be highly
variable [74]. To overcome this limitation, [HC and TMA evaluation have recently
been coupled with Automated Quantitative Analysis (AQUA) and automated sys-
tem that provides objective and quantitative measurement of the analyte of interest
[73, 74].

Non-antibody-Based Technologies

Mass spectrometry represents a valid alternative for qualitative and quantitative
measurement of proteins in their unmodified form as well as for post-translational
modification. A major advantage of mass spectrometry over the antibody based
assays is its ability to provide absolute quantification of a large panel of analytes
without the need for highly regulated reference standards. Nonetheless, although
measuring abundant phosphoproteins in human specimens is relatively easy to
achieve, most of the proteins involved in the signaling networks are present in
sub-stoichiometric quantities and as a consequence are challenging to detect even
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by the new generation of mass spectrometers. There is still an urgent need to
develop mass spectrometry platforms with analytical sensitivity similar to the
immunoassays routinely used not only for clinical studies, but also for stratifying
patients to targeted treatments. To overcome this challenge a number of
affinity-based upfront enrichment methods have been developed and are routinely
coupled with MS for the analysis of low abundance phosphoproteins (e.g. immo-
bilized metal affinity chromatography (IMAC), metal oxide affinity chromatogra-
phy, kinase-selective affinity purification) [75-77].

Multiple reaction monitoring (MRM) has also been used to measure low
abundance phospho-peptides in human specimens [78]. MRM utilizes a triple
quadrupole (QQQ) technology, whereby peptides are selectively filtered by charge
to mass ratio which allows for investigation specific peptides selected a priori [79].
While this method is extremely precise, it is time consuming and has overall low
throughput, two characteristics that make it hard to incorporate in clinical practice.

Concluding Remarks

The use of functional proteomics offers unique opportunities for understanding the
role of the PI3K-AKT-mTOR axis in tumor progression. The ability of measuring
not only individual proteins affected by specific mutations, but also to evaluate the
interaction and activation/phosphorylation level of downstream effectors (e.g. AKT,
mTOR, 4E-BP1, S6RP) provides a window into the dynamic molecular mecha-
nisms that drive tumor growth and progression. A number of high throughput
multiplex platforms are available on the market for performing broad protein
pathway activation based profiling at the signaling network level starting with little
biological material, a characteristic that renders these platforms particularly
attractive for clinical studies. Because of their high throughput multiplex format,
these platforms allow for exploring the signaling network at a true network level
basis (as opposed to a one signaling molecule at a time level) and the
post-translational modifications responsible for the activation of these networks.
These new technologies have opened new opportunities for identifying not only
prognostic and predictive biomarkers, but also therapeutic targets within the sig-
naling network driving individual tumors. Finally, the combination of genomic and
proteomic technologies are able to generate a more comprehensive pictures of the
molecular events driving individual lesions and is providing an entirely new and
more comprehensive approach towards the realization of precision medicine for
cancer patients. This, in turn, has led to the integration of multi-omics analysis into
clinical trials for more effective stratification of cancer patients to targeted
treatments.
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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 RTKSs 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 mMTORC1 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 mTORCI.
AKT is also shown to phosphorylate TSC2, which otherwise negatively regulates
the RHEB GTPase that activates mTORCI. Finally, AKT has been shown to
directly phosphorylate and promote mTOR activity. Thus, PIP3-mediated activation
of AKT provides multiple routes for activation of mMTORC1. 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.
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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



128 P.D. Shah and S. Chandarlapaty

Drug-Induced Relief of Feedback Results in Pathway
Reactivation

mTORCI1 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 mTORC 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 FoxOla, 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 fop 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 mMTORCI1 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 IGFIR, they demonstrated the
significance of this induction of AKT activity. They showed that in cells dependent
on IGFIR 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 IGFIR 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 mTORCI 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 mTORCI 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 mTORCI inhibition causes relief of
negative feedback mechanisms and thus an increase in upstream PI3K signaling [8,
9, 11-14]. In the presence of mTORCI 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 mMTORCI 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 mMTORC2 in
addition to mTORCI1, were found to inhibit phosphorylation of 4EBP more com-
pletely than the mTORCI inhibitor rapamycin [16]. Thus, the ATP competitive
inhibitors of mTOR appear to be more potent inhibitors of mMTORC1 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 mnTORC1
inhibition, induced the RNA expression of a conserved set of RTKSs, including HER3,
IGFIR, 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 mMTORCI 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 HERS3 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
mTORCI1 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 RADOO1 (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
RADOOI 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 mTORCI1 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/HER? 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 mTORCI 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, Thle 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.

Whnt-f-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
Whnt-B-catenin signaling as [-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 PB-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 PB-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 -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
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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/STATS5 Inhibition Circumvents PI3K Resistance

The Janus family of kinases (JAKs) and the associated signal transducers and
activators of transcription factors (STATSs) 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 STATS in response to both PI3K
and mTOR inhibitors. The basis for this induction was found to involve both the
already described feedback induction of IGFIR signaling and its interaction with
JAK/STAT signaling as well a secondary mechanism involving upregulation of
IL8-CXCRI1. They determined the significance of this upregulation utilizing the
JAK?2 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 mTORCI 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 mTORCI activation, while among the
resistant models, increased apoptosis was seen in cells treated with combination
mTORCI1 and pl110a 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
mTORCI1 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 pl10a 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
NRGI1 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
pl10a-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, 1800, was identified with two potential resistance-conferring
mutations: ISO0L 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

NCTO00863655

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

NCTO01610284

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-, Al
Treated, Locally
Advanced or
Metastatic Breast
Cancer Who
Progressed on or After
mTORIi (Phase III;
BELLE-3)

BKM120,
fulvestrant

Recruiting

NCTO01296555

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/11)

GDC-0032,
endocrine
therapy

Recruiting

(continued)
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Clinicaltrials.gov
identifier

Title (Phase)

Agents

Status

NCTO01870505

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

NCTO1111825

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

Temsirolimus,
neratinib

Recruiting

NCTO00317720

Trastuzumab and
RADOOL1 in patients
with human epidermal
growth factor receptor
2 (HER-2)
overexpressing breast
cancer (phase I/IT)

Everolimus,
trastuzumab

Completed,
has results
[20]

PI3K/HER2
targeted

NCT02167854

Open-label study
evaluating the safety
and tolerability of
LIM716, BYL719 and
trastuzumab in patients
with metastatic HER2
+ breast cancer

(phase I)

LIM716,
BYL719,
trastuzumab

Recruiting

PI3K/mTOR/MEK
targeted

NCTO01390818

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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Clinicaltrials.gov
identifier

Title (Phase)

Agents

Status

AKT/MEK targeted

NCTO01476137

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

NCTO01154335

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

Everolimus,
0OSI-906

Completed

NCTO01234857

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
1)

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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Chapter 6
Combination Therapies Targeting
the PI3K/AKT/mTOR Pathways

Aung Naing, Gordon B. Mills and Funda Meric-Bernstam

Introduction

The phosphoinositide 3-kinase (PI3K) pathway was first described by Lewis C. Cantley’s
group in 1998 [1, 2]. Upon activation, PI3K signaling can act on diverse down-
stream substrates [2, 3]. The PI3K pathway that includes AKT and mTOR con-
tributes to many events that are critical for normal and pathophysiological cell
metabolism, regulation of gene expression, cytoskeletal rearrangement, and cell
survival (Fig. 6.1). These pathways play a role in tumor biology; in addition,
triggering the PI3K/AKT/mTOR pathways is vital for the initiation, activation, and
subsequent proliferation of effector T cells and for arresting the development of T
regulatory cells [4]. In normal physiology, regulatory mechanisms tightly control
the activity and homeostasis of the PI3K/AKT/mTOR pathway in parallel with the
pathway activation dictated by extracellular signals. However, the pathway may
become activated by amplification or mutation of PI3K, AKT, and other pathway
members, functional activation of growth factor receptors (such as insulin-like
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Fig. 6.1 PI3K/AKT/mTOR signaling network. Arrows represent activation, and inhibition is
depicted by bars. Reprinted with permission from JCO [190]

growth factor-1 [IGF-1]), mutation or overexpression of growth factor receptors
(epidermal growth factor receptor 1 [EGFR] or 2 [HER2, erbB2]), loss of function
of key tumor suppressors (phosphatase and tensin homolog [PTEN] or inositol
polyphosphate-4 phosphatase type II [INPP4B]), and tuberous sclerosis complex 1
and 2 (TSCI and TSC2). Mutations, amplifications, and rearrangements of com-
ponents in this pathway are associated with human diseases including cancer,
overgrowth syndromes such as tuberous sclerosis, and diabetes [2, 5].

The PI3K pathway is best thought of as having/being composed of two parts: an
initiator arm and an effector arm. The initiator arm is initiated by activation of cell
surface receptors and integrates with signals from the AMPK and MAPK pathway
[s?] at the TSC1/2 tumor suppressor. The effector arm, downstream of 7SCI1/2,
initiates a number of downstream effects that either promote protein synthesis or
inhibit protein catabolism. In addition to these two canonical arms, PIK3CA (a class
IA PI3K; see below), AKT, and other upstream components of the pathway such as
PDK1 (pyruvate dehydrogenase kinase, isozyme 1) and serine/threonine-protein
kinases, activate a suite of effectors that contribute to many aspects of cell biology.
In many cancers, aspects of the pathway are overactive, and it is this overactivity
that is critical to prevent apoptosis and promote unchecked proliferation [6-9].
Indeed, there are more activating mutations in the PI3K/AKT/mTOR pathway
members in a wider variety of cancers than occur in any other signaling pathway.
Consequently, a large number of experimental cancer drugs designed to inhibit the
signaling cascade at some point are in or near to entering clinical trials [10].
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Additionally, the PI3K/AKT/mTOR pathways may be overactive because 7SC1/2,
PTEN, or INPP4B is mutated, genomically deleted, or not expressed due to pro-
moter methylation or the action of micro-RNAs [11] (Fig. 6.1).

The critical role that the PI3K pathway, which is highly targetable, plays in
cancer suggests that this pathway should be an optimal target. Indeed, monotherapy
with PI3K pathway inhibitors does demonstrate activity in a subset of patients.
However, so far the PI3K pathway inhibitors used as single agents have failed to
fulfill their promise. Furthermore, biomarkers such as pathway mutations that were
expected to predict response have generally been unreliable. Whether the lack of
broad activity represents a narrow therapeutic index and inadequate coverage or
inhibition of the pathway, adaptive resistance or the emergence of other forms of
resistance remains to be fully elicited. Nevertheless, it is now clear that the promise
of inhibition of the PI3K pathway is likely to only be manifest in rational drug
combinations. Indeed, preliminary evidence already demonstrates the promising
activity of combination therapies with hormonal manipulation in breast cancer and
with poly (ADP-ribose) polymerase (PARP) inhibitors in ovarian and breast can-
cers. In this chapter, we discuss the different members of the PI3K/AKT/mTOR
pathways that may be targeted to block the signaling cascade, singly and in com-
bination with other agents, with the goal of reducing disease processes such as
unchecked proliferation and, importantly, to sensitize tumor cells to death induced
by other agents.

We first discuss PI3K, AKT, and mTOR, which are positive regulators of the
PI3K/AKT/mTOR pathway, and then examine PTEN, TSCI, TSC2, and adenosine
monophosphate (AMP)-activated protein kinase (AMPK), which are negative reg-
ulators of the PI3K/AKT/mTOR pathways. In both sections, we focus on the
potential utility of combination therapies targeting the PI3K/AKT/mTOR pathways.

Positive Regulators of PI3K/AKT/mTOR Pathways

PI3K

There are three classes (I, II, and III) of PI3K. Only the class I and III PI3Ks are
known to be involved in cancer. Class I PI3Ks are heterodimers, and they are
further divided into two subfamilies, IA and IB.

Class IA PI3Ks comprise a p110 catalytic subunit and a regulatory subunit from
50 to 85 kDa [12]. The class IA PI3Ks (PIK3CA, PIK3CB, and PIK3CD) and the
class IB PI3K (PIK3CG) encode the highly homologous p110 catalytic subunit
isoforms p110 alpha, p110 beta, p110 delta, and p110 gamma, respectively. While
PIK3CA and PIK3CB are expressed ubiquitously, PIK3CD and PIK3CG are pre-
dominantly expressed in leukocytes [1, 13, 14]. Gain-of-function, hotspot mutation,
and gene amplification is primarily restricted to PIK3CA, frequently resulting in
human cancer [15, 16].
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Class II PI3Ks are monomers of high molecular weight; this class has three
members, PI3KC2 alpha, beta, and gamma [17, 18]. A single class III PI3K, PI3K
Vps34 (PIK3C3), is an essential regulator of autophagy and is critical for normal
heart and liver function [19].

Mutations, deletions (rare), amplification, and multiple alterations of PIK3CA
occur at different frequencies across cancer lineages, ranging from over 55 % in
endometrioid endometrial cancers to less than 1 % in some leukemias (Fig. 6.1) [20].

Agents Targeting PI3K Isoforms

Several agents targeting the PI3K complex are being tested in cancer clinical trials,
including AMG 319, BAY 80-6946, BKM120, BYL719, idelalisib, pictilisib,
GDCO0032, GDC-0980, GSK2269557, GS-9820, IPI-145, LY294002, MLN1117,
PA799, PX-866, SAR260301, SF1126, XL147 (SAR245408), VS-5584, WX-037,
wortmannin, and ZSTK474 [21]. These agents have differential specificity for PI3K
isoforms as well as selectivity for PI3K as compared to other PI3K family members
such as mTOR, ATR, and ATM. Idelalisib/Cal 101 was recently approved by FDA
for chronic lymphocytic leukemia (CLL), relapsed follicular B-cell non-Hodgkin’s
lymphomas (FL) and relapsed small lymphocytic lymphoma (SLL) (Fulman
NEIM 2014).

AKT

AKT directly regulates key effector molecules involved in apoptosis, anoikis, and
cell cycle progression and thus have been shown to be involved in the genesis and/or
progression of numerous human tumor lineages. AKT is recruited to the membrane
by phosphatidylinositol 3 phosphates, the products of PI3K activity [22, 23], where
it is activated by sequential phosphorylation by PDK1 and the TORC2 complex.
Three human isoforms of AKT (AKT-1, -2, and -3) have been identified [24-28].
AKT-1 and -2 are broadly expressed across cell lineages. AKT-3 expression is much
more limited [25-27, 29, 30]. AKT-1 is mutationally activated in about 2 % of breast
cancers and 1 % of cancers overall [20]. AKT-2 is rarely mutated but is amplified or
overexpressed in a number of lineages; in particular, it is overexpressed in ovarian
cancer [29] and perhaps as many as 15 % of uterine carcinosarcomas [20]. AKT-3 is
amplified in a number of tumor lineages such as breast and liver cancer and is
mutated at a low frequency in a subset of tumors [31].

Agents Targeting AKT

Several AKT inhibitors, including ARQ 092, AZD5363, GDC-0068, GSK690693,
GSK2110183, GSK2141795, MK-2206, and perifosine, are being tested in clinical
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trials [21]. None of the AKT inhibitors has yet been approved by the FDA for use
against any cancer. Inhibition of mTOR as a consequence of a feedback loop ini-
tiated by S6K results in AKT activation [32]. High phosphorylated AKT levels can
associated with in vitro sensitivity to the mTOR inhibitor rapamycin [33]. Although
feedback loop activation is more prominent in rapamycin-sensitive models, it may
still limit the antitumor activity of mTOR inhibition with rapalogs [33].

mTOR Complex

The mTOR pathway has been extensively studied [34, 35]. Activation of the mTOR
complex downstream of the PI3K initiator arm, as well as MAPK and p90RSK
signaling, plays a crucial role in deregulating proliferation, angiogenesis, and
resistance to apoptosis, contributing to the development of multiple human tumor
types and resistance to anticancer agents [32, 35—40]. In contrast, AMPK activation
due to metabolic stress results in inhibition of mTOR activity. Furthermore, inde-
pendent of regulatory kinases, mTOR acts as a sensor of amino acid levels and the
ability of cells to support protein synthesis and cell cycle progression. mTOR exists
in two complexes, one with Raptor, which is rapamycin sensitive, and one with
Rictor, which was initially proposed to be rapamycin insensitive, although Rictor
phosphorylation is regulated by rapamycin [41]. Rapamycin-sensitive mTOR
complex 1 (mTORC1) phosphorylates 4EBP1 and S6 kinase; rapamycin-insensitive
mTOR complex 2 (mTORC2) has been shown to directly phosphorylate and
activate the upstream kinase AKT at serine 473 [42]. The two mTOR complexes
appear compartmentalized in the cell, and mTOR does not appear to cycle between
them.

Agents Targeting mTORC1

Currently, there are no mTORC?2 selective inhibitors, but there are four mTORC1
allosteric inhibitors—sirolimus, temsirolimus, everolimus, and ridaforolimus—
commonly called rapalogs, with three being FDA approved for various indications
[43-45]. All of the rapalogs have similar structures and exhibit high binding affinity
to intracellular FK 506-binding proteins (FKBPs), resulting in selective inhibition
of a subset of functions of TORCI, including reducing the activity of the down-
stream effectors S6K1 and 4E-BP [46-49]. The protein-drug complex inhibits the
kinase activity of mTOR [50] as a true neomorphic activity, as FKBPs do not
normally interact with mTOR. Sirolimus is a hydrophobic macrocyclic lactone
isolated from Streptomyces hygroscopius originally identified from extracts from
Easter Island [51]. Sirolimus is FDA approved as an immunosuppressive agent for
patients with renal transplants [52]. Temsirolimus is an orally available rapamycin
ester that is rapidly converted to rapamycin by serum esterases. Temsirolimus is
FDA approved for used in renal cell carcinoma [44, 53]. Everolimus is a
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hydroxyethyl derivative of rapamycin. Everolimus in combination with exemestane
has been FDA approved for hormone receptor-positive metastatic [54] breast cancer
[45, 55]. Everolimus is also FDA approved for pediatric and adult patients with
subependymal giant cell astrocytoma (SEGA), SEGA associated with tuberous
sclerosis, advanced renal cell carcinoma, and pancreatic neuroendocrine tumors
[56-59]. Ridaforolimus (also known as AP23573 and MK-8669, and formerly
known as deforolimus) is a potent, orally available small-molecule inhibitor of
mTORC [60, 61]. Ridaforolimus has not yet been approved by the FDA; however,
it has been observed to have activity in sarcoma [62, 63].

Dual Kinase Inhibitors

To improve the efficacy of single-target agents and overcome the resistance asso-
ciated with their use, investigators are evaluating dual kinase inhibitors in clinical
trials. BEZ235, BGT226, DS-7423, GSK1059615, GSK2126458, LY3023414,
PF-04691502, PF-05212384, PWT33597, SAR245409 (XL765), and VS-5584
block both PI3K and mTOR due to similarities between these two PI3K family
members. MSC2363318A and XL418 are dual AKT and S6K1 inhibitors. mTOR
kinase inhibitors such as AZD2014, INK128, OSI-027, and Palomid 529 that
inhibit TORC1 and TORC?2 are also being tested in clinical trials [21].

Negative Regulators of PI3K/AKT/mTOR Pathways
PTEN

Located on chromosome 10q23, a genomic region known for loss of heterozy-
gosity, the PTEN tumor-suppressor gene, also known as MMACI (mutated in
multiple advanced cancers) or TEPI (TGFp-regulated and epithelial cell-enriched
phosphatase), negatively regulates the PI3K signaling pathway [64]. PTEN
expression is frequently altered in human cancers as a result of mutation, defi-
ciency, or promoter methylation silencing [1, 10, 20]. PTEN is the key negative
regulator of the PI3K pathway. Indeed, PTEN knockout is sufficient to sensitize
murine models to tumor development. Importantly, PTEN loss can be an early event
in cancer development and is the germline cause of the Cowden’s cancer predis-
position syndrome. PTEN loss is associated with a high level of activation of the
PI3K pathway and, indeed, much higher than that which is observed with mutation
or amplification of other pathway members.
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Tuberous Sclerosis Complex (TSC) and the TSCI-TSC2
Complex

The multisystemic tumor syndrome TSC arises from mutations in two tumor
suppressor genes, 7SCI and TSC2 [65]. TSCI and TSC2 form a complex that
functions as a central signal-integrating node within the cell; it is inactivated by
several oncogenes (e.g., RTKs, PI3K, AKT, ERK, p90RSK, and Ras) and activated
by other tumor suppressors (e.g., PTEN, LKBI, and NF1) [66].

TSCI stabilizes TSC2, while TSC2 acts as a GTPase-activating protein for the
small GTPase Rheb (Ras homolog enriched in brain) [67]. Consequently,
GTP-bound Rheb potently activates the mTORC1 complex [68].

Alterations of TSC genes are associated with many human cancers. Interestingly,
recent studies have suggested that mutations in 7SC! can signal responsiveness to
mTOR inhibitors [69].

AMPK

The AMPK serine/threonine protein kinase is an established metabolic stress sensor
[70]. AMPK is a key effector of the tumor suppressor liver kinase B1 (LKBI), which
in turn inhibits mTOR through activation of the TSC1/2 complex. Additionally,
AMPK activates checkpoint mediators such as p53 and the cyclin-dependent kinase
inhibitors p2lcipl and p27kipl [71]. In vitro, the antidiabetes agent metformin
activates AMPK, albeit indirectly likely as a consequence of inhibition of Complex II
in the mitochondria, resulting in phosphorylation and activation of TSCI and TSC2.
This leads to inhibition of mTOR, which prevents mRNA activation [72-74].

Toxicity of PI3K/AKT/mTOR Inhibitors

Mucositis is one of the most common side effects of mTOR inhibitor-based therapy
and can be dose limiting, is dose related, and tends to occur in earlier cycles [75-78].
Other side effects include asthenia, maculopapular rash, gastrointestinal intolerance,
and pneumonitis. Laboratory abnormalities such as hyperglycemia, hyperlipidemia,
and anemia also occur with PI3K/AKT/mTOR inhibitors [44, 79-87]. Rash with
AKT inhibitors and neurologic effects (including depression) with blood-brain
barrier—penetrating PI3K inhibitors have been regarded as dose-limiting toxicities
[80, 88]. Combining these targeted agents with others can increase the toxic effects,
depending on the mechanisms of action of the second drug. For example, our group
has reported mucositis and endocrine complications in patients who received tem-
sirolimus and an IGF-1 receptor (IGF-1R) inhibitor [78, 82, 84, 89]. Toxicities of
targeted agents for PI3K/AKT/mTOR pathways are generally acceptable and
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manageable with supportive medication. Although PI3K/AKT/mTOR-targeting
agents can cause endocrine-related side effects, patients with diabetes and high
cholesterol should be included in clinical trials utilizing these agents, provided their
blood sugar and lipid levels are well controlled. The dose-limiting toxicity with PI3K
and AKT targeting agents appear to occur at or below doses required to completely
inhibit the PI3K pathway. Indeed, this may account at least in part for the limited
efficacy of monotherapy. Drugs that enhance PI3K/AKT/mTOR inhibitors’ toxic
effects due to a likely narrow therapeutic index or that decrease the inhibitors’
efficacy should be avoided. For example, CYP3A4 is the primary enzyme respon-
sible for metabolizing a number of PI3K/AKT/mTOR inhibitors, so strong CYP3A4
modifiers should be avoided when using those agents [90, 91].

PI3K/AKT/mTOR Combination Strategies

Understanding the mechanisms of resistance to PI3K/AKT/mTOR inhibition is
critical. Various pathways have been suggested to be responsible for resistance to
such inhibition and multiple strategies devised to overcome this resistance (Fig. 6.2).

(a) Proximal/Distal Signaling Inhibition |(b) Parallel Signaling Inhibition

RTK GFR

(C) Signaling Inhibition with Targeted Therapies

Fig. 6.2 a Proximal/distal signaling inhibition; b inhibition of two or more signaling pathways in
parallel; ¢ signaling inhibition and other targeted therapies; and d signaling inhibition and
combination with nontargeted therapies. Modified from LoPiccolo et al. [84, 92] and used with
permission
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Here, we discuss seven strategies for overcoming resistance to PI3K/AKT/mTOR
inhibition: (1) combination of a targeted agent with chemotherapy, (2) combination
of a targeted agent with hormonal therapy, (3) combination of a targeted agent with
immunotherapy, (4) combination of a targeted agent with biological therapy,
(5) inhibition of both proximal and distal components of the signaling pathway,
(6) inhibition of two or more signaling pathways in parallel, and (7) combination of a
targeted agent with other targeted therapies [92].

PI3K/AKT/mTOR Inhibitor and Chemotherapy

In vitro, rapamycin and its analogues are synergistic with a variety of chemother-
apeutic agents, including paclitaxel, carboplatin, and vinorelbine [93]. In vivo
models have shown enhanced antitumor efficacy with the combination of rapalogs
and paclitaxel [93]. In a neoadjuvant chemotherapy trial, breast cancer patients with
operable triple-negative breast cancer received paclitaxel alone or with everolimus,
followed by anthracyclines [94]. Although everolimus treatment indeed decreased
mTOR signaling, it did not increase the pathological complete response rate. Other
combination trials with rapalogs are ongoing.

Several studies are combining a PI3K/AKT/mTOR pathway signaling inhibitor
with cytotoxic chemotherapy, such as XI.147 with carboplatin and paclitaxel [21].
Paclitaxel and carboplatin in combination with oral XL 147 was well tolerated, with
no major pharmacokinetic interactions or emergent toxic effects. Partial responses
were observed in patients with prior platinum exposure [95]. Several combinations
such as AKT inhibitors and PI3K inhibitors in combination with paclitaxel have
shown preliminary evidence of activity and are undergoing further study [96, 97].

PI3K/AKT/mTOR Inhibitor and Hormonal Agents

Estrogen receptor is expressed in approximately 30 and 70 % of premenopausal and
postmenopausal patients with breast cancer, respectively, and blocking the estrogen
receptor is important in controlling cancer cell proliferation and metastasis [98—100].
Intrinsic resistance to hormonal therapy is seen in approximately 30 % of these
patients; the remainder eventually acquires resistance to hormonal therapy, and such
resistance is associated with dysregulated PI3K/AKT/mTOR signaling. In fact,
hormone resistance can be a consequence of cross-talk between estrogen receptor
signaling and the PI3K/AKT/mTOR pathways [54, 101-106]. The estrogen receptor
activates tyrosine kinase receptors, activating additional downstream resistance
pathways, such as extracellular signal-regulated kinase (ERK)/mitogen-activated
protein kinase (MAPK) and PI3K/AKT. Adding an mTOR inhibitor may overcome
resistance to endocrine therapy and restore antitumor response [107, 108]. Endocrine
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therapy-resistant cells become dependent on PI3K/AKT/mTOR signaling for growth
and thus become extremely sensitive to PI3/AKT/mTOR inhibition [54, 102, 103].
Moreover, PI3K/AKT/mTOR inhibition restores the sensitivity of endocrine-
resistant breast cancer cells to endocrine therapy [109-111]. Letrozole (a nons-
teroidal aromatase inhibitor) and everolimus (an mTOR inhibitor) independently
inhibit the androstenedione-induced proliferation of aromatase-expressing MCF7/
Aro and T47D/Aro breast cancer cells; combined, the effect is significantly aug-
mented. The increased antitumor activity of combined hormonal therapy and
PIBK/AKT/mTOR inhibition is associated with more intense effects on G1 pro-
gression and a significant decrease in cell viability [110].

Exemestane in combination with everolimus has been FDA approved for hor-
mone receptor-positive metastatic breast cancer based on results from the
BOLERO-2 clinical trial [45, 55]. Notably, everolimus also enhanced the antitumor
efficacy of tamoxifen in the TAM-RAD trial [112]. Several other PI3K/AKT/mTOR
inhibitors are in clinical trials in combination with aromatase inhibitors or fulves-
trant. Other possibilities for combining PI3K/AKT/mTOR inhibitors with androgen
receptor inhibitors are being considered based on emerging data from experiments
showing prolonged hormone sensitivity in prostate cancer xenografts [113] as well
as in triple-negative breast cancer.

PI3K/AKT/mTOR Inhibitor and Immunotherapy

Cancer immunotherapy comprises a number of approaches that are intended to
activate the immune system to induce objective responses and stabilize the disease
[114]. The most promising strategy to boost the patient’s natural antitumor response
consists of blocking the immunoregulatory mechanisms that brake host responses to
tumor; for instance, checkpoint inhibitors such as anti-CTLA-4 and anti-PD-1/anti-
PD-L1 decrease T cell tolerance and increase host immune responses to tumor.
Inhibition of PI3K/AKT/mTOR has been used an immunosuppressant for many
years [115]. However, mTOR inhibition may have a stimulatory effect on T cells
under certain conditions [116]. Temsirolimus boosted the formation of CDS8
memory cells following administration of a heat shock protein-based cancer vaccine
targeting renal cell carcinoma (RENCA) and melanoma cells. In murine models, a
greater cytotoxic T cell response and more interferon gamma were produced by
CD8 T cells from mice treated with temsirolimus than by those from mice treated
with a heat shock protein-based antitumor vaccine alone [117, 118]. Additionally,
PI3K/AKT/mTOR inhibition eliminates tumor pro-survival signals so cytotoxic T
lymphocytes can execute tumor lysis via perforin and granzymes. While PI3K/
AKT/mTOR inhibitors exert antitumor responses by targeting PI3K pathway
activation in tumor cells, they also undesirably exert their effects on normal func-
tioning T cells, resulting in immunosuppression, which may affect the host response
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to tumor. Sequencing of therapy may be critical, as inhibition of PI3K/AKT/mTOR
pathways expands the population of T regulatory cells if the inhibitor is given prior
to an immune stimulus, whereas continuous mTOR inhibition after immune stim-
ulation can impede both T regulatory cells and effector T cells equally [119, 120].
mTOR inhibition promotes T cell anergy under conditions that would normally
induce priming in vivo [121]. Notably, PI3K/AKT/mTOR signaling itself may
increase expression of PD-L1, and inhibitors of the pathway may downregulate
PD-L1 expression [122]. An intriguing possibility is that combining a PI3K/
AKT/mTOR inhibitor with immunotherapy could maximize the host response to
tumor and antitumor activity while minimizing the autoimmune phenomenon fre-
quently seen with immunotherapy. To maximize antitumor effects, the timing,
sequence of administration, and cycling of PI3K/AKT/mTOR inhibitors with
immunotherapy need to be explored [121].

The combination of temsirolimus with interferon alpha has been tested in patients
with advanced renal cell carcinoma. Although temsirolimus alone improved overall
survival in patients with advanced renal cell carcinoma with a poor prognosis
compared to patients who received interferon alpha alone, the combination treatment
did not further improve survival, and the patients in the combination group expe-
rienced more frequent grade 3 or 4 adverse events and subsequent dose delays and
reductions [53]. Further understanding of how the interactions between PI3K/AKT/
mTOR signaling inhibitors and immunotherapeutic agents affect immunosuppres-
sion should be pursued.

PI3K/AKT/mTOR Inhibitor and Biological Therapy

Although the immunotherapies just discussed are one form of biological therapy, in
this section we focus on the group of biological therapies that includes therapeutic
vaccines, adoptive T cell transfer cytokines, monoclonal antibodies, cancer-killing
viruses, and gene therapy. Several clinical trials have combined PI3K/AKT/mTOR
signaling inhibitors with biological agents such as bevacizumab. The combination
of temsirolimus and bevacizumab has been studied extensively, and the emerging
data have yielded various outcomes. In a small phase II study, the combination of
temsirolimus and bevacizumab had clinical activity in BRAF wild-type melanoma
[123]. However, the combination of temsirolimus and bevacizumab failed to pro-
duce meaningful clinical activity in progressive glioblastoma multiforme beyond
that of bevacizumab alone [124]. There also have been concerns about toxic effects
associated with this combination. In patients with recurrent or persistent endome-
trial cancer, the combination of temsirolimus and bevacizumab elicited an objective
tumor response in 24.5 % of patients and progression-free survival at 6 months in
46.9 % of patients, but this combination was also associated with significant toxic
effects [125].
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Proximal/Distal Inhibition (mTOR Inhibitor and IGF
Receptor [IGFR], PI3K, or AKT Inhibitor)

AKT activation plays a critical role in the PI3K/AKT/mTOR pathways and their
downstream effects, such as cancer cell survival, proliferation, and growth [23].
Induction of phosphorylated AKT is thus an unfavorable consequence of mTOR
inhibition, potentially limiting antitumor activity with mTOR inhibition [23].
mTOR inhibition induces insulin receptor substrate-1 (IRS-1) expression that can
increase sensitivity to IGF pathway signaling and activates AKT in tumors from
patients treated with everolimus [126]. An IGF-1R inhibitor can reduce AKT
phosphorylation induced by an mTOR inhibitor. Such resistance to mTOR inhi-
bition could potentially be overcome by combining an mTOR inhibitor with an
IGFR, PI3K, or AKT inhibitor; a number of these combinations are being explored
in clinical trials.

The combination of a novel, potent, and selective inhibitor of the IGF-1R kinase
(NVP-AEW541) and an mTOR inhibitor (rapamycin) resulted in additive
antiproliferative effects in DU-145, MCF-7, and MDA-MB-468 cancer cells [32].
In patients with Ewing sarcoma and adrenocortical carcinoma, combinations
ofmTOR and IGF-1R inhibitors yielded antitumor effects, manifesting as significant
tumor reduction, and/or prolonged stable disease [82, 84, 89].

PI3K pathway activation through PIK3CA mutations and PTEN loss has been
associated with trastuzumab resistance [127, 128]. Preclinically, combinations of
HER2 and PI3K/AKT/mTOR inhibitors have shown increased antitumor efficacy
[129]. BOLERO-3 has demonstrated that the addition of everolimus to vinorelbine
and trastuzumab improved progression-free survival compared to vinorelbine and
trastuzumab alone; however, although statistically significant, the difference in
progression-free survival was modest, limiting the clinical relevance of this effect
[130]. Additional studies are ongoing with everolimus in combination with endo-
crine therapy and trastuzumab, as well as with new PI3K/AKT/mTOR inhibitors in
combination with HER2-targeted therapy. The AKT inhibitor MK-2206 augments
the antiproliferative effect of everolimus in cholangiocarcinoma cell lines and
causes a concomitant reduction in pGSK3p (S9) and pS6 (S240/244), which are
signals of AKT activation. The combination of everolimus and MK-2206 was
synergistic in vivo. This combination resulted in a significantly greater accumula-
tion of cholangiocarcinoma cells in GO/G1 phase than did either drug alone;
however, the combination did not induce apoptosis [131].

AKT inhibitors (ArQ092, AZD5363, BAY 1125976, GDC-0068, GSK2141795,
LY 2780301, MK-2206, perifosine, RX-0201, PBI-05204, and triciribine) are
currently being investigated in clinical trials as single agents or in combination with
other mTOR inhibitors or chemotherapy [21].

Ongoing research on dual PI3K/mTOR inhibitors is of interest because of their
potential to block PI3K concurrently with signaling downstream of mTORCI. In a
panel of six glioma cell lines varying in PTEN or p53 mutational status, inhibition
of p110 alpha or p110 beta blocked the activation of AKT; however, only inhibition
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of pll10 alpha, not pll0 beta, blocked the proliferation of glioma cells.
Simultaneous inhibition of PI3K alpha and mTORC1 and mTORC2 by PI-103
blocked proliferation without inducing apoptosis [132—135]. Daily treatment with
BEZ235 resulted in a dose-dependent reduction in the tumoral expression of
p-S6K1 and p-4EBPI1 levels in nasopharyngeal cancer xenografts [136]. New
agents such as DS-7423, GSK2126458, PF-04691502, PF-05212384, SAR245409
(XL765), and VS-5584 possess dual PI3K- and mTOR-inhibiting properties and are
currently being tested as single agents or in combination with other targeted agents
or chemotherapy in several clinical trials [21]. Other agents that that target both
AKT and S6K1 complexes, including X418 and MSC2363318A, are being tested
in the clinical setting [21].

Catalytic mTOR kinase inhibitors are referred to by some as “dual” mTOR
inhibitors because they inhibit mTORCI, the complex containing Raptor, and
mTORC?2, the complex containing Rictor [137]. These are not identical to the group
of proximal/distal inhibitors; however, in some preclinical tests, dual mTOR inhi-
bitors have demonstrated potential to overcome resistance to rapalogs. On one
hand, mTORC1 phosphorylates 4EBP1 and S6 kinase, resulting in cell cycle
progression. On the other hand, mTORC?2 directly phosphorylates and activates the
upstream kinase AKT [137, 138]. The negative feedback loop between S6K1 and
IRS-1 is impeded by inhibition of mMTORC1, resulting in increased PI3K and AKT
activity, further limiting the activity of mTORC1 inhibitors [137]. A dual kinase
inhibits both the mTORC1 and mTORC2 complexes, and a dual kinase inhibitor
controls both S6K1 and AKT; thus, dual kinase inhibitors theoretically provide a
broader spectrum of activity than does an mTORC1 inhibitor alone [137, 139, 140].
Several dual kinase inhibitors, such as AZD2014, CC-223, DS-3078a, MLNO0128,
and Palomid 529, are being tested in clinical trials.

Parallel Signaling Inhibition

Parallel signaling inhibition consists of inhibiting the MAPK pathway and the PI3K
pathway simultaneously. The MAPK pathway (also known as the RAS/RAF/MEK/
ERK signaling pathway) is one of the best categorized kinase cascades in cancer cell
biology [141]. Growth factors and activating mutations of oncogenic kinases are
responsible for activation and deregulation of the MAPK pathway, which are
common in several cancers [141]. Therefore, kinases of this pathway are promising
targets for many antineoplastic therapies, and several agents are being developed to
target such mutations. It is important to note, however that the PI3K and
RAS/RAF/MEK/ERK signaling pathways interact at multiple levels. For example,
mutant RAS activates PI3K, erk and p90RSK inhibit TSC2, and AKT inhibits RAF.
Thus, inhibition of the PI3K pathway results in MAPK pathway activation and vice
versa [142].

In a wide variety of tumors, PIK3CA mutations coexist with RAS/RAF/MEK/
ERK mutations [143]. Receptor tyrosine kinases and the downstream effector RAS



164 A. Naing et al.

activate both pathways [144, 145]. The PI3K pathway and the MAPK pathway
share common upstream activators in transmembrane tyrosine kinase receptors.
However, these receptors have a marked preference for IGF1 and insulin receptors,
selectively activating the PI3K, EGFR, and RAS/RAF/MEK/ERK pathways. Thus,
the mTOR and MAPK pathways are interconnected by feedback loops, leading to
compensatory activation of one in response to inhibition of the other. The inacti-
vation of either the MAPK or PI3K pathway can lead to incomplete tumor growth
inhibition. Therefore, simultaneous inhibition of the PI3K/AKT/mTOR and MAPK
pathways can theoretically produce more antitumor activity than inhibition of either
pathway alone.

In vitro evidence supports dual inhibition of mMTOR and MAPK pathways. For
example, dual activation of the PI3K and MAPK pathways in some rhab-
domyosarcoma cell lines yielded a synergistic antiproliferative effect. Specifically,
the combination of the mTOR dual kinase inhibitor AZD8055 and the MEK1/2
inhibitor selumetinib was synergistic in the RH-30, RD, and RMS-YM rhab-
domyosarcoma cell lines [146].

In both PTEN-mutant and wild-type cells, parallel inhibition of the PI3K/AKT/
mTOR and MAPK pathways can lead to synergistic increases in apoptosis [92,
147]. Several clinical trials are combining the Raf (multikinase) inhibitor sorafenib
with temsirolimus. Some trials have yielded disappointing results; for example, in
patients with glioblastoma or gliosarcoma, increased toxic effects and minimal
clinical activities were observed [148]. Furthermore, patients with hepatocellular
carcinoma had a lower maximum tolerated dose than patients with other types of
cancer. In addition, further delineation of the superiority of the combination over
single-agent sorafenib is needed in different subsets of the hepatocellular carcinoma
population [149]. In vivo studies have shown marked synergies when
PIBK/AKT/mTOR inhibitors are combined with MEK inhibitors in KRAS-mutant
cancers [150]. While the addition of a MEK inhibitor is appropriate for enhancing
the efficacy of mTOR-targeted anticancer therapy, the combination’s toxicity may
be a barrier to combining effective doses of each drug [151]. However, there are
several trials ongoing to test the combination of PI3K/AKT/mTOR and MEK
inhibitors, testing a variety of combinations, doses, and schedules.

PI3K/AKT/mTOR Inhibitor and Other Targeted Therapies

PI3K/AKT/mTOR inhibitors can be combined with several different targeted agents
to enhance efficacy and overcome resistance to single-agent therapy.

Metformin is the most commonly prescribed antidiabetic oral agent. Combining
metformin with an mTOR inhibitor is attractive because metformin appears to
inhibit the mTOR pathway by a different mechanism than that used by the mTOR
inhibitors developed so far [152, 153]. That is, in preclinical models, metformin
inhibits the mTOR pathway through upstream, albeit indirect, activation of AMPK
[153]. This activation causes an inhibitory site of IRS-1 to be phosphorylated,
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subsequently decreasing AKT activation, mTOR activation, and feedback inhibition
[153]. In addition to acting through AMPK-dependent mechanisms, metformin
enhances the effect of PI3K/AKT/mTOR signaling inhibition via AMPK-indepen-
dent mechanisms. Metformin’s ability to induce mTOR inhibition and cell cycle
arrest through REDD] (regulated in development and DNA damage responses 1, a
negative regulator of mTOR) in androgen-sensitive human prostate adenocarci-
noma cells is independent of AMPK [154]. In fact, metformin upregulates REDD],
leading to an antiproliferative effect. However, metformin’s action via TSC2 of
exerting an inhibitory effect on the PI3K/AKT/mTOR pathway is AMPK dependent
[155]. Metformin improves hyperglycemia caused by mTOR inhibitors [73, 156].
Another example of metformin’s potential is in endometrial cancers. Progesterone
normally limits the proliferation and growth of endometrial cells. IGF-1 inhibits the
progesterone receptor via the PI3K/AKT/mTOR pathway [157, 158]. Metformin
promotes progestin receptor expression via inhibition of mTOR in endometrial cell
lines; therefore, the combination of metformin with an mTOR inhibitor is being
investigated as a potential therapeutic option for endometrial carcinoma [73, 159].

mTOR inhibitors may also play an important role in overcoming resistance to
other drugs, such as anti-epidermal growth factor receptor (EGFR) and
anti-vascular endothelial growth factor (VEGF) agents [91].

The inhibition of the mTOR pathway has been proven to exhibit antiangiogenic
effects, further strengthening the capabilities of angiogenesis inhibitors, such as
bevacizumab and aflibercept [160]. The angiogenesis signaling pathway might be
triggered by the release of angiogenic promoters such as VEGF from tumor cells
into the local microenvironment [125]. VEGEF is largely upregulated by the pres-
ence of hypoxia-inducible factor 1o (HIF-1a). HIF-1o mediates adaptive responses
to hypoxic conditions. The increase in HIF-1a that occurs in response to a hypoxic
environment is critical to the establishment and progression of many common
cancers. The HIF-1-dependent activation of genes allows cancer cells to survive and
metastasize. Increased HIF-1a is associated with increased expression of VEGF,
aggressive tumor growth, and poor patient prognosis. Thus, HIF-1a inhibition in
combination with antiangiogenic therapy is a promising strategy for targeting tumor
resistance. Agents that inhibit the mTOR pathway have been shown to inhibit the
activity of several angiogenic factors, including HIF-1a, which in turn results in
decreased VEGF and then decreased angiogenic activity [161]. In a phase III study
of everolimus in pancreatic neuroendocrine tumors, it was demonstrated that mTOR
inhibition may reduce circulating levels of soluble VEGF receptor-1, placental
growth factor, and basic fibroblast growth factor [162]. mTOR inhibitors can
improve the antiangiogenic activity of anti-VEGF therapies through inhibiting
endothelial cell function in neoangiogenesis and inhibiting VEGF production
induced by HIF-1a [163]. Our group recently reported that 37 % of heavily pre-
treated patients with gynecologic malignancies achieved stable disease for more
than 6 months or a partial response with the combination of bevacizumab and
temsirolimus [164].

EGFR inhibitors may be able to potentiate PI3K/AKT/mTOR signaling; com-
bining PI3K/AKT/mTOR and EGFR inhibitors has the reciprocal benefit of
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improving each agent’s resistance to the other. Cancer cell lines exposed to mTOR
inhibition have demonstrated increased EGFR/RAS/RAF/ERK/MEK pathway
signaling [165]. In return, increased activity of the IGF pathway and of its down-
stream effectors—PI3K, AKT, and mTOR—was observed in glioma cell lines
resistant to EGFR tyrosine kinase inhibitors [166]. Therefore, it was logical to find
that co-inhibition of the EGFR and PI3K/AKT/mTOR pathways repressed tumor
cells that were resistant to small-molecule inhibitors of EGFR [166—-168]. In a
similar analysis, everolimus caused an efficient dose-dependent inhibition of
in vitro growth of human colon cancer GEO cell lines, with ICs, values ranging
between 1 and 5 mM, regardless of the cells’ degree of sensitivity to EGFR inhi-
bitors and PTEN status [169]. The combination of PI3K/AKT/mTOR and EGFR
inhibitors thus offers a tactic for overcoming cellular resistance to either drug. In a
pilot study of the combination of erlotinib and sirolimus in recurrent malignant
glioma, the regimen was well tolerated, and 19 % of patients had a partial response,
with 25 % experiencing 6 month progression-free survival [170].

A recent study has shown that cell lines that are sensitive to PI3K inhibitors
demonstrate suppression of Rb phosphorylation upon treatment with single-agent
inhibitors, while those resistant to PI3K inhibitors do not [171]. Drug screens in
PIK3CA-mutant cancer cell lines demonstrated synergy between PI3K inhibitors
and cyclin-dependent kinase 4/6 inhibitors in vitro. Furthermore, the combination
of PI3K inhibitors and cyclin-dependent kinase 4/6 inhibitors had antitumor effi-
cacy in several in vivo xenograft models. The combination of PI3K/AKT/mTOR
inhibitors and cyclin-dependent kinase 4/6 inhibitors is now being pursued in
clinical trials.

There has been increasing interest in leveraging homologous recombination
defects for cancer therapy; this has already led to several clinical trials with PARP
inhibitors, especially in breast and ovarian cancer patients who carry deleterious
BRCAI1/2 mutations. Interestingly, transgenic models of BRCA-mutant mice
demonstrated that the combination of PI3K inhibitors with PARP inhibitors showed
enhanced antitumor efficacy [171]. Also notably, patient-derived xenografts from
patients with triple-negative breast cancer without deleterious germline BRCA
mutations responded more to the combination of PI3K inhibitors and PARP inhi-
bitors than to either agent alone [172, 173]. Recently, a phase I trial of the com-
bination of the PI3K inhibitor BKM120 and the PARP inhibitor olaparib was
shown to be tolerable and to have promising antitumor efficacy [174].

Triple Combinations

In addition to combinations of two agents, combinations of three agents have been
actively studied. Our group previously reported a study of a combination of lipo-
somal doxorubicin, bevacizumab, and temsirolimus in patients with advanced
gynecologic and breast malignancies [175]. This combination was well tolerated,
and a greater number of responses were seen in patients with PIK3CA mutations or
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PTEN loss than in patients without these mutations. Furthermore, this combination
was effective in metaplastic breast cancer [176], which has a high frequency of
PIK3CA mutations. Our group has also reported results of the combination of
sorafenib, temsirolimus, and bevacizumab in patients with advanced cancer. The
combination was well tolerated, and antitumor activity was seen in various patients
with ovarian cancer, colorectal cancer, endometrial cancer, leiomyosarcoma, and
squamous lung cancer [177].

Biomarkers

Predictors of response: Currently, there are no validated biomarkers that can
predict responses to PI3/AKT/mTOR inhibitors in clinical settings. One of the
difficulties to establish biomarker is mutations of PI3/AKT/mTOR pathways are
observed in heterogeneous tumor types. In addition, mutations of PI3K/AKT/
mTOR coexist with other pathways mutations [178, 179].

In vitro studies have found associations between PIK3CA/PTEN mutations and
rapamycin sensitivity [33]. However, PIK3CA mutations did not have a significant
association with sensitivity to everolimus plus exemestane in the randomized
BOLERO-2 trial [180]. In FERGI trial, addition of PI3K inhibitor pictilisib
(Genentech, Inc) to the endocrine therapy fulvestrant (Faslodex, AstraZeneca
Pharmaceuticals LP) restored sensitivity to fulvestrant and modestly improved
progression-free survival. However, it did not show enhanced efficacy in PIK3CA
mutant patients [181].

There have been reports of inactivating mutations in TSC1 and TSC2 in
exceptional responders to everolimus in bladder cancer and anaplastic thyroid
cancer, and activating mutations in mTOR in a patient with urothelial carcinoma.
With an exceptional response to everolimus and pazopanib [69, 182, 183]. Both
TSC1 and mTOR mutations are relatively rare thus unlikely to account for most of
the rapalog sensitivity. However, these potential associations may allow for future
personalized treatment selections in patients when these alterations are identified.

Proteomic predictors of response: A few immunohostochemical biomarkers
have been investigated such as PTEN loss, p-AKT, and p-S6K. PTEN loss has been
extensively studied [184]. Loss of tumor suppressor PTEN subsequently results in
activation of downstream signaling AKT and mTOR. While poor prognosis is
associated with PTEN loss in patients with renal cell carcinoma, there was
increased sensitivity to temsirolimus in patients with PTEN loss in a small study
[185-187]. In the BOLERO 3 trial which is a randomized, double-blind, placebo-
controlled, phase 3 trial, for women with HER2-positive, trastuzumab-resistant,
advanced breast carcinoma with everolimus vs placebo combined with trastuzumab
and vinorelbine, PTEN loss by immunohistochemistry was significantly associated
with benefit from the addition of everolimus to chemotherapy (HR 0,4, CI 0.2-0.82,
p = 0.01) [130].
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One compelling thought is to identify a proteomic marker of pathway activation
as a predictor of response. In vitro, baseline phospho AKT may be a marker of
sensitivity but this is a biomarker that has been clinically difficult to implement
[33]. This is at least in part due the fact that phospho-residues are relatively
unstable, and there are differences even between phospho-AKT status between
in vivo biopsies and surgical excisions of the same samples. Thus obtaining fresh
biopsies, and identifying markers which are more stable may be necessary to better
implement these markers. Notably, in the BOLERO-3 trial, patients with higher pS6
levels in archival tissue had greater benefit from the addition on everolimus to
trastuzumab and vinorelbine (HR 0.48, CI 0.24-0.96; p = 0.04) [130],

Pharmacodynamic markers of response: Inhibition of p-4E-BP1, p-S6K, and
PS6 has been monitored in many studies to ensure pathway inhibition. Although it
seems intuitive that the pathway needs to be inhibited for antitumor efficacy, it is yet
to proven that reduction in phospho 4EBP1 and phospho s6K is associated with
improved clinical outcome. [178]

Since mTOR inhibitions can result in upregulation of AKT phosphorylation in
the tumors, this has been proposed as a mechanism that limits the antitumor efficacy
of rapalogs. [7, 9] However, in vitro cell lines that are rapamycin sensitive have
greater increase in p-AKT levels with treatment, suggesting this feedback loop
activation is not of value as a predictor of resistance. increased phospho AKT [33].

Mechanisms of Acquired Resistance: Temsirolimus and everolimus have been
in clinical use for several years and there is also much known about mechanisms of
acquired resistance. However, continuous treatment of rapamycin sensitive breast
cancer cell lines was associated with an acquired mTOR mutation (S2035F) in the
FKBPI12-rapamycin binding domain. In this cell line with acquired resistance to
rapamycin, mTORCI signaling was not inhibited by rapalogs but was inhibited
with catalytic inhibitors [188]. Similarly an anaplastic thyroid cancer patient was
found to harbor a mutation in MTOR that confers resistance to allosteric mTOR
inhibition upon development of resistance to everolimus [182, 183]. Thus suggests
that novel genomic alterations may be at least one mechanism of resistance to
raplogs and genomic profiling may help select additional therapeutic options which
may include other PI3K/AKT/mTOR inhibitors.

Conclusion

Mutation, amplification, and rearrangement of genes within the PI3K/AKT/mTOR
pathways are frequently seen in multiple cancer lineages. Targeting mutant PI3K,
AKT, and/or mTOR is an area of active research. While significant clinical responses
have been obtained by targeting PI3K/AKT/mTOR signaling, there is still a need to
improve the efficacy of PI3K/AKT/mTOR signaling inhibition. Combining
PI3K/AKT/mTOR inhibitors with different agents is required to achieve this goal.
Furthermore, PI3K/AKT/mTOR inhibition can improve the therapeutic effect
of other antineoplastic agents, such as anti-EGFR and anti-VEGF therapies.
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By evaluating biomarkers of response, the efficacy of PI3K/AKT/mTOR inhibitors
themselves and their rational combination with other therapeutic agents should be
improved over time.

While combination therapies theoretically offer better efficacy than single-
inhibitor treatments, they come hand-in-hand with the risk of greater toxic effects.
Optimization of dose and schedule and maintenance of an appropriate sequence of
drug administration are critical. Optimizing the management of side effects is
absolutely necessary [87]. Whenever possible, conducting early trials with new
agents or new combinations that include tumor biopsies at baseline, during treat-
ment, and at the time of progression can give insights into target engagement,
relative pathway inhibition, and adaptive responses. High-throughput molecular
profiling including Next-generation gene sequencing at baseline and at progression
can give insights into the mechanism(s) of intrinsic sensitivity/resistance and
mechanisms of acquired resistance to PI3K/AKT/mTOR inhibitors [189]. Further,
refinement in patient selection and better understanding of rational combinations are
needed to optimally incorporate PI3K/Akt/mTOR inhibitors into our clinical
armamentarium.
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Chapter 7

Phospho-Inositol-3-Kinase Activity

and Dysregulation in Pediatric Leukemia
and Lymphoma

Charles B. Goodwin and Rebecca J. Chan

Introduction

Leukemias and lymphomas are the most common malignancies diagnosed in
children, accounting for 34 and 12 % of pediatric cancers, respectively [1]. Rather
than a single disease, pediatric leukemia represents a diverse group of hematologic
conditions in which the patient’s bone marrow produces excessive amounts of
dysfunctional and abnormal white blood cells. Leukemias can be categorized
broadly as myeloid or lymphocytic, depending on whether the affected lineage is
myeloid or lymphoid. Lymphocytic leukemia is more common in children, while
myeloid leukemias tend to affect adults. Furthermore, leukemias can be divided into
acute forms and chronic forms, with acute forms generally resulting in the rapid
overproduction of immature or blast forms of the affected lineage, while chronic
forms are characterized by a more protracted and indolent course, resulting in
gradual excessive production of relatively mature cells of the affected lineage.
Closely related to lymphocytic leukemias are lymphomas, which typically present
as a solid tumors of lymphoid cells either in lymph nodes or in a variety of
extranodal tissue sites. Finally, Juvenile Myelomonocytic Leukemia (JMML) is rare
hematologic disorder of young children that has features of both myeloid leukemia
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as well as myelodysplastic syndrome (MDS), a hematologic condition characterized
by defective production of myeloid lineage cells.

Although a lot of progress has been made in treating pediatric hematologic
malignancies in recent decades using modalities such as chemotherapy, radiation,
and hematopoietic stem cell transplantation (HSCT), relapsed and refractory disease
continue to be problems, as do the treatment-related morbidity and mortality
inherent in these modalities, which can cause great distress to the vulnerable
pediatric leukemia patient and his or her family. Consequently, significant research
is being dedicated to understanding the underlying molecular mechanisms of these
diseases with the goal of developing targeted therapies, which ideally promise
increased tolerability and improved therapeutic efficacy.

Phosphatidylinositol-3-Kinase (PI3K)-AKT-mTOR
Signaling

Phosphatidylinositol-3-kinase (PI3K) signaling is a crucial regulator of prolifera-
tion, growth, survival, and numerous other important cellular processes. Not sur-
prisingly, PI3K activity is dysregulated in many malignancies, including pediatric
hematologic malignancies. Class I PI3Ks are lipid kinases, which phosphorylate the
3 position of the plasma membrane-associated lipid, phosphatidylinositol (4,5)
bisphosphate (PI(4,5)P,), to generate PI(3,4,5)P;. PI(3,4,5)P; serves to recruit
Pleckstrin Homology (PH)-domain-containing signaling kinases to the plasma
membrane, especially PDK1, and its downstream effector, the serine-threonine
kinase AKT, which it phosphorylates at Threonine 308 (Fig. 7.1) [2-5].
Activated AKT, by phosphorylating several downstream effectors, regulates mul-
tiple cellular processes, including survival, proliferation, and protein synthesis, the
latter of which is mediated by the mammalian target of rapamycin (mTOR) as part
of the multi-protein subunit mMTOR Complex 1 (mTORC1) (Fig. 7.1) [2]. Through
a complex positive feedback loop, AKT is further activated by mTOR-mediated
phosphorylation of Serine 473; in this latter case, mTOR is part of a different
multi-protein subunit mTOR complex 2 (mTORC2) (Fig. 7.1) [6]. Additionally,
mTORCI1 negatively regulates AKT via a negative feedback loop involving
S6K-mediated phosphorylation and inactivation of the Insulin Receptor Substrate-1
(IRS-1), which contributes to the activation of PI3K. As a consequence, mTOR
inhibitors which primarily target only mTORCI1 can interrupt this negative feed-
back loop and promote paradoxical hyperactivation of AKT, thus suggesting a need
for either dual mMTORC1/mTORC?2 inhibitors or inhibitors that target more than one
step in the PI3K-AKT-mTOR pathway (e.g. dual PI3K/mTOR inhibitors) to
achieve full blockade of oncogenic hyperactivated signaling of this pathway [7].
Furthermore, many examples of cross-talk between the PI3K-AKT-mTOR pathway
and other mitogenic pathways such as the RAS-MEK-ERK (MAP Kinase) pathway
and the JAK-STAT pathway have been demonstrated, and as a consequence,
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<« Fig. 7.1 Detailed overview of PI3K-AKT signaling cascade. Diagram showing the
PI3K-AKT-mTOR signaling cascade, including RAS, a direct activator of PI3K activity, the
major downstream effectors of PI3K, PDK1 and AKT, and the major downstream effectors of
AKT, including BAD, FOXO, GSK3p, and mTOR, which together regulate cellular processes
including proliferation, survival, and protein synthesis. Notably, full activation of AKT requires
phosphorylation at the Threonine 308 site, which is mediated by PDK1 and at the Serine 473 site,
which is mediated by mTOR, while in the mTORC2 complex. mTOR, as part of the mTORC1
complex, is also positively regulated by AKT via several intermediate mediators not shown in this
figure (represented by the dotted arrow from AKT to mTOR). The downstream effectors of the
mTORC1 complex, notably 4EBP1 and S6K, regulate protein synthesis. S6K activity also
negatively regulates IRS, a positive regulator of PI3K, creating a negative feedback loop that can
be interrupted with pharmacologic inhibition of mTORC1-associated mTOR, leading to enhanced
AKT activity. Also shown is the tumor suppressor lipid phosphatase, PTEN, which catalyzes the
dephosphorylation of PI(3,4,5)P; to generate PI(4,5)P,, thereby antagonizing the activity of PI3K.
Additionally, the lipid phosphatase SHIP1 can also negatively regulate PI3K by dephosphorylating
the 5’ phosphate group of PI(3,4,5)P;, generating the inactive moiety PI(3,4)P,. AKT itself can be
inactivated by dephosphorylation via the activity of the protein phosphatases such as PHLPP1/2
and PP2A. Also shown are additional important mitogenic signaling pathways, JAK-STAT and
ERK (MAPK), which often cooperate with the PI3K-AKT-mTOR pathway in promoting
leukemogenesis

blockade of PI3K-AKT signaling may result in either down-regulation or com-
pensatory hyperactivation of one of these parallel pathways. Likely, effective
pharmacologic inhibition of PI3K may be best achieved with simultaneous inhi-
bition of one or more of these collaborating pathways.

There are two subclasses of Class I PI3K, and both classes are heterodimers
consisting of a regulatory and a catalytic subunit. The three catalytic subunits for
Class IA PI3K include p110a (encoded by PIK3CA), p110p (encoded by PIK3CB),
and p110d (encoded by PIK3CD) [2]. These three catalytic subunits can bind to any
Class IA regulatory subunit, including p85a, and its splice variants p5S5a and p50a
(encoded by PIK3RI), p85B (encoded by PIK3R2), or p55y (encoded by PIK3R3)
via an interaction between the adapter binding domain (ABD) of the catalytic
subunit and the inter-SH2 (iSH2) domain of the regulatory subunit (Fig. 7.2) [2, 8].
Class IB PI3K consists of catalytic subunit p110y (encoded by PIK3CG), and its
unique regulatory subunits, p84/87 and p101 [2]. The catalytic subunits p110a and
p110p are expressed ubiquitously, while p110 and p110y are found predominantly
in hematopoietic cells [2].

The Class IA regulatory subunits (p85) help promote PI3K activity through two
important mechanisms: (1) stabilizing the p110 catalytic subunits, thereby pre-
venting their rapid degradation, and (2) recruiting the p110 catalytic subunits to
tyrosine phosphorylated signaling and adapter molecules via its N-SH2 and C-SH2
domains (Fig. 7.2) [2, 9]. Conversely, p85 also negatively regulates PI3K activity
through an inhibitory interaction between its N-SH2 domain and the helical domain
of the p110 catalytic subunit, which is relieved upon N-SH2 domain binding to a
phospho-tyrosine residue [2, 10—12]. In addition, GTP-bound RAS promotes PI3K
activation via an interaction with the RAS-binding domain (RBD) of the catalytic
subunit (Fig. 7.2) [2, 13-17].
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Fig. 7.2 Schematic diagram of the functional domains and the inter-molecular interactions
between PI3K catalytic subunit and regulatory subunit. Structurally, PI3K is a heterodimer,
consisting of a regulatory subunit (p85) and a catalytic subunit (p110). The regulatory subunit has
two Src Homology-2 (SH2) domains, which interact with phosphorylated tyrosine residues; a Src
Homology-3 (SH3) domain, which interacts with proline-rich domains; a Breakpoint clustered
Homology (BH) domain; and an inter-SH2 (iISH2), which is the principal interacting domain with
the catalytic subunit. The catalytic subunit contains an Adapter-Binding Domain (ABD), which
mediates the major interaction with iSH2 in the regulatory subunit; a RAS-Binding Domain
(RBD), to which RAS binds, promoting activation of PI3K; a protein-kinase-C homology-2 (C2)
domain, which mediates interactions with lipid membranes; and the Kinase domain, which
mediates the lipid phosphorylation activity

PI3K and Cancer

Hyperactivation of PI3K signaling is a common feature among a wide variety of
human malignancies, which is not surprising given the role of PI3K in regulating
proliferation, growth, and survival [18]. Frequently, hyperactivation of PI3K is the
result of oncogenic transformation of receptor tyrosine kinases or signaling proteins
upstream of PI3K. Alternatively, PI3K hyperactivation results from loss of
expression or function of the lipid phosphatase, PTEN, which removes the phos-
phate group from PI(3,4,5)P; at the 3 position, thereby converting the active lipid
moiety to PI(4,5)P,, the inactive lipid moiety (Fig. 7.1) [18-20].

Likewise, cancer-causing mutations in genes encoding the Class I catalytic or
regulatory subunits have also been found. Of the four catalytic subunits, only
PIK3CA (encoding p110a) has been found to have cancer-causing mutations [21].
Mutations in PIK3RI (encoding p85a) have been identified in certain cancers and
promote increased PI3K activity as the mutant p85a loses its inhibitory effect on the
p110 catalytic subunit. Interestingly, overexpression of p1106 and p110y has also
been observed in acute myeloid leukemia (AML) and chronic myeloid leukemia
(CML), respectively [22-24]. However, very recently two studies described
germline gain-of-function mutations in PIK3CD, which encodes p1103, resulting in
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a primary immunodeficiency condition with an increased predisposition to respi-
ratory infections as the principal phenotype [25, 26]. One study reported that
patients exhibited lymphopenia [25], while the other reported a lymphoproliferative
phenotype in multiple patients, including diffuse lymphadenopathy and hep-
atosplenomegaly with two patients diagnosed with B-cell lymphoma and a third
patient with a strong family history of B-cell lymphoma [26]. Although more work
needs to be done to evaluate the role of these germline mutations in lymphoma
development, somatic activating mutations in PIK3CD do not appear to be a
common leukemia-causing genetic lesions.

The Catalytic Subunit p110o as a Potential Target
in Hematologic Malignancies

In recent years, there has been significant progress in identifying the roles of
individual PI3K catalytic subunits in particular physiologic processes and disease
states, especially cancer. This research has been complemented by simultaneous
efforts to develop improved PI3K inhibitors that target specific PI3K catalytic
subunits with several fold specificity by taking advantage of subtle structural dif-
ferences between the various catalytic subunits [27]. The goal of this work is to
inhibit only the activity of the relevant p110 catalytic subunit contributing to the
pathogenesis of a disease, while sparing the activity of the other catalytic subunits,
thus reducing the risk for off-target and potentially toxic side effects.

The Class IA PI3K catalytic subunit, p1109, like the sole Class IB PI3K cat-
alytic subunit, p110y, is expressed predominantly in hematopoietic cells, in contrast
to p110a and p110B, which are ubiquitously expressed, suggesting that p1105 and
p110y might be ideal pharmacologic targets in diseases involving the hematopoietic
system such as allergic disorders, autoimmune disorders, and leukemias [28—30].
While pl10y is associated with signaling mediated by G-Protein-Coupled
Receptors (GPCRs), p1109 is typically found promoting activation of PI3K sig-
naling downstream of receptor tyrosine kinases and cytokine receptors, indicating
that p110d and pl110y bear unique functions, though much work has recently
demonstrated their potential cooperation in many diseases processes [30].

A knockin mouse model has been generated bearing a point mutation in the
Pik3cd gene, resulting in endogenous expression of a kinase-dead mutant p1103
D910A [28]. This knockin model, rather than a knockout model, is useful for
studies as it circumvents the potential compensatory upregulation and recruitment
of the remaining Class IA catalytic subunits, pl10a and pl110f. Although this
genetically inactivated Pik3cd gene is constitutively expressed, homozygous mutant
mice are born at normal Mendelian ratios and do not exhibit any overt phenotype
except some impairment of B- and T-cell maturation and function and the devel-
opment of a mild inflammatory bowel disease. The fact that p1108°7!04/P?10A mjce
are completely viable with only modest health effects suggests that p110d would be
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an ideal therapeutic target for hematologic malignancies, since pharmacologic
inhibition of its activity would be expected to have modest side effects [28].

Because the effects of genetic inactivation of p1106 were mostly observed in B-
and T-cells, much of the research on the role of p1109 in health and disease has
focused on processes involving the lymphoid lineage, such a multiple myeloma,
T-cell leukemia, lymphoma, and a variety of inflammatory conditions [29, 31-34].
However, p1103d has been found to be overexpressed in AML [22], and to mediate
proliferation and migration of macrophages [35], suggesting p1108 may also be
relevant for myeloid leukemias such as AML, CML, and JMML.

Accordingly, there has been much interest in particular for developing inhibitors
with high specificity for the p110d catalytic subunit [36]. IC87114 was the first such
compound to be developed, but its low potency precluded it from entering clinical
trials, though it still remains an important research tool [37]. More recently,
GS-1101 (idelalisib, formerly known as CAL-101), also an isoquinolinone
derivative, has been developed, has greatly enhanced potency against p1105, and
has entered several clinical trials for lymphoid malignancies, and recently gained
FDA approval for patients with relapsed in CLL in combination with rituximab, as
well as relapsed follicular B-cell lymphoma and relapsed small lymphocytic lym-
phoma [31, 38-43].

Another interesting aspect of p1103 is its apparent capacity to induce malignant
transformation independent of RAS [44]. The conserved structure of all Class I
PI3K catalytic subunits contains a RBD (Fig. 7.2) [2], to which RAS can bind in
order to promote full activation of PI3K signaling. The common oncogenic
mutation in pl110a, H1047A, along with other nearby mutations in the kinase
domain, results in a conformational change similar to that induced by pll10a
binding to RAS, thereby promoting its constitutive activation [45]. These kinase
domain mutations of pl110a have been shown to promote RAS-independent PI3K
hyperactivation, as mutating a conserved lysine residue in the RBD (and, thus,
abrogating p110a interaction with RAS) does not reduce AKT phosphorylation or
cellular transforming ability [45]. Similarly, pl1108 bearing an analogous RBD
mutation retains its cellular transforming ability even in the absence of additional
activating mutations, suggesting that p1106 can mediate its signaling function
independent of RAS interaction [44].

Because p110v, like p1109d, has a hematopoietic-specific expression profile, it
likewise is being evaluated as a potential therapeutic target for hematologic
malignancies, both alone and in conjunction with p1109, particularly in conditions
such as T-Cell Acute Lymphoblastic Leukemia (T-ALL) [46]. In addition to efforts
to target PI3K directly with catalytic subunit-specific inhibitors, significant work
has been dedicated to exploring various downstream effectors of PI3K activity as
possible therapeutic targets; this is particularly true for AKT and mTOR, for which
several highly potent inhibitors have been recently developed [47-50].
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Acute Lymphoblastic Leukemia (ALL)

Acute Lymphoblastic Leukemia (ALL) is the most common type of leukemia found in
children, accounting for approximately 70-80 % of childhood leukemias with an annual
incidence of about 3000 cases per year in the United States. It was one of the first
cancers cured with chemotherapy, and now has an impressive survival rate approaching
90 % [51]. ALL can affect either the B-cell lineage or T-cell lineage, though the
pre-B-cell type is the most common. Hyperactivation of the PI3K-AKT-mTOR pathway
is a particularly common feature in T-cell ALL (T-ALL), which tends to have a poorer
prognosis compared to pre-B-cell ALL, and several molecular mechanisms for activa-
tion of this pathway have been reported in the literature. For example, Notchl activating
mutations, which are found in about 50 % of T-ALL cases, can promote hyperactivation
of PI3K-AKT signaling, either by inactivating the tumor suppressor lipid phosphatase
PTEN, which directly antagonizes the activity of PI3K, or by decreasing the activity of
the serine/threonine protein phosphatase 2A (PP2A), which negatively regulates AKT
(Fig. 7.3) [52-55]. Additionally, increased Notchl activity can increase the expression
of the interleukin-7 receptor oo (IL7Ra) and the insulin-like growth factor-1 receptor
(IGF1R), both of which can promote activation of the PI3K-AKT-mTOR signaling
pathway [56-58]. As a consequence, y-secretase inhibitors (GSIs) demonstrate efficacy
in reducing hyperactivated PI3K-AKT-mTOR signaling in T-ALL cells, though resis-
tance commonly ensues due to numerous mechanisms, including inactivating mutations
in or deletions of PTEN, activating mutations in AKT1, or activating mutations in /L7R
(IL7R) [53, 59-62].

In addition to targeting hyperactivated PI3K-AKT-mTOR signaling in T-ALL
indirectly with Notch inhibitors (GSIs), efficacy has also been demonstrated by
targeting this pathway directly with multiple inhibitors including dual PI3K/PDK1
inhibitors such as NVP-BAG956, pan-Class I PI3K inhibitors such as GDC-0941,
AKT inhibitors such as MK-2206 and GSK690693, mTOR inhibitors such as
RAD-001 and KU-63794, and dual PI3K/mTOR inhibitors such as NVP-BEZ235,
either alone or cooperatively in combination [63—66]. Not surprisingly, targeting
hyperactivated Notchl and PI3K-AKT-mTOR signaling simultaneously with a GSI
and rapamycin has demonstrated a cooperative effect [67]. Additionally, effective
combination of targeted signaling pathway inhibitors and standard anti-leukemic
chemotherapeutic agents has been reported, specifically, the mTOR inhibitor
rapamycin combined with idarubicin as well as the AKT inhibitor triciribine
combined with vincristine [68, 69]. Taking advantage of the newer classes of
catalytic subunit-specific inhibitors, it has also been shown that hyperactivated
PI3K activity in PTEN-null T-ALL is mediated by the hematopoietic-specific
catalytic subunits pl110d and pl110y, which can be effectively targeted with
CAL-130, a highly potent and specific dual p11038/p110y inhibitor [46].

Although the mechanisms for dysregulated PI3K-AKT-mTOR signaling in
pre-B-cell ALL are not as clearly worked out as they are in T-ALL, hyperactivation
of AKT in patient samples has been linked with poorer prognosis, including
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Fig. 7.3 Diagram of the PI3K-AKT-mTOR pathway highlighting important mediators of
dysregulated signaling in the development of pediatric Acute Lymphoblastic Leukemia (ALL).
Diagram of the PI3K-AKT-mTOR pathway and key associated receptors known to contribute to
hyperactivated PI3K signaling described in different forms of pediatric Acute Lymphoblastic
Leukemia (ALL), including IL-7Ra and IGFR1, both of which have roles in T-lymphoblastic ALL
(associated with gain-of-function mutations in Notch1), the thymic stromal lymphopoietin (TSLP)
receptor, a heterodimer formed from CRLF2 and IL-7Ro, and the integrin receptor VLA-4, both of
which are associated with pre-B-ALL. Also indicated is the p190 BCR-ABL and ETV6-RUNX1
fusion proteins found in some cases of ALL. Proteins indicated with asterisk have gain-of-function
mutations reported and those indicated with hash have loss-of-function mutations reported
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resistance to chemotherapy and reduced survival. This same study also found that
exogenously expressing constitutively active AKT in a Pre-B-cell ALL cell line
reduces apoptotic response to chemotherapeutic agents suggesting that hyperacti-
vated PI3K-AKT signaling imparts chemoresistance in B-cell leukemic cells [70].

Pre-B-cell ALL is often classified based on characteristic chromosomal abnor-
malities and translocations, which may provoke hyperactivation of the
PIBK-AKT-mTOR signaling pathway through a variety of molecular mechanisms.
For example, three percent of pre-B-cell ALL is positive for the Philadelphia
Chromosome (Ph+) defined by the translocation 9;22 [t(9;22)], which typically is
found in CML and results in the constitutively active fusion protein BCR-ABL
[51]. However, while the p210 BCR-ABL variant is found in CML, Ph+ ALL is
characterized by the smaller p190 BCR-ABL variant (Fig. 7.3). Both result in
constitutive ABL activity, though p190 BCR-ABL is reported to have a stronger
transforming potential [71]. Furthermore, it has been observed that Ph+ ALL does
not respond as well to the ABL kinase inhibitor imatinib as CML, possibly due to
hyperactivation of downstream effectors of ABL activity, including PI3K, which is
being investigated as a potential alternative or cooperative therapeutic target. One
possible explanation for the hyperactivated PI3K-AKT signaling observed in Ph+
ALL is decreased expression of PTEN as a result of hypermethylation of the PTEN
gene promoter. This study found that treatment of Ph+ ALL cells with the PI3K
inhibitor LY294002 could restore imatinib sensitivity, thereby increasing apoptosis
[72]. Another study screening Ph+ pre-B-cell ALL lines found activating mutations
in PIK3CA, which encodes the catalytic subunit p110a, providing another possible
mechanism for hyperactivated PI3K-AKT signaling and imatinib resistance [73].
Furthermore, genetic disruption of PI3K signaling by deletion of Pik3rl and
Pik3r2, which encodes the major Class IA PI3K regulatory subunits p850 and
p85P, respectively, significantly decreased BCR-ABL-mediated oncogenic trans-
formation of murine B-cell progenitors and increased imatinib sensitivity. The same
study also found that treatment of BCR-ABL-transformed B-cells with the dual
PI3K/mTOR inhibitor PI-103 reduced survival both alone and synergistically in
combination with imatinib [74]. Finally, the mTOR inhibitor MLNO128 signifi-
cantly reduced proliferation of Ph+ ALL cells in vitro and cooperated with dasatinib
to reduce leukemia burden in an in vivo xenograft mouse model of Ph+ ALL;
additionally, MLLNO128 was also effective in a xenograft mouse model of Ph— ALL
[75]. Similar results were found using the dual mMTORC1/mTORC?2 inhibitor PP242
in both in vitro and in vivo models of Ph+ ALL [76].

The most common genetic aberration found in Pre-B-cell ALL is the ETV6/RUNX1
(or TEL/AMLI) fusion gene t(12;21), which is found in approximately 25 % of patients
(Fig. 7.3). One study found that the protein product of this fusion gene regulates
PI3BK-AKT-mTOR signaling, as evidenced by the fact that knocking it down with
shRNA resulted in reduced AKT and ribosomal protein S6 (rpS6) phosphorylation—
two mTOR-mediated events—while at the same time increasing apoptosis.
Furthermore, pharmacologic inhibition of the PI3K-AKT-mTOR pathway with either
the PI3K inhibitor LY294002 or the dual PI3K/mTOR inhibitor PI-103 induced
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apoptosis in ALL cells and sensitized glucocorticoid-resistant leukemia cells to the
apoptotic effect of prednisolone [77].

Very recently, genomic analysis of MLL-rearranged pre-B-cell ALL revealed a
potential role for targeting PI3K signaling. This type of ALL, which accounts for
approximately 8 % of cases, affects infants and portends a poor prognosis because
of its characteristic glucocorticoid resistance [51, 78]. However, studies have shown
that treating MLL-rearranged ALL cells with the PI3K inhibitor LY294002 restored
sensitivity to the glucocorticoid prednisolone, through an undefined mechanism that
involves down-regulating expression of the FCRGIB gene, which encodes the high
affinity receptor for IgG (CD64) [78].

Additionally, overexpression of the fibronectin adhesion molecule, very late
antigen-4 (VLA-4) is associated with relapse in pediatric ALL and was found to be
associated with aberrant expression of several PI3K-AKT-regulated genes, con-
sistent with VLA-4’s known role of positively regulating PI3K activity through its
o integrin subunit [79]. This again suggests that dysregulated PI3K-AKT-mTOR
signaling may be a crucial mediator of chemoresistance, and thus a potentially
effective target for relapse or refractory cases of Pre-B-cell ALL.

More recently mutations resulting in hyperactivation or overexpression of the
CRLF?2 (cytokine receptor-like factor 2) gene have been described in 6-8 % of
pre-B-cell ALL cases [51, 80-82]. CRLF2 heterodimerizes with IL-7Ra to form a
receptor for thymic stromal lymphopoietin (TSLP), which mediates normal lym-
phopoiesis. Aberrant CRLF?2 expression promotes hyperactivated PI3K-AKT-mTOR
(as well as JAK-STAT) signaling, particularly in response to TSLP stimulation,
which can be reduced with PI3K and mTOR inhibitors such as rapamycin, PI-103,
and PP242 [82].

With time, future studies will continue to unravel the variety of molecular
mechanisms that give rise to the heterogeneous forms of acute lymphocytic leu-
kemia, especially the forms that are prone to relapse or are refractory to standard
chemotherapy and radiation, and will better define which ones may respond to
targeted inhibition of the PI3K-AKT-mTOR signaling pathway. This work will also
help determine how best to target this pathway, be it with mTOR inhibitors, cat-
alytic subunit-specific PI3K inhibitors, or perhaps even a combination of these
inhibitors with a number of other pharmacologic modalities including standard
chemotherapy or other targeted agents such as y-secretase inhibitors.

Lymphoma

Lymphomas are among the most common malignancies of childhood and include
Hodgkin Lymphoma and a variety of non-Hodgkin lymphomas, including diffuse
large B-cell lymphoma, Burkitt lymphoma, and anaplastic large cell lymphoma [83,
84]. Hodgkin lymphoma, derived from the B-cell lineage, is characterized by
Reed-Sternberg cells, is the most common malignancy of adolescence, and cur-
rently has a five-year survival greater than 90 % with current chemo- and
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radiotherapy protocols. The five year survival of non-Hodgkin lymphoma is lower
at 70-90 %, depending on subtype and stage [83, 84]. Despite the overall high cure
rate in pediatric lymphoma treatment, there remains concern about the long-term
consequences of chemotherapy and radiotherapy in children, including
therapy-related secondary malignancies, cardiac dysfunction secondary to thoracic
irradiation, and infertility; thus, there continues to be a great need to develop better
targeted therapies for these patients.

Hodgkin lymphoma, particularly in young children, the elderly, and immuno-
compromised patients, is frequently associated with Epstein—Barr virus, whose viral
protein latent membrane protein 1 (LMP1) can promote expression of the
anti-apoptotic protein BCL-2 and increased NFxB activity [85]. Several studies,
however, have reported that LMP1, and the related protein LMP2a, can also pro-
mote activation of PI3K-AKT signaling in lymphocytes (Fig. 7.4) [86—88]. Not
surprisingly, hyperactivation of PI3K-AKT-mTOR signaling has been demon-
strated in several Hodgkin lymphoma-derived cell lines, though not through a loss
of PTEN expression. Likewise, these cell lines exhibited reduced proliferation in
response to LY294002 and demonstrated a cooperative reduction in cell survival
when treated with a combination of rapamycin and doxorubicin [89, 90]. Further
studies have suggested that this enhanced PI3K activity, particularly in response to
signals from the microenvironment, may be largely mediated by the
hematopoietic-specific catalytic subunit p1109, as efficient apoptosis could be
induced with GS-1101, which has shown promise in non-Hodgkin lymphoma as
well [34, 91]. These results are interesting particularly in light of the recent findings
of EBV+ Hodgkin lymphoma and diffuse B-cell lymphoma in some patients
bearing germline gain-of-function mutations in PIK3CD, suggesting an important
role for p1106 in lymphoma pathogenesis [26].

Most types of non-Hodgkin lymphoma encountered in children, including
Burkitt lymphoma and diffuse large B-cell lymphoma, are derived from B-cells,
except for anaplastic large cell lymphoma, which is derived from T-cells [92].
Burkitt lymphoma, as with many cases of Hodgkin lymphoma, is associated with
Epstein—Barr virus infection, but is also characterized by translocations that result in
the juxtaposition of the gene encoding c-Myc with one of the immunoglobulin
promoters leading to overexpression of this pro-growth transcription factor, which
is normally regulated in part by AKT (Fig. 7.4) [92]. Overexpression of c-Myc and
constitutive activation of PI3K signaling have been shown to be crucial events in
the pathogenesis of Burkitt lymphoma [93]. The therapeutic potential of rapamycin
in Burkitt lymphoma has been demonstrated in a mouse model bearing transgenic
expression of c-Myc and LMP2a [94]. Similarly, combined treatment with dual
PI3K/mTOR inhibitor PI-103 and the Bcl-XL inhibitor ABT-737, also effectively
induced apoptosis in Burkitt lymphoma cell lines [95].

Hyperphosphorylation of AKT has been reported in 52 % of diffuse large B-cell
lymphomas tested and correlated with shorter survival [96]. This study found that
diffuse large B-cell lymphoma cell lines expressed elevated levels of the
anti-apoptotic protein XIAP (Fig. 7.4), which was reduced upon treatment with
LY294002 in sensitive cells [96]. Hyperactivation of PI3K has been also linked to
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Fig. 7.4 Diagram of the PI3K-AKT-mTOR pathway highlighting important mediators of
dysregulated signaling in the development of pediatric Lymphoma. Diagram of the
PIBK-AKT-mTOR pathway and key associated receptors known to contribute to hyperactivated
PI3K signaling described in different forms of pediatric Lymphoma, including MET, the Leptin
receptor, and the B cell receptor (BCR), all three of which are associated with Diffuse Large B-Cell
Lymphomas. Additional proteins including Syk in Diffuse Large B-Cell Lymphoma, the
viral-encoded protein LMP in EBV+ lymphomas, and the NPM-ALK fusion protein in Anaplastic
Large Cell lymphoma have been shown to participate in PI3K signaling in lymphoma. Proteins
indicated with asterisk have gain-of-function mutations reported and those indicated with hash
have loss-of-function mutations reported
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dysregulated hepatocyte growth factor (HGF)-MET signaling in one study and
overexpression of the leptin receptor in another, while the mTOR effector p70S6K
and the microRNA miR155 have also been identified as potential therapeutic targets
in diffuse large B-cell lymphoma [97-100]. In a recent study, the spleen tyrosine
kinase (SYK) downstream of the B-cell receptor (BCR) was identified as another
activator of PI3K-AKT signaling in diffuse large B-cell lymphoma. Accordingly,
several studies have demonstrated the potential effectiveness of targeted inhibitors
of the PI3K-AKT-mTOR signaling pathway in diffuse large B-cell lymphoma,
including rapamycin in combination with rituximab, the pan-PI3K inhibitor
NVP-BKM120, or the dual PI3K/mTOR inhibitor NVP-BEZ235 [101-103].
Anaplastic large cell lymphoma is associated with the translocation t(2;5), which
leads to expression of the chimeric protein NPM-ALK (nucleophosmin-anaplastic
lymphoma kinase), bearing constitutive tyrosine kinase activity [92, 104]. One
study found that two-thirds of anaplastic large cell lymphoma patient samples show
evidence of hyperactivated PI3K-AKT signaling and many of these samples show
post-translational inactivation of PTEN by increased phosphorylation [105].
Furthermore, ALK has been reported to promote activation of PI3K signaling by
directly binding the p85 regulatory subunit [106—108]. Increased AKT phospho-
rylation in anaplastic large cell lymphoma has been correlated with decreased
expression of the cell cycle inhibitor p27, which can be reversed with pharmaco-
logic inhibition of AKT [109]. Hyperactivated mTOR has also been described as
potential therapeutic target in anaplastic large cell lymphoma [110, 111].

Acute Myeloid Leukemia (AML)

Acute myeloid leukemia (AML) represents a clonal hyperproliferation of immature
myeloid lineage progenitor cells, which is relatively uncommon in children (about
15-20 % of childhood leukemias), but is much more prevalent in adults.
Because AML is predominantly a disease of elderly adults, there are only a few
studies that specifically address pediatric AML and the role of PI3K-AKT signaling
in its pathogenesis; however, presumably much of what is learned from studying
adult AML can be applied to pediatric AML. Like ALL, pediatric AML is a very
heterogeneous disease in terms of underlying genetic and cytogenetic lesions, but
unlike ALL, it has a more dismal prognosis with the current overall survival being
approximately 60-70 % [112]. As with ALL, the goal for improving outcomes in
pediatric AML is to develop a better understanding of the molecular pathogenesis
associated with each genetic and phenotypic subtype and to identify and implement
targeted therapeutic strategies accordingly.

A number of recent studies have shown that hyperactivated PI3K-AKT-mTOR
signaling represents a potentially relevant therapeutic target for many AML sub-
types, as over-expressed and/or hyperphosphorylated AKT has been reported in
50-80 % of adult AML cases and has been linked with decreased survival [50, 113,
114]. However, contrary to AKT’s traditionally understood role in cancer
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development, at least one study found that constitutive activation of PI3K-AKT
signaling was associated with improved overall and relapse-free survival in de novo
adult AML, consistent with another study that found that reduced AKT activity and
elevated FOXO activation promoted AML pathogenesis by inhibiting differentia-
tion of leukemia-initiating cells [115, 116]. In both pediatric and adult AML,
hyperactivated PI3K-AKT-mTOR signaling may result as a consequence of a
number of commonly encountered leukemogenic genetic lesions, including muta-
tions in receptors such as KIT and FLT3 and upstream signaling molecules such as
RAS (Fig. 7.5), though other molecular mechanisms have been reported.

One of the most commonly encountered mutated genes in AML resulting in
PI3K hyperactivation is the Class III receptor tyrosine kinase KIT, which is found
to be mutated in a variety of other non-hematologic malignancies as well, including
gastrointestinal stromal tumors (GISTs) [117, 118]. One study found KIT mutations
in 11.3 % of pediatric AML samples [119]. Notably, mutant KIT bearing point
mutations in the activation loop (KIT D816V), which is found commonly in both
AML and the myeloproliferative neoplasm, systemic mastocytosis, is insensitive to
imatinib inhibition [120-125]. In contrast, mutant KIT bearing mutations in the
extracellular domain (typically complex in-frame deletion plus insertion mutations
in exon 8 affecting the conserved D419 amino acid) or in the transmembrane
domain (V530I) exhibit hyperactivated PI3K-AKT signaling which is sensitive to
pharmacologic inhibition with imatinib [126].

The activation loop mutations in KIT, as well as other KIT mutations, are fre-
quently associated with core binding factor (CBF) AML, an AML subset charac-
terized by the cytogenetic aberrations, t(8;21) or inversion of chromosome 16 [inv
(16)], that disrupt the function of the core binding factors, CBFa (also known as
AML1) and CBF, by generating the fusion genes, AMLI-ETO and CBFf-MYH11,
respectively. Interestingly, CBF AML typically has a better prognosis than normal
karyotype AML [127]. A possible explanation for this observation is that CBFa
positively regulates expression of PI3K catalytic subunit p1109, so that loss of
CBFa by t(8;21) might decrease p110& expression, resulting in reduced PI3K
signaling and, as a result, enhanced chemosensitivity [128]. Conversely, the addi-
tion of a KIT mutation to a CBF cytogenetic aberration actually portends a poorer
prognosis in AML [129-135]. A study analyzing common mutations in pediatric
AML found that 37 % of pediatric CBF AML had a concurrent KIT mutation [119].
The Kasumi-1 murine AML cell line, which is characterized by t(8;21) and a Kit
activating loop mutation (N822K) and which exhibits hyperactivated PI3K-AKT
signaling, is a frequently used research tool to investigate the molecular patho-
genesis of this type of leukemia [136]. Because leukemias bearing KIT D816V
mutations cannot be effectively treated with imatinib, hyperactivated downstream
signaling pathways such as PI3K-AKT are being investigated as potential thera-
peutic targets. For example, it has been reported that p85a-dependent PI3K sig-
naling is hyperactivated in the presence of Kit D814V (the murine form of KIT
D816V), contributing to the ligand-independent hyperproliferative phenotype,
which can be reversed by genetic disruption of Pik3rl (encoding p85a) or by
pharmacologic inhibition of mTOR with rapamycin [122]. Furthermore, genetic
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<« Fig. 7.5 Diagram of the PI3K-AKT-mTOR pathway highlighting important mediators of
dysregulated signaling in the development of pediatric Acute Myeloid Leukemia (AML).
Diagram of the PI3K-AKT-mTOR pathway and key associated receptors known to contribute to
hyperactivated PI3K signaling described in different forms of pediatric Acute Myeloid Leukemia
(AML), including KIT, FLT3, MPL, IGFIR, and CXCR4. The intracellular kinase, integrin linked
kinase (ILK), associated with B-Integrin signaling has also been reported to play a role in
dysregulated PI3K signaling in AML. Proteins indicated with asterisk have gain-of-function
mutations reported and those indicated with hash have loss-of-function mutations reported

disruption of p85a improves survival in a murine model of Kir D814 V-induced
myeloproliferative disease, suggesting that targeting hyperactivated PI3K repre-
sents a potential therapeutic option for mutant K/7-associated AML and mastocy-
tosis [137]. Additional work has shown that dysregulated PI3K signaling promotes
hyperactivation of Rho Kinase (ROCK), which is an important mediator of not only
mutant KIT-mediated leukemogenesis, but also of enhanced proliferation and
survival induced by other common leukemia-associated mutations, including FLT3
internal tandem duplications (FLT3-ITD, also commonly found in AML) and
BCR-ABL (pathognomonic for CML) [138]. Activating loop mutations in KIT can
dysregulate several signaling pathways along with PI3K-AKT, including STATS,
which along with PI3K-AKT has been reported to promote rapid cell cycling, and
SHP2-RAS-ERK, which has been reported to promote enhanced survival [139].
Thus, it is becoming more and more apparent that additional signaling pathways
may need to be targeted alongside hyperactivated PI3K-AKT to effectively treat
hematologic malignancies such as AML. Finally, in addition to point mutations in
KIT, internal tandem duplications (ITD) involving the juxtamembrane domain
(exons 11 and 12) have also been reported to affect 7 % of pediatric AML cases.
KIT-ITD mutations similarly promote hyperactivation of PI3K-AKT-mTOR sig-
naling, but are sensitive to imatinib treatment, such that dual inhibition with ima-
tinlbb and  rapamycin  synergistically  suppresses  ligand-independent
hyperproliferation [140].

Accounting for approximately one-third of adult AML cases, the most frequently
mutated gene in AML is FLT3 (FMS-like tyrosine kinase 3), encoding a Class III
Receptor Tyrosine Kinase like KIT. The most frequently encountered mutations in
FLT3 are internal tandem duplications (FLT3-ITD) and point mutations in the
activating loop of the second tyrosine kinase domain, most often affecting D835
[141]. When stimulated by its ligand, FLT3 activates a number of signaling path-
ways and molecules including STATS, RAS-ERK, and PI3K-AKT, the latter of
which is mediated by interactions with the protein tyrosine phosphatase SHP2 or
the lipid phosphatase SHIP [141-143]. Expression of both FLT3-ITD and FLT3
with tyrosine kinase domain mutations induces constitutive activation of AKT as
well as SHP2, ERK, and STATS [144, 145].

FLT3-ITD mutations are found in approximately 5-13 % of pediatric AML
cases, and are associated with CBF aberrations much less frequently than KIT or
RAS mutations [119, 146-148]. Expression of FLT3-ITD in the murine-derived
Ba/F3 cell line has been observed to promote activation of AKT, which can
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phosphorylate and inactivate the Forkhead transcription factor family member,
Foxo3a, leading to downregulation of the cell cycle inhibitor p27 and the
pro-apoptotic mediator, Bim, resulting in enhanced proliferation and survival
(Fig. 7.5) [149]. In another study, investigators found that treatment of FLT3-
ITD-positive cell lines and primary patient samples with KP372-1, a multi-kinase
inhibitor that targets PDK1, AKT, and FLT3, reduced phosphorylation of AKT as
well as FOXO3a and BAD, two direct targets of AKT kinase activity, and induced
apoptosis [150]. BAD, a positive regulator of apoptosis, is inhibited by phospho-
rylation by not only AKT, but also by PIMI1, another signaling kinase that is
hyperactivated downstream of FLT3-ITD [150, 151]. Accordingly, simultaneous
targeting of PI3K with GDC-0941 and PIM1 with the highly potent and selective
inhibitor EVP-45299 synergistically induced apoptosis in MV411 cells, which
displays hyperactivated PI3K-AKT signaling as a result of FLT3-ITD [152].
Furthermore, dual inhibition of PDK1 and PI3K with the compound BAG956
reduced proliferation in Ba/F3 cells exogenously expressing FLT3-ITD both alone
and in combination with rapamycin, in addition to synergizing with the tyrosine
kinase inhibitor PKC412, which previously had been shown to reduce
FLT3-ITD-induced hyperphosphorylation of AKT [149, 153]. Targeting AKT
alone with an inhibitor such as perifosine has also been shown to induce apoptosis
and chemosensitivity in two AML cell lines including MV411 and THP-1, the latter
of which displays hyperactivated PI3K-AKT (as well as elevated ERK activity) as a
consequence of pl110d hyperactivity [154, 155]. Furthermore, mTOR and its key
downstream effectors, 4EBP1 and p70S6K (Fig. 7.5), have been shown to be
hyperactivated in the presence of FLT3-ITD as well, suggesting that these too might
be druggable targets in AML [156].

Mutations in the RAS proto-oncogenes (NRAS, KRAS, and HRAS) are among the
most common genetic lesions found in human malignancies and account for 10—
25 % of adult AML cases, with NRAS being the most common; the presence of RAS
mutations appears to either have a positive or equivocal effect on disease prognosis
[157-162]. Specifically in pediatric AML, two independent studies found RAS
mutations in 18 % of cases, making them the most commonly mutated genes in
pediatric AML [119, 163]. Furthermore, RAS mutations, like KIT mutations, are
frequently associated with pediatric CBF AML, and have been reported to be
present in about 30 % of pediatric CBF AML samples [119]. As PI3K is a known
direct effector of RAS, it is not surprising that hyperactivated PI3K-AKT-mTOR
signaling in addition to hyperactivated MAPK signaling is found in the presence of
activating RAS mutations [13-17, 157].

Numerous other less common genetic lesions and molecular aberrations that
promote dysregulation of the PI3K-AKT-mTOR signaling pathway have been
identified, and their frequency in patients and relevance to disease progression are
just beginning to be understood. For instance, one study found that a small subset of
AMLI-ETO-positive AML exhibited overexpression of the thrombopoietin recep-
tor, MPL, which resulted in increased PI3K activity [164]. A series of recent reports
have described loss of function mutations in the tumor suppressor SHIPI in about
3 % of AML cases. The lipid phosphatase SHIP1, similar to PTEN, antagonizes
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PI3K activity, except by removing the 5° phosphate group of PI(3,4,5)P5 rather than
the 3’ phosphate (Fig. 7.5). These mutations have been reported to interrupt either
the phosphatase activity of SHIP1 or its ability to interact with other signaling
molecules, suggesting that it has scaffolding function as well as an enzymatic
function [165-167]. Although frequently associated with JMML, activating muta-
tions in the protein tyrosine phosphatase SHP2, a known positive regulator of RAS
and PI3K activity, have also been reported in AML [168]. At the same time, given
the importance of hyperactivated PI3K-AKT signaling in the development and
progression in AML, it is surprising that some expected mutations such as acti-
vating mutations in the PH domain of AKTI, which have been described in some
solid tumors and which can induce leukemia in mice, have not been found in adult
or pediatric AML patients [169, 170].

Efforts to identify pathologic functions for individual PI3K catalytic subunits
have also been applied to AML. Gain-of-function mutations in the helical domain
or the kinase domain of p110a (encoded by PIK3CA) are frequently encountered in
solid tumors, but are rare in hematologic malignancies, though the leukemogenic
potential of constitutively active mutant pl110a (but not p85a) has been demon-
strated in vitro [171, 172]. Sujobert et al. [22] analyzed AML patient samples and
found that p1109, in contrast to the other Class I PI3K catalytic subunits, was
consistently highly expressed in leukemic blasts, and that treatment with the
p1106-specific inhibitor IC87114 efficiently reduced proliferation and AKT
hyperphosphorylation. Additionally, IC87114 has been reported to enhance the
cytotoxic effects of the chemotherapeutic agent VP16, demonstrating the potential
utility of p1103-specific inhibitors as a valuable adjunct to standard chemotherapy
[155]. Similarly, another group found that targeting pl1103 specifically with
PCN5603 (either alone or in synergistic combination with the MEK inhibitor
U0126) reduced AKT phosphorylation and promoted cell killing in AML patient
samples, lending further support for the role of p1105. However, these investigators
also found similar results blocking pl110a with PI3Ka inhibitor, suggesting that
pl10a may also be a reasonable target [173, 174].

The role of PTEN in adult or pediatric AML is not quite clear. One study did not
find a consistent decrease in PTEN expression in patient samples, while other
studies found that inactivating mutations in PTEN were rare [175, 176]. C-terminal
phosphorylation of PTEN, which is associated with decreased PTEN activity, was
found in one study to be present in almost 75 % of AML patient samples and to
correlate  with increased AKT activation and decreased survival [177].
Overexpression of the transcription factor EVI1 is found in 10 % of AML cases and
has been reported to downregulate PTEN [178, 179]. A more recent study found
that the microRNA miR-193a is epigenetically silenced in the presence of AMLI-
ETO, leading to downregulation of PTEN [180]. Thus, the role of aberrant PTEN
expression or function in promoting hyperactivation of PI3K-AKT signaling in
pediatric and adult AML appears limited, but more studies will be required to
resolve this question definitively.

Besides pathologically enhancing survival and proliferation, hyperactivation of
PI3K signaling has been associated with promoting chemoresistance in AML. For
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example, one study found that hyperactivated PI3K-AKT signaling in AML promotes
MDM2-mediated downregulation of p53, resulting in derepression of the multidrug
resistance-associated protein 1 (MRP1) [181]. Additionally, a number of studies have
linked constitutively active PI3K-AKT signaling and chemoresistance to autocrine
insulin-like growth factor-1 (IGF-1) signaling, which can be interrupted by pharma-
cologically inhibiting PI3K or blocking IGF-1 receptor with a neutralizing antibody
[182, 183]. Investigators in one study found that hyperactivated PI3K-AKT signaling
due to autocrine IGF-1 signaling decreased sensitivity to the chemotherapeutic agents
camptothecin and etoposide and the differentiation-inducing agent all-trans retinoic
acid (ATRA) in a chemoresistant clone of the HL-60 cell line, which could be
reversed with the PI3K inhibitors LY294002 or Wortmannin [184]. It should also be
noted that this autocrine IGF-1 signaling loop can be disinhibited by pharmacologic
blockade of mTORC1/mTORC2 with RADOO!I as an example of the complex reg-
ulatory networks that govern PI3K-AKT signaling in AML [185]. Another group
found that this autocrine IGF-1-stimulated PI3K activity was largely mediated by
p1105 and p110B, as evidenced by shRNA knockdown of those two isoforms or by
pharmacologic inhibition of p110d with IC87114 or p110f with TGX-221 [182].

In acute promyelocytic leukemia (APL), associated with t(15;17) and expression
of the PML-RARu fusion protein, ATRA is frequently used to induce differentia-
tion of accumulating immature leukemic blasts, though use of this agent is also
associated with promoting survival and counteracting the cytotoxic effects of
chemotherapeutic agents such as doxorubicin and arsenic trioxide, possibly through
a PI3K-AKT-mediated survival mechanism [186-190]. However, it has been
demonstrated that targeting PI3K, particularly the p110f and p1103 isoforms, can
reverse the pro-survival effects of ATRA, while sparing its pro-differentiation
effects [190].

A number of other PI3K-AKT-mTOR pathway inhibitors such as deguelin, a
naturally occurring compound that inhibits PI3K, the AKT inhibitor MK-2206, and
the dual PI3K/mTOR inhibitors PI-103 and NVP-BEZ235 have also been shown to
induce apoptosis and enhance chemosensitivity [191-195]. Furthermore, simulta-
neous inhibition of the anti-apoptotic proteins Bcl-2 and Bcl-xL with ABT-737
enhanced the apoptosis-inducing effects of PI-103 and NVP-BEZ235, as well as the
pan-PI3K inhibitor GDC-0941 [196, 197]. PI3K-mediated resistance to
chemotherapy-induced apoptosis in AML may be due to AKT’s negative regulation
of pro-apoptotic proteins like BAD and BIM, discussed above, but increased
expression of anti-apoptotic proteins such as c-IAP1, c-IAP2, and XIAP in the
presence of hyperactivated AKT have also been reported (Fig. 7.5) [184, 198, 199].
Furthermore, AKT-mediated overexpression of these anti-apoptotic proteins may be
in cooperation with other hyperactivated signaling pathways such as MAPK and
NF-kB, suggesting that targeting additional pathways may be necessary to effectively
overcome evasion of apoptosis and chemoresistance in AML cells [198, 200-202].

Besides causing dysregulation of pro- and anti-apoptotic proteins, others have
reported additional mechanisms by which PI3K-AKT signaling might result in
chemoresistance, especially in regard to transducing signals involved in bone
marrow microenvironment interactions. For example, co-culturing HL-60 with
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bone marrow-stromal cells resulted in a PI3K-dependent upregulation of the
anti-apoptotic protein XIAP [203]. Specifically, one proposed mechanism for bone
marrow microenvironment-mediated activation of PI3K-AKT involves direct acti-
vation of integrin-linked kinase (ILK) by B-integrins [204]. In addition to PI3K
playing a role in integrin “outside-in” signaling, another study found that FLT3-
ITD-mediated hyperactivation of PI3K positively regulated o43; integrin (VLA4)
affinity via a Pyk2-dependent “inside-out” signaling mechanism, which might
contribute to enhanced bone marrow environment interactions of leukemic stem
cells, resulting in quiescence and chemoresistance [205]. Another group found that
chemoresistance in FLT3-ITD expressing cells mediated by hypoxia-induced
downregulation of PIM1 and MCL-1 could be reversed with combined treatment
with sorafenib, a tyrosine kinase inhibitor with high specificity for FLT3, and the
highly potent pan-PI3K inhibitor GDC-0941 [206]. Expression of the CXC che-
mokine receptor type 4 (CXCR4), which promotes stromal-mediated survival of
hematopoietic and leukemic stem and progenitor cells when bound by its ligand
SDF-1a, has also been found to be positively regulated by PI3K-AKT-mTOR
signaling, and can be repressed with mTORC1/mTORC2 inhibitor PP242 [207].
Thus, in addition to serving as a primary therapeutic target for AML, inhibiting
PI3K may also play a crucial role in overcoming resistance to standard
chemotherapy in refractory cases.

Although provoked by a wide variety of molecular mechanisms, hyperactivated
PI3K-AKT-mTOR signaling is clearly present and plays a key pathophysiologic
role in the majority of AML cases, and thus it represents a potentially important
molecular target for this disease. As AML is primarily a condition of the elderly,
most of the research focus has been directed towards adult AML with few studies
specifically addressing pediatric AML. Thus, it is not clear what differences if any
exist between the pediatric and adult forms of the disease in regard to the potential
therapeutic efficacy of targeting PI3K-AKT signaling or any other molecular
aberrations. Presumably, much of what is learned in adult AML can be effectively
applied to the treatment of pediatric AML patients, though certainly more work is
needed to understand each as a distinct entity.

Chronic Myeloid Leukemia (CML)

Chronic myeloid leukemia (CML) is extremely rare in children and is, as in adult
patients, classically defined by the translocation t(9;22) resulting in the Philadelphia
Chromosome and the p210 BCR-ABL fusion protein (Fig. 7.6). CML is charac-
terized by three phases: an indolent chronic phase, during which most pediatric and
adult patients present; a more aggressive accelerated phase, exhibiting less than
20 % blasts; and the rapidly fatal blast crisis, exhibiting more than 20 % blasts and
resembling AML [208]. Previously only curable with HSCT, with the introduction
of the ABL kinase-specific tyrosine kinase inhibitor (TKI) imatinib, CML has
become the paradigm of translating the fundamental understanding of the molecular
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Fig. 7.6 Diagram of the PI3K-AKT-mTOR pathway highlighting important mediators of
dysregulated signaling in the development of pediatric Chronic Myelogenous Leukemia.
Diagram of the PI3K-AKT-mTOR pathway in pediatric Chronic Myelogenous Leukemia
(CML), which is characterized by the intracellular kinase fusion protein BCR-ABL (typically the
p210 form)
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pathogenesis of a disease into rational drug design [209, 210]. Like adults, children
with CML are primarily treated with imatinib or second generation TKIs such as
dasatinib, with HSCT reserved for cases in which TKI resistance develops [211-
213]. However, there have been reports that long-term treatment of children with
TKIs has resulted in growth retardation and bone defects, so it is appropriate to
explore other potential therapeutic targets as alternative therapies or in combination
with currently used TKIs for the treatment of childhood CML [214-218].
Furthermore, the development of imatinib resistance due mutations in or amplifi-
cations of BCR-ABL or other mechanisms have also prompted the investigation of
other potential therapeutic strategies for both adult and childhood CML [219-222].

BCR-ABL, as a consequence of its constitutive tyrosine kinase activity, is
believed to promote dysregulation of a number oncogenic signaling pathways that
control proliferation and survival, including the PI3K-AKT-mTOR signaling
pathway; accordingly, this pathway is being investigated as a potential alternative
or cooperative target for the treatment of CML (and Ph+ B-ALL as described
above). For instance, treatment with the PI3K inhibitor LY294002 in one study
reduced hyperproliferation of CML cells both alone and cooperatively with ima-
tinib, and it has also been reported that imatinib can reduce hyperphosphorylation
of both AKT and ERK in chronic phase CML patient samples. Notably, AKT
hyperphosphorylation was not altered by imatinib treatment of blast crisis patient
samples, suggesting that progression of CML in part may depend on acquired
mechanisms of dysregulated PI3K signaling [223, 224].

A number of mechanisms for BCR-ABL-mediated activation of PI3K have been
proposed, including one study that found the p85 regulatory subunit interacts
directly with the BCR-ABL fusion protein, while another study found that acti-
vation of PI3K-AKT and RAS-ERK signaling was mediated by the adapter protein
Gab2, which forms a complex with another adapter protein Grb2 and binds to the
phosphorylated Tyrl77 of BCR-ABL [225, 226]. Additional work demonstrated
that the serine-threonine phosphatases PHLPP1 and PHLPP2, which inactivate
AKT by dephosphorylation of Serd73, were downregulated in the presence of
BCR-ABL (Fig. 7.6) [227]. BCR-ABL-mediated increases in reactive oxygen
species have also been reported to promote hyperactivation of AKT [228]. Finally,
Hickey and colleagues showed that BCR-ABL can promote overexpression of the
hematopoietic-specific Class IB PI3K catalytic subunit p110y, suggesting that
CML-mediated PI3K hyperactivation might also be targeted with a catalytic
subunit-specific pharmacologic approach [24].

As with other leukemias, the consequence of BCR-ABL-induced hyperactiva-
tion of PI3K-AKT signaling is enhanced proliferation, survival, and chemoresis-
tance. For example, several groups have found that BCR-ABL promotes
uncontrolled proliferation through AKT-mediated inactivation of cell cycle inhi-
bitors such as p21 and p27, possibly through upregulation of the E3 ubiquitin
ligase, SKP2 [229-231]. Reported mechanisms for PI3K-mediated enhanced sur-
vival in the presence of BCR-ABL include downregulation of the HOXA10 gene
and c-Myc-mediated upregulation of the anti-apoptosis protein survivin [232, 233].
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In addition to promoting BCR-ABL-induced leukemogenesis, additional dysregu-
lation of PI3K-AKT-mTOR signaling in response to imatinib therapy has also been
reported to contribute to the development of imatinib resistance in CML, which can
be blocked by the dual mTORCI1/mTORC2 inhibitor, RADOO1 [234, 235].
Hyperphosphorylation of the adapter molecule Gab2 at Tyr452, a known binding
site for the p85 regulatory subunit of PI3K, has also been linked to TKI resistance,
which can be overcome with combined treatment with dasatinib and the dual
PI3K/mTOR inhibitor NVP-BEZ235 [236]. Beside TKI resistance, a role for
dysregulated p110a-mediated PI3K signaling has also been described in decreasing
sensitivity to the standard chemotherapeutic agent doxorubicin in CML [237].

Thus, while the original hope for CML was to cure it with TKIs such as imatinib,
the development of resistance has prompted a search for secondary molecular
targets that can be taken advantage of once resistance has developed or to prevent
resistance from developing in the first place. As an important mediator of
BCR-ABL’s pathologic growth and survival promoting activity, the
PI3K-AKT-mTOR signaling pathway has become one of the most widely studied
and promising candidates.

Juvenile Myelomonocytic Leukemia (JMML)

Juvenile Myelomonocytic Leukemia (JMML) is a rare and often fatal myeloprolif-
erative disease (MPD) of early childhood, typically affecting infants and toddlers. The
World Health Organization (WHO) categorizes JMML as an overlap myeloprolifer-
ative neoplasm/myelodysplastic syndrome (MPN/MDS), accounting for 2-3 % of
childhood leukemias with an incidence of 1-2 cases per million per year and
approximately 25-50 cases per year in the United States [238]. The typical initial
presentation of a child with JMML is non-specific, with signs and symptoms that
include fever, failure to thrive, lymphadenopathy, splenomegaly, and elevated white
blood cell counts with monocytosis. Due to the somewhat non-specific presentation of
JMML, it can be difficult to distinguish from bacterial or viral infections, causing a
delay in the proper diagnosis [238, 239]. WHO diagnostic criteria for JMML include
absence of the BCR-ABL fusion gene, which characterizes CML, circulating monocyte
count greater than 1 x 10°/L, and less than 20 % blasts observed in a bone marrow
biopsy [240]. In addition, almost all patients develop splenomegaly at some point
during the course of their disease, and for most patients it has already developed by the
time of presentation [238]. Other common clinical features that may assist in the
diagnosis of JMML include elevated Hemoglobin F, the presence of a cytogenetic
abnormality (most commonly monosomy 7), and hypersensitivity of myeloid pro-
genitor cells to Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF) [240—
243].

At this time, the only curative therapy for JMML is allogeneic HSCT, which
under current protocols has around a 50 % overall survival rate [242, 244, 245].
HSCT is plagued with many challenges including relatively high rates of relapse
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and complications such as infection, bleeding, and graft-versus-host disease
(GVHD); therefore better treatment modalities for JMML are badly needed [244].
To that end, much work has been done over the past several years to understand the
molecular mechanisms underlying JMML. Patients with JMML frequently exhibit
mutations in genes encoding proteins involved in the RAS-ERK signaling pathway,
suggesting that RAS hyperactivation is a common etiologic feature in JMML.
These mutations include gain-of-function mutations in KRAS and NRAS (together
accounting for approximately 20 % of cases) [246, 247], as well as loss-of-function
mutations in the RAS GTPase Activating Protein (GAP), NFI (in 15 % of cases)
[248], which negatively regulates RAS activity. Most recently, loss-of-function
mutations in the E3 ubiquitin ligase, CBL, have been described (in 10-15 % of
cases) [249]. The most common mutations in JMML patients, however, are
gain-of-function (GOF) mutations in PTPN11, which encodes the protein tyrosine
phosphatase, SHP2, accounting for slightly more than one-third of JMML cases
[250]. SHP2 is known to be a positive regulator of RAS activity, but the precise
mechanism is still not completely understood. Despite these advances, causative
mutations have not been identified in approximately 10—15 % of JMML patients,
though progress continues to be made as very recently secondary mutations in two
new genes—SETBPI and JAK3—have been described [251-253].

Of particular importance to JMML is hyperactivation of mitogenic signaling
pathways such as PI3K-AKT downstream of the GM-CSF receptor (Fig. 7.7), since
a common clinical diagnostic feature of JMML is hypersensitivity to GM-CSF, in
which myeloid progenitors from JMML patients exhibit an enhanced proliferative
response following GM-CSF stimulation [243]. SHP2 positively regulates PI3K
activation in response to GM-CSF stimulation (Fig. 7.7), and we and others have
shown that expression of GOF SHP2, such as E76K or D61Y, in myeloid pro-
genitor cells is sufficient to induce the GM-CSF hypersensitivity phenotype in these
cells [254-257]. Additionally, we have shown that cells expressing GOF mutant
SHP2 exhibit substantially increased signaling through both the RAS-ERK and
PI3K-AKT pathways, as demonstrated by increased phosphorylation of ERK and
AKT, respectively, compared to WT SHP2-expressing cells in response to
GM-CSF stimulation [258, 259]. Furthermore, SHP2 has been shown to positively
regulate PI3K activity downstream of the IL-3 receptor, which shares its . subunit
with the GM-CSF receptor, and, therefore, is presumed to promote and regulate
signal transduction pathways similarly to the GM-CSF receptor [255, 260]. This
suggests a model in which activating SHP2 mutations result in enhanced RAS-ERK
and PI3K-AKT signaling that regulate downstream effectors, which promote
enhanced proliferation, growth, and survival leading to pathologic expansion of
myeloid-lineage cells and development of IMML.

To date, much of the work on mutant SHP2-induced aberrant signaling and the
pathogenesis of JMML has focused on the RAS-ERK pathway. However, we have
shown that genetic disruption of Pik3r1, which encodes the Class IA PI3K regulatory
subunit p85c and its splice variants p550 and p50a, can significantly reduce
GM-CSF-stimulated hyperproliferation and can decrease not only AKT hyperphos-
phorylation, but ERK hyperphosphorylation as well, suggesting that dysregulated
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<« Fig. 7.7 Diagram of the PI3K-AKT-mTOR pathway highlighting important mediators of
dysregulated signaling in the development of pediatric Juvenile Myelomonocytic Leukemia
(JMML). Diagram of the PI3K-AKT-mTOR pathway and key associated receptors known to
contribute to hyperactivated PI3K signaling described in different forms of Juvenile
Myelomonocytic Leukemia (JMML), including the GM-CSF and IL-3 receptors. The intracellular
protein tyrosine phosphatase SHP2 is associated with dysregulated signaling, including RAS-ERK
and PI3K-AKT signaling in JMML. Proteins indicated with asterisk have gain-of-function
mutations reported and those indicated with hash have loss-of-function mutations reported

PI3K signaling can reinforce mutant SHP2-induced ERK hyperactivation [259].
Additionally, we have shown that mutant SHP2-induced GM-CSF hypersensitivity
can be reduced by pharmacologic inhibition of PI3K with either GDC-0941 or with
the pl110&-specific inhibitor IC87114, suggesting that PI3K represents a potential
therapeutic target for JMML and that hyperactivated PI3K may be largely mediated
by p1106 [259]. In subsequent work, we found the genetic disruption of p1103, but
not p110a, reduces mutant SHP2-induced GM-CSF hypersensitivity in vitro as well
as correcting features of JMML in an in vivo mouse model such as splenomegaly and
aberrant distribution of myeloid precursor populations [261]. Furthermore, we
showed that the highly potent p110d-specific inhibitor GS-9820 and the related
compound idelalisib, which has recently been FDA-approved for several lymphoid
malignancies, significantly reduced gain-of-function mutant Shp2-induced GM-CSF
hypersensitivity, both alone and cooperatively in combination with the MEK inhi-
bitor PD0325901 [261]. Gritsman et al. [262] found that pharmacologic inhibition of
either p110d with idelalisib or p110a with BYL719 reduced gain-of-function mutant
KRAS-induced GM-CSF hypersensitivity, and that, similarly, pharmacologic inhi-
bition of p110a had a cooperative effect with the MEK inhibitor MEK162.

The mechanisms by which SHP2 regulates PI3K remain to be fully elucidated. It is
possible that SHP2 regulates PI3K indirectly through RAS, since it is well known that
SHP2 promotes activation of RAS, and that PI3K is a direct downstream effector of
RAS (Fig. 7.7) [263]. Alternatively, studies demonstrate that SHP2 forms a complex
with the scaffolding molecules Grb2 and Gab2, and the p85 Class IA PI3K regulatory
subunit, suggesting that SHP2 promotes PI3K activation by participating in this
complex [260, 263, 264]. We have shown that RAS inhibition with the farnesyl-
transferase inhibitor, tipifarnib, cooperatively reduces GM-CSF hypersensitivity with
either genetic or pharmacologic disruption of PI3K, suggesting that mutant SHP2 can
regulate PI3K activity at least in part independently of RAS and that, as a result,
targeting the RAS-ERK pathway alone likely will not adequately reduce all dysreg-
ulated oncogenic signaling pathways promoted by mutant SHP2 [259]. More work
still needs to be done to elucidate the mechanisms of SHP2-mediated PI3K activation,
particularly in the context of JMML, but it is significant that mutant SHP2 appears to
promote hyperactivation of pl1103d-mediated PI3K-AKT signaling, as p1103 has been
reported to transform cells independently of RAS [44]. Additional work is also needed
to evaluate the role of PI3K activity in other JMML-associated mutations such as
gain-of-function mutations in RAS and loss-of-function mutations in NFI and CBL to
determine its suitability as a therapeutic target for the majority of JMML patients.
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Clinical Trials

Despite the promise of the numerous pre-clinical studies described above, only a few
small studies have been conducted to evaluate the efficacy of PI3K-AKT-mTOR
pathway inhibitors in patients with pediatric hematologic malignancies. For example
one small study of rapamycin (sirolimus) in pediatric ALL patients found that the
addition of sirolimus to the standard tacrolimus/methotrexate treatment regimen
modestly reduced acute graft-versus-host disease, but had no effect on survival
[265]. Notably, none of the newer classes of highly specific and potent inhibitors of
PI3K (both pan-PI3K and catalytic subunit-specific), AKT, mTOR, or combination
targets, have been assessed in children clinically.

Similarly, relatively few clinical studies of PI3K-AKT-mTOR pathway inhibi-
tors have been completed in adult patients with hematologic malignancies, though
there are now several trials for many inhibitors open and enrolling patients (www.
clinicaltrials.gov). For example, a small phase I study of a combination of two AKT
inhibitors, UCN-01 and perifosine in patients with relapsed or refractory AML
found that these compounds were tolerated but did not improve clinical outcomes
[266], though a phase II study of eight relapsed and refractory CLL patients found
that perifosine resulted in a partial response in one patient, and stable disease in
another six [267].

By far, the greatest success has come with the p1108-specific inhibitor idelalisib
(formerly known as GS-1101 and CAL-101), which has recently been approved by
the FDA for the treatment of patients with relapsed in chronic lymphocytic leu-
kemia in combination with rituximab, as well as relapsed follicular B-cell lym-
phoma and relapsed small lymphocytic lymphoma [38-42]. It is also been
investigated for other lymphoid malignancies such as mantle cell lymphoma [43],
but so far has not been studied in either pediatric patients or patients with myeloid
malignancies, though as can be seen from the pre-clinical studies above, there is
significant rationale to do so.

Likely, idelalisib is the first of many of PI3K-AKT-mTOR pathway inhibitors to
be evaluated clinically and approved for the treatment of hematologic malignancies
in both adult and pediatric patients, which will usher in a new era of improved
outcomes in this patient population.

Conclusions

Over the last two decades, there has been great progress in understanding the
molecular pathogenesis of the many types of hematologic malignancies that afflict
children and, as with many other forms of cancer, the role that dysregulated
PIBK-AKT-mTOR signaling plays in these diseases is becoming increasingly more
appreciated. Preclinical researchers have made great progress identifying the
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mechanisms by which this dysregulated signaling pathway promotes uncontrolled
growth and proliferation, enhanced survival, and chemoresistance, which has been
paralleled by the development of evermore potent and specific inhibitors of many of
its components, including PI3K itself, AKT, and mTOR. Particularly exciting for
the field of hematologic malignancies are the development of PI3K inhibitors
specific for the pl110d and pll10y catalytic subunits, which because of their
hematopoietic-specific expression profile, present themselves as ideal molecular
targets for hematologic diseases with reduced risk of toxic side effects that might
occur with pharmacologic inhibition of more ubiquitously expressed targets.

Clinical trials using PI3K-AKT-mTOR inhibitors have already begun in certain
solid tumors and hematologic malignancies in adult patients, and if these are suc-
cessful, there is hope that they may make their way into clinical trials for pediatric
leukemias and lymphomas. Despite the great successes that have been made in
treating pediatric leukemias and lymphomas with chemotherapy, radiotherapy, and
HSCT, there are still unacceptably high numbers of relapses and refractory cases.
Furthermore, these treatment modalities carry significant risks of opportunistic
infections, graft-versus-host disease, the development of future secondary malig-
nancies, and other complications, not to mention their inherent morbidity, which
can be quite distressing for patients and their families.

The recent success of imatinib and second generation tyrosine kinase inhibitors
has ushered in the hopeful era of rationally designed molecularly targeted therapies,
but the development of resistance to these compounds is a sobering reminder that
such targeted monotherapy approaches will probably not be sufficient to offer a
definitive cure. Most likely, targeting two or more aberrant, cancer-causing
molecular pathways or processes will bring us closer to that goal, as combination
polytherapy reduces the risk of developing molecular resistance to targeted inhi-
bitors and potentially offers the possibility of using lower doses of each inhibitor to
achieve more tolerable side effect profiles. Almost certainly, small molecule inhi-
bitors of the PI3K-AKT-mTOR signaling pathway will have a prominent place in
this expanding armamentarium of targeted therapeutic agents that will increase
survival and reduce morbidity and complications in children suffering from leu-
kemia and lymphoma.

Review Criteria

Publications were searched for on PubMed using the following search terms:
“pediatric leukemia,” “juvenile leukemia,” “acute lymphoblastic leukemia,” “lym-
phoma,” “acute myeloid leukemia,” “chronic myelogenous leukemia,” “juvenile
myelomonocytic leukemia,” “PI3K,” “AKT,” and “mTOR.” The most recent arti-
cles cited are from June 2014. Manuscripts cited were full-length, contained

abstracts, were written in English, and included both original articles and reviews.
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Chapter 8

HER?2 Signaling Network in Advanced
Breast Cancer: Opportunities

for Combination Therapies

Nandini Dey, Brian Leyland-Jones and Pradip De

Background

Fifteen to twenty percent of breast cancer patients with HER2 amplification and
they might benefit from anti-HER2 therapies. Although anti-HER2 therapy has
notably evolved during the past two to five years (development of a dual HER2:
HER3 specific antibody, pertuzumab; an antibody drug conjugate, T-DM1 and
pan-HER kinase inhibitor, neratinib or afatinib), the invariable appearance of
anti-HER?2 therapy resistance, either de novo or acquire, remains an important issue
in the clinic. The improvement of understanding the cancer genome has identified
some promising targets that might be responsible or linked to anti-HER?2 therapy
resistance including alterations affecting main signaling pathways like
PIBK-AKT-mTOR and CYCLINE-CDK2 as well as the identification of new
HER2 somatic mutations, leading to array of new targeted therapies that might
circumvent or prevent anti-HER?2 therapy resistance (Fig. 8.1).

HER?2 belongs to a family of receptor tyrosine kinases regulating diverse biologic
processes, including growth and proliferation [1]. HER2 is a member of the epidermal
growth factor receptor (EGFR/HER) family of receptor tyrosine kinases, which
includes EGFR (HER1), HER2, HER3, and HER4. These receptors contain a gly-
cosylated extracellular domain (ECD), a single hydrophobic trans-membrane seg-
ment, and an intracellular portion with a juxta-membrane portion, a protein kinase
domain, and a carboxy-terminal tail (C-terminal domain). Homo- or heterodimer-
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Fig. 8.1 The network image of the “action view” of the network summary of the
PI3K-AKT-mTOR signaling pathway genes (HERI, HER2, HER3, PIK3CA, PIK3RI, PTEN,
AKTI1, mTOR, CCNDI1, MYC, HIFIA, and FOXO1) as obtained using STRING 10. The network is
displayed as Nodes which are either colored (as they are directly linked to the input of the
PI3K-AKT-mTOR signaling pathway genes). Edges, i.e., predicted functional links, consist of up
to eight lines: one color for each type of evidence (as shown in the picture). Active prediction
methods included databases and text mining. Confidence view of the association is presented as an
inset. Stronger associations are represented by thicker lines. The confidence score presented is at
the highest confidence level (0.900). The confidence score is the approximate probability that a
predicted link exists between two enzymes in the same metabolic map in the KEGG database

ization of these receptors results in phosphorylation of tyrosine residues in the intra-
cellular domain and resulting recruitment of adapter molecules responsible for the
initiation of downstream signaling pathways involved in cell proliferation and survival
[2,3]. The heterodimer consists of ERBB2, which lacks aligand, and ERBB3, which s
kinase impaired, is the most robust signaling complex of this receptor family.
Downstream ERBB signaling cascades include the phosphatidylinositol
3-kinase-AKT (PI3K) pathway, the RAS-RAF-MEK-ERK1/2 pathway, and the
phospholipase C (PLCy) pathway. Approximately 20 % of breast cancers exhibit
HER? gene amplification/overexpression, leading to an aggressive tumor phenotype
and reduced survival [4-6]. The development of a monoclonal antibody targeting
HER2, trastuzumab (Herceptin), has had a huge impact on the survival of this popu-
lation of patients. Currently, HER2 gene amplification guides clinical decision-making
in breast cancer and HER2-targeted drugs are only approved for use in patients
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designated HER2-positive. Yet new research suggests that these drugs may actually
have much broader applications, benefiting patients who are not designated
HER2-positive by routine testing, with far-reaching implications not just for the
diagnosis and treatment of breast cancer, but for the understanding of the molecular
drivers of cancers as a whole and the development of targeted therapies in general.
Fortunately, HER2 amplification/overexpression in breast cancer (HER2+ breast
cancer) is associated with high benefit from anti-HER?2 therapies in combination with
chemotherapy even in metastatic settings [7—10]. In addition, dual HER targeting
without chemotherapy (trastuzumab + HER1 and HER?2 dual tyrosine kinase inhi-
bitor, lapatinib) [11] and trastuzumab plus pertuzumab (HER2:HER3 anti-dimerize
antibody) with or without chemotherapy are showing good activities in a subset of
HER2+ tumors [12, 13]. In 1998, trastuzumab became the first HER2-targeted therapy
to be approved by the FDA for the treatment of advanced, metastatic,
HER2-overexpressing breast cancer in combination with chemotherapy or as a single
agent, based on pivotal clinical trials showing overall response rates of 45 and 14 %,
respectively. This was followed in 2006 by approval to treat early-stage
HER2-positive breast cancer in combination with a chemotherapeutic regimen con-
taining doxorubicin, cyclophosphamide, and paclitaxel, following studies demon-
strating greater than 50 % reduction in the risk of recurrence, second primary cancer, or
death among patients treated with trastuzumab plus chemotherapy, compared with
chemotherapy alone. In the years that followed its approval, trastuzumab has been
joined by several other FDA-approved HER2-targeted agents (Table 8.1). The clinical
trials that were instrumental in gaining approval for these HER2-targeted agents
indicated that their benefits were restricted to patients whose tumors exhibited over-
expression of the HER2 protein or amplification of the HER2 gene. As such, admin-
istration of these drugs is dependent on the demonstration of a patient’s HER2-positive
status, typically using the standard FDA-approved assays__fluorescence in situ
hybridization, to evaluate the number of HER2 genes in a cancer cell (gene amplifi-
cation), and immunohistochemistry, to examine the level of HER?2 protein present on
the cancer cell surface (protein overexpression). A third method, chromogenic in situ
hybridization, also has been approved to evaluate gene expression.

To date, HER2+ breast cancer has been considered as a single disease entity,
since the dominant role of the HER2 receptor itself as well as the availability of the
anti-HER2 agent trastuzumab, it is now increasingly apparent that HER2+ is
clinically and biologically heterogeneous [14—18]. Gene expression profiling has
identified four main intrinsic molecular subtypes of breast cancer (Luminal A,
Luminal B, HER2-enriched [HER2E], and Basal-like/triple negative) with different
outcomes and responses to therapy [19-24]. Among the different subtypes, the
HERZ2E subtype is characterized by the high expression of HER2-regulated genes
and low expression of luminal-related [14, 25, 26]. Surrogate pathology-based
definitions of the intrinsic subtypes are an integral part of the St. Gallen Expert
Consensus Guidelines for the recommendation of chemotherapy, endocrine ther-
apy, and/or anti-HER?2 therapy in early breast cancer. However, St. Gallen’s criteria
that divide HER2+ disease into two groups (i.e., HER2+/ER+ and HER2+/ER—)
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Table 8.1 Approved and late stage of clinical development in HER2-targeting therapies for breast

cancer

Agent

Breast cancer indications

Company

Initial
FDA approval

Trastuzumab
(Herceptin)

* Adjuvant treatment with
chemotherapy or as single
agent after multimodality
therapy

MBC with chemotherapy in
first line or as single agent
after chemotherapy

Genentech

1998

Lapatinib
(Tykerb)

Advanced BC or MBC with
capecitabine after prior
therapy including
trastuzumab
Postmenopausal women
with HR + MBC in
combination with letrozole

GlaxoSmith-Kline

2007

Pertuzumab
(Perjeta)

MBC in combination with
trastuzumab and docetaxel
in patients with no prior
anti-HER2 or chemotherapy
for metastatic disease

Genentech

2012

Ado-trastuzumab
emtansine, or
T-DM1

(Kadcyla)

MBC as single agent after
prior trastuzumab and
taxane-based therapy, or
disease recurrence within
6 months of adjuvant
therapy

Genentech

2013

Afatinib
(Gilotrif)

For the first-line treatment of
patients with metastatic
non-small cell lung cancer
(NSCLC) whose tumors
have epidermal growth
factor receptor (EGFR) exon
19 deletions or exon 21
(L858R) substitution
mutations as detected by an
FDA-approved test
Currently in different phases
of clinical trials in HER2+
breast cancer

Boehringer
Ingelheim

2013

Neratinib
(HKI-272)

It is in development for the
treatment of early- and
late-stage HER2+ breast
cancer

Puma
Biotechnology

Not yet
approved
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are driven by treatment considerations mostly based on the necessity to recommend
endocrine therapy for patients with ER+, while chemotherapy and anti-HER2
therapy is recommended for both [27]. Following three studies have shown that
hormone receptor status determined by IHC identifies two main groups of HER2+

Table 8.2 Role of upregulation of the PI3K-AKT-mTOR pathway in anti-HER2 therapy and
efficacy of mTOR allosteric inhibitor, everolimus in HER2+ breast cancer patients

NeoALTTO Lapatinib pCR Trastuzumab pCR Lapatinib + trastuzumab
(%) (%) pCR (%)

All patients 27.7 29.5 51.3
PIK3CA wild 20.4 28.4 55.8
type
PIK3CA mutant | 14.8 20 28.6
Gepar pCR PIK3CA pCR PIK3CA wild OR/p value
(Quattro/Quinoto/Sixtro) mutant (%) type (%)
All patients 19.4 32.8 OR: 0.34;

p = 0.008
HR-positive patients 11.3 27.5 OR: 0.34;

p =0.011
HR-negative patients 30.4 40.1 OR: 0.65;

p =0.292
CLEOPATRA PFS PIK3CA mutant PFS PIK3CA wild type

(months) (months)
Pertuzumab + trastuzumab + docetaxel 12.5 21.8
Placebo + trastuzumab + docetaxel 8.6 13.8
BOLERO1** Everolimus PFS Placebo PFS HR/p Value
(months) (months)
Total patients 14.95 14.49 HR: 0.89;
p =0.1166
HR-negative 20.27 13.08 HR: 0.66;
patients p = 0.0049
BOLERO3** Everolimus median Placebo median HR/p value
PFS (months) PES (months)
Total patients 7 5.78 HR: 0.78;
p = 0.0067

Low PTEN H-score cut point | 9.6 5.2 HR: 0.40
<20th percentile
Normal PTEN HR: 1.05
High pS6K H-score cut point HR: 0.48
>75th percentile
Low pS6K HR: 1.14

“for recent update please see Andre Fabrice, Sara Hurvitz et al 2016 JCO Apr 18. pii:

JCO639161; PMID: 27091708.
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tumors with different survival outcomes. In the 4-year follow-up of the joint N9831
and National Surgical Adjuvant Breast and Bowel Project B-31 adjuvant trials of
trastuzumab in HER2+ disease (n = 4045), hormone receptor-positive disease was
found statistically significantly associated with approximately 40 % increased DFS
(disease-free survival) and OS (overall survival), compared to hormone
receptor-negative disease [28]. Similar data was observed in a prospective cohort
study of 3394 patients with stage I to IIl HER2+ breast cancer from National
Comprehensive Cancer Network centers [29]. In NeoALTTO study, the pCR
(pathological complete response) rates after paclitaxel in combination with one of
the three anti-HER?2 regimens (lapatinib, trastuzumab, and lapatinib combined with
trastuzumab) were higher in hormone receptor-negative disease compared to hor-
mone receptor-positive disease (please see detail in Table 8.2) [30].

Researchers from the Siteman Cancer Center and The Genome Institute at
Washington University in St. Louis, Missouri, analyzed data from eight breast
cancer genome-sequencing studies (a total of 1500 patients) to further examine
HER?2 status. They identified a group of patients who did not have HER2 gene
amplification (thus giving them a HER2-negative designation, meaning they
would not receive HER2-targeted therapy according to current guidelines) but
whose tumors displayed mutations in the HER2 gene that resulted in the excess
activity of the HER2 protein. They then went on to show that these activating
mutations (G309A, D769H, D769Y, V777L, P780ins, V842I, and R896C) ren-
dered the tumors susceptible to the approved HER2 agents trastuzumab and
lapatinib (Tykerb), as well as neratinib, a pan-HER family inhibitor [31]. All of
the activating mutations described in this study were sensitive to neratinib.
Importantly, however, a non-activating mutation, L755S, was discovered in
25 % of patients with somatic mutations; it likely drives resistance to lapatinib,
and was also sensitive to neratinib. This suggests that neratinib could be an
important agent in helping to overcome resistance to other HER2-targeted
agents. Lead author, Ron Bose, MD, PhD, said in an email interview that the
findings about the L755S mutation prompted investigators to make changes to a
phase II trial of lapatinib with trastuzumab in HER2-negative patients with stage
IV breast cancer that had been launched to examine their HER2 genes for
mutations and assessed their response to anti-HER2 therapy. Now, neratinib has
replaced lapatinib (NCT01670877). Bose and colleagues concluded that these
newly identified mutations represented “an alternative mechanism to activate
HER?2 in breast cancer” and valid drug targets for breast cancer treatment. It is
estimated that these mutations could be responsible for tumor growth in
approximately 1.6 % of cases, translating into some 4000 cases of breast cancer
per year in the United States alone.
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The PI3K-AKT-mTOR Pathway in HER2 Positive Breast
Cancer

An Overview of the Pathway

The PI3K-AKT-mTOR signaling pathway involves many nodal points and several
important signaling effector molecules. In addition to PI3K (phosphatidylinositol
3-kinase), there are two important signaling nodes and they are directly involved in
cancer progression, e.g., AKT (also known as protein kinase B, PKB), and mTOR
(mammalian target of rapamycin). The pathway also includes the following: raptor,
rictor, GDL protein, P70 S6 kinase (P70S6K), ribosomal S6 protein kinase (S6K),
eukaryotic initiating factor 4E binding protein 1 (4EBP1), tuberous sclerosis
complex (TSC)-1 and 2, the small GTPase Rheb (Ras-homolog enriched in brain),
cyclin D1, hypoxia-inducible factor-1 (HIF-1), and phosphatase and tensin homo-
log (PTEN) located on chromosome 10 (Fig. 8.2). Although activated to different
degrees in tumors, all of these proteins are known tumor-related factors. The PTEN
gene has been observed to be lost in a variety of tumors, and PTEN gene deletion in
mice often leads to the development of multiple tumors [32, 33]. Rheb is a highly
conserved protein with abnormal expression in several tumor types and can pro-
mote the malignant transformation of mouse fibroblasts [34]. The TSC1 and TSC2
complexes are considered as tumor suppressors and are often abnormally expressed
in tumor tissue [35]. The PI3K-AKT-mTOR pathway is sensitive to a variety of
exogenous growth factors, cytokines, hormones, and nutrients (ATP, glucose, and
amino acids). After membrane receptor tyrosine kinases bind extracellular growth
factor ligands, tyrosine residues are phosphorylated and activated. Subsequently,
the receptor tyrosine kinases activate PI3K via adapter protein(s). Activated PI3K
phosphorylates 3,4-bisphosphate phosphatidylinositol (PIP2), to convert it into
3,4,5-triphosphate phosphatidylinositol (PIP3). AKT binds to PIP3 through its PH
domain and is activated by PDK1 phosphorylation on threonine 308 (Thr308).
Ser473 is also phosphorylated and activated in the presence of mTORC2 [36].
Under normal circumstances, TSC-1 and TSC-2 form a dimer that functions as an
inhibitor of the small GTPase Rheb. Rheb is necessary for mMTORC1 activation, and
therefore, TSC-1/TSC-2 inhibits mMTORC1 function and acts as a tumor suppressor.
In addition, activated AKT is able to phosphorylate TSC-2 Ser939 and Thr1462,
thereby inhibiting the formation of the TSC-1/TSC-2 complex and abolishing the
inhibition of Rheb to promote mTOR activation [34]. The carboxyl terminal end of
mTOR is highly homologous to the PI3K catalytic domain; therefore, mTOR is
considered a PI3K-related protein kinase family member. Downstream effectors of
mTORCI1 (which contains the binding protein, raptor) are P70S6K and 4EBP1, and
hence control 5 TOP mRNA and cap-dependent mRNA translation of HIFla
(major transcription factor for synthesis of VEGF, a master controller of
tumor-induced angiogenesis), cell cycle regulating proteins, c-MYC, cyclin D1,
ODCl, and cell survival/proliferation, SURVIVIN, XIAP, BCL2. In addition,
mTORC2 complex (which contains the novel protein rictor) is functionally distinct
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Fig. 8.2 Diagrammatic representation of the HER2, HER3, their downstream signaling pathways
and relevant drugs that target each of the critical components of the pathway

from the mMTORC1 complex. mTORC?2 phosphorylates AKT at serine 473, PKCa
and SGKI1 [37, 38]. The activation of mTORC2 leads to actin regulation,
cytoskeleton rearrangement, and cell survival [39], however, the precise function
and specifically the regulation of mTORC2 has not yet been fully clarified.
Collectively, mammalian target of rapamycin (mTOR) constitutes the most
important node of the PI3K-mTOR pathway as it controls, (1) growth
factor-induced survival and proliferative signals, (2) hypoxic stress response,
(3) metabolic response to nutrients, (4) cellular energy levels, (5) ribosome bio-
genesis, (6) transcription/translation, (7) autophagy, and (8) actin organization [36].

Involvement of the PI3K Pathway HER2+ Breast Cancer

In HER2-amplified breast cancers, the heterodimer of HER2 with kinase-impair
HER3 is a major activator of PI3K-AKT signaling, and HER3, when phosphory-
lated, can directly couple to the p85 subunit of PI3K [40]. HER2:HERB3 hetero-
dimers are powerful oncogenic units, in part, because phospho-HER3 augments
signaling through the PI3K-AKT-mTOR pathway [40—43]. The p85 regulatory
subunit of PI3K interacts directly with phospho-HER3 at 6 consensus PY



8 HER?2 Signaling Network in Advanced Breast Cancer ... 239

p85-binding motifs (YXXM) within HER3 [44]. In contrast, HER2 cannot directly
engage p85. It has been established that spontaneous formation of HER2:HER3
heterodimer can occur in tumors where HER2 expression on the cell surface is
dramatically increased as a consequence of gene amplification [45]. Therefore, it is
contemplated that HER3 functions primarily to drive HER2-mediated PI3K sig-
naling [46, 47] which is important for tumor cells survival, proliferation, invasion,
migration, angiogenesis, and cellular metabolism. It has been recently shown by
others that HER2/HER3 co-overexpression is significantly associated with impaired
overall survival (OS) from diagnosis of metastatic disease in patients with
HER2-positive metastatic breast cancer [48]. Similar to HER2, the IGF-1R, which
can form homodimers or heterotrimers with HER2 [49] activates the PI3K-AKT
pathway and this mechanism is thought to be an important source of trastuzumab
resistance [50-52]. In HER2-overexpressing cells following ligand receptor inter-
action, the signal is transduced via the PI3K-AKT-mTOR pathway (Fig. 8.2).
Several laboratory-based results implicate that upregulation of HER3 expression by
inhibition of the RTKs (receptor tyrosine kinases)-PI3K-AKT pathway is prereq-
uisite for neuregulin (NRG) ligand-mediated activation of HER3 that might be
important in the context of tumor microenvironment and autocrine/paracrine
resistance to receptor tyrosine kinase inhibitors. Breast cancer cells often express
high levels of HER-family receptor-activating ligands, and this plays an important
role in developing anti-HER?2 therapy resistance including trastuzumab [46, 53-56].
The overexpression of neuregulin has also been shown to be a driver of breast
cancer progression. It is known that growth factor ligands EGF, betacellulin, and
neuregulin reduce the growth inhibitory effect of trastuzumab in a preclinical model
by 57-90 % [57]. Autocrine or paracrine-derived HER3 ligand neuregulin can
trigger the formation of HER2:HER3 heterodimers, (propagate downstream
PI3BK-AKT-mTOR signal) which are blocked by pertuzumab, but not by trastu-
zumab [58]. HER2-amplified tumors show significant reliance on
PIBK-AKT-mTOR signaling [59, 60]. Importantly, inhibition of PI3K-AKT sig-
naling is believed to be an essential component of the antitumor effect of anti-HER2
therapies [61, 62].

Activation of PTEN-PI3K-AKT-mTOR Pathway
and Anti-HER?2 Therapy Resistance

Alterations of signal transducers lying downstream of HER2, which facilitate sig-
naling independently of the HER2 kinase, have been extensively studied as
potential mechanisms of HER2-directed therapy resistance. Oncogenic activation of
the PI3K-AKT-mTOR pathway alterations frequently co-occurs in breast cancer,
suggesting that they confer advantages to cancer cells by different mechanisms.
Aberrant activation of this pathway promotes transformation and is frequently
observed through various mechanisms including activation of upstream receptor
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tyrosine kinases (e.g., HER2 amplification, HER2:HER3 heterodimerization),
activating mutations in pathway components (e.g., helical and kinase domain
mutations in PIK3CA) and loss of function of regulatory components (e.g., inac-
tivation of PTEN). Among the PI3 kinases, the class I family has been most
implicated in cancer. Class IA PI3K is composed of a catalytic (p110) and a
regulatory (p85) subunit. Of particular interest are activating ‘“hotspot” mutations
in the gene encoding the PI3K catalytic subunit (PIK3CA), which affect around
25 % of breast cancers [63] and can overlap with HER2 amplification (30 % of
somatic mutation of PIK3CA was observed in HER2 amplified breast cancer) [64].
Approximately 90 % of these mutations are localized in 3 major hotspots con-
centrated in the helical (E542K and E545K) and kinase (H1047R) domains [65].
We (unpublished observation) and others have found that both helical and catalytic
domain mutations of PIK3CA can confer resistance to HER2 inhibitors [59, 66, 67].
Similarly, around 40 % of breast cancers show loss of expression of PTEN, a
negative regulator of PI3K. Activating PIK3CA mutation or PTEN loss are each
sufficient to confer HER2-directed therapy resistance in preclinical models [61, 68—
70] and in patients in some studies [68, 69, 71]. Chandarlapaty et al. revealed that
the incidence of PTEN loss and/or PIK3CA mutation in trastuzumab-refractory
tumors was 71 % compared with 44 % in primary tumors from an untreated cohort
[71]. However, it has been reported from prospective NeoALTTO study that benefit
to neoadjuvant anti-human HER2-targeted therapies (trastuzumab and
lapatinib-based therapies) in HER2+ primary breast cancer is independent of PTEN
status. Interestingly, they also observed that PTEN loss (by IHC staining by two
different anti-PTEN monoclonal antibodies from CST and DAKO) was more fre-
quently observed in hormone receptor (HR)-negative (33 and 36 % with CST and
DAKO, respectively) compared with HR-positive tumors (20 and 22 % with CST
and DAKO, respectively) [72]. In the same line, Stem and colleagues also reported
that in the HER2+ patient population, absence of tumor cell PTEN staining
occurred at a rate of 5.4 % compared to 15.9 % of HER2-negative patients
exhibited absence of PTEN staining. They also reported from two adjuvant breast
cancer trials (BCIRG-006 and BCIRG-005) using a PTEN immunohistochemical
assay that PTEN loss was associated with worse outcomes (decrease in disease-free
survival and overall survival) in HER2 amplified breast cancer patients but was not
significantly associated with trastuzumab resistance [73]. The tumor suppressor
gene PTEN, which is often deleted or expressed at low levels in breast cancer,
negatively regulates PI3K signaling by dephosphorylating PIP3 at the D3 position
to form PIP2. In addition, 5 % of PIK3RI somatic mutations were observed in
HER2+ breast cancer [64]. On the contrary Sueta et al. [74] examined PTEN as one
of the biomarkers to trastuzumab efficacy in HER2+ disease in neoadjuvent setting
using digital PCR and conventional sequencing methodology and they found that
Low PTEN expression was associated with less pathologic complete response
compared to high expression (33 % vs. 72 %, P = 0.034). Similar to Sueta’s group,
Park and group also reported from their biomarker study in HER2+ metastatic
breast cancer that patient with higher PTEN showed longer PFS (P = 0.006;
median PFS, 13 months vs. 9 months) and longer OS (P = 0.005; median OS,
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48 months vs. 25 months) than did those with a low PTEN. Interestingly, patients
who had negative HER3 staining (62.4 %) (upstream activator of the PI3K path-
way) had a better progression-free survival (PFS) than did those who had positive
HER3 staining (P = 0.001; median PFS, 21 months vs. 11 months) [75]. In early
breast cancer (EBC), quantitative analysis of tissue microarrays from 122
trastuzumab-treated patients demonstrated a significant correlation between
decreasing PTEN expression and mortality. Compared with high PTEN expression,
PTEN deficiency was associated with a threefold increase in the risk of death
(relative risk [RR] 3.0; 95 % CI: 1.6-5.5; p < 0.0001) and a mean reduction in OS
of 21.6 months [76].

Other retrospective studies in trastuzumab-treated MBC suggest that the pre-
dictive power of PI3K/PTEN-related biomarkers might be improved by considering
tumors with either PTEN loss and/or PIK3CA mutation together (i.e., those with
PI3K pathway activation). In one study, although neither PTEN deficiency nor
PIK3CA mutation alone was significantly associated with PFS in their cohort
(n = 55), patients with either or both of these biomarkers had significantly shorter
PFS compared with patients with neither (p = 0.007) [68]. PTEN loss and/or
PIK3CA mutation independently predicted progression after adjustment for
covariates (HR: 1.9; 95 % CI: 1.0-3.6; p: 0.048). Biomarker analyses from a
prospective trial of adjuvant trastuzumab plus chemotherapy for HER2-positive
EBC (n = 240), PIK3CA mutation, but not PTEN deficiency, independently pre-
dicted OS [77]. Patients whose tumors showed either or both of these features had a
2.35-fold increased mortality risk in multivariate analyses (HR: 2.35; 95 % CI:
1.10-5.04; p = 0.03). Another small trial (n = 35) showed that pCR rates with
neoadjuvant trastuzumab plus docetaxel were numerically lower in tumors with low
versus high PTEN expression (15.4 % vs. 44.4 %; p = 0.13) and in patients with
mutated versus wild-type PIK3CA (20.0 % vs. 38.1 %; p =0.43) [78].
A significant reduction in pCR was found in tumors with either or both of these
characteristics versus those with neither (18.2 % vs. 66.7 %; p = 0.02).

The correlation of PIK3CA mutations with HER2 directed therapy remains
controversial; some groups report that PIK3CA mutations are related to negative
HER2 expression [79] whereas others report showed that PIK3CA mutations are
overlapped with HER2 amplification [80, 81], and critical for HER2-directed
therapies. Studies on the relationship between PIK3CA mutations and the prognosis
of breast cancer demonstrated that PIK3CA is a carcinogenic marker and that its
mutation leads to overactivation of the PI3K pathway, tumor formation, and poor
prognosis [79, 80, 82]. Mutant PIK3CA enhances HER2-mediated transformation
of MCF710A breast epithelial cells in vitro [46]. HER2 and PIK3CA (kinase
domain mutation H1047R) cooperated to promote the transformation of the
mammary epithelium, cancer establishment, and metastasis [67]. Preclinical data
also suggest that HER2+ breast cancers harboring PIK3CA mutations exhibit a
more virulent behavior than HER2+ tumors with wild-type PIK3CA gene [67].
However, researchers at the Memorial Sloan Kettering Cancer Center [79] studied
590 cases of primary invasive breast cancers and found that PIK3CA mutation was
correlated with late-onset, positive estrogen receptor status, negative HER2
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expression, early clinical staging, and negative lymph node status and that patient
with PIK3CA mutations have a longer overall survival. Several studies suggest that
PIK3CA mutations confer resistance to anti-HER2 therapies [68, 71, 83] but con-
firmations of a causal relationship between activating mutation of PIK3CA and
failure to HER2-directed therapies in the clinic is not established yet. Two different
groups separately reported that dual-targeting of HER2 is not sufficient to overcome
resistance to HER?2 inhibition, particularly in the case of HER2-amplified cancer
with a PIK3CA mutation [66, 67]. Arteaga and group have previously shown that,
once resistance to HER?2 inhibitors is established, inhibition of the PI3K pathway
added to continued HER?2 inhibition can overcome this resistance [84]. Rexer and
group elegantly showed that acquisition of a hotspot PIK3CA mutation (either in
helical or in kinase domain) is a mechanism of acquired resistance to lapatinib and
that PIK3CA mutations partially uncouple PI3K from HER2 to permit the devel-
opment and maintenance of resistance. Moreover, targeting of PI3K itself, in
combination with maximal HER2 blockade with both an antibody and a TKI, is
more effective than HER2 targeting alone for HER2+ breast tumors without
PIK3CA mutations and this combination is definitely required for HER2+ breast
tumors with PIK3CA mutations [85].

The presence of PIK3CA mutations has been shown to determine clinical out-
comes in different trials. Women bearing HER2+/HR+ tumors with PIK3CA
mutations respond poorly to neoadjuvent therapy in the German GeparSixto study
(reported in [86]). The combined analysis from GeparQuattro, GeparQuino, and
GeparSixto studies demonstrated that in HER2+ patients, pathological complete
response rates after dual HER2 blockade were significantly lower in the PIK3CA
mutant group compared to patients with wild-type PIK3CA (19.4 % with PIK3CA
mutations vs. 32.8 % with PIK3CA wild type). In HER2+/HR+ patients who
harbored PIK3CA mutations, only 11.3 % achieved pathological complete response
(pCR)compared with 27.8 % for those without a PIK3CA mutation and in patients
with HER24/HR— tumors pCR rate was 30.4 % with PIK3CA mutations and
40.1 % without mutations [87] (see Table 8.2). Similarly, PIK3CA mutations are
associated with decreased benefit to neoadjuvant HER2+ breast cancer
(NeoALTTO) treated with lapatinib, trastuzumab, or both. Patients treated with a
combination of lapatinib plus trastuzumab who had wild-type PIK3CA obtained a
total pCR rate of 53.1 % which decreased to 28.6 % in patients with tumors that
carried PIK3CA activating mutations (p = 0.12) [88] (see details in Table 8.2).
Biomarker analysis from the randomized NeoSphere study (pertuzumab plus tras-
tuzumab plus docetaxel) also associated PIK3CA mutations with reduced pCR
following neoadjuvant therapy across all four treatment arms [89]. Furthermore, in
a large biomarker analysis from a phase III randomized CLEOPATRA trial with
HER2+ metastatic breast cancer patients of pertuzumab plus trastuzumab plus
docetaxel versus placebo plus trastuzumab plus docetaxel, PIK3CA mutations
(mostly affecting the kinase or helical domains) were of adverse prognostic sig-
nificance in both treatment arms. In the pertuzumab-containing group, median
progression-free survival (PFS) was 21.8 months for patients with wild-type
PIK3CA versus 12.5 months for patients with PIK3CA mutation. Corresponding
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values for the placebo arm were 13.8 and 8.6 months, respectively [90] (see
Table 8.2). However, PIK3CA mutational status did not predict benefit from per-
tuzumab, which significantly improved PFS in both the mutant and wild-type PI3K
subgroups. However, in adjuvant setting of HER2-enriched breast cancer patients in
the NSABP B-31 trial efficacy of trastuzumab treatment do not depend on the
PIK3CA mutation status [91]. These data indicate that results from the metastatic
and neoadjuvant setting may not be always applicable to the adjuvant setting.
Recently, it has been reported by other that p85 (a regulatory subunit of PI3K)
protein expression is associated with poor survival in HER2+ patients with
advanced breast cancer treated with trastuzumab [92].

Clinical trials data from a combination of trastuzumab plus PI3K-mTOR
pathway-specific inhibitor (everolimus, an allosteric inhibitor of mTOR) in HER2+
breast cancer is also encouraging. The BOLERO-1 trial randomized 719 patients
with locally advanced or metastatic HER2+ breast cancer in a 2:1 ratio of either
10 mg of oral everolimus daily with 80 mg/m? of weekly paclitaxel and trastuzu-
mab at a 4 mg/kg loading dose followed by 2 mg/kg weekly (n = 480), or placebo
plus paclitaxel and trastuzumab at the same doses (n = 239). At baseline 43.3 % of
patients were HR-negative, 70.5 % had visceral metastasis, 24.9 % had received a
taxane and 10.8 % had prior trastuzumab. In the full study population, PES was
14.95 months in the everolimus arm versus 14.49 months for placebo and there was
no statistical significant difference between these two arms. However, among
HR-negative patients, PFS was 20.27 months with everolimus compared with
13.08 months with placebo (HR: 0.68, p = 0.049) and there was a 7 months
improvement in the everolimus arm [93] (see Table 8.2). Similarly, the BOLERO-3
trial (NCT01007942) randomized, double-blind, placebo-controlled, phase 3 trial,
with HER2+, trastuzumab-resistant, advanced breast carcinoma (who had previ-
ously received taxane therapy) were treated with everolimus (5 mg/day) plus
weekly trastuzumab (2 mg/kg) and vinorelbine [25 mg/m(2)] or placebo plus
trastuzumab plus vinorelbine, in 3-week cycles. Median PFS was 7.00 months with
everolimus and 5.78 months with placebo (HR: 0.78 p = 0.0067). Interestingly,
patients with low PTEN level obtained more benefit with everolimus than placebo
(everolimus 9.6 months vs. placebo 5.2 months). Similarly, patients with high
pS6K level obtained more benefit with everolimus (HR: 0.48). In contrast, patients
with low pS6K or normal PTEN did not appear to obtain any benefit from addition
of everolimus (HR: 1.14 and HR: 1.05 respectively). A tread of enhanced
everolimustreatment benefit was observed in patients with PIK3CA mutations [94,
95] (see Table 8.2). Data from above mentioned studies indicate that identifying the
right subgroup is the key for right treatment decision.
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PI3K-AKT-mTOR Pathway-Specific Inhibitors Either
Approve or Active in Clinical Trial

Experiments/clinical trials across HER2+ breast tumors have found association
between maintained PI3K-mTOR signaling and resistance to HER2-directed ther-
apies. Multitude of several agents under preclinical or clinical investigations pre-
sents different challenges for drug development. Several drugs targeting multiple
levels of the PI3K network (that is PI3K, AKT, mTOR) have been developed
(Fig. 8.3). Several drugs targeting multiple levels of the PI3K network (that is
PI3K, AKT, mTOR) have been developed. A number of ATP-mimetics that bind
competitively and reversibly to the ATP-binding pocket of p110 are in early clinical
development. These include the pan-PI3K inhibitors (BKM120, XL-147, PX-866,
PKI-587, and GDC-0941), the p110a-specific inhibitors (BYL719, GDC-0032, and
MLN1117), pl10B-specific inhibitors (GSK-2636771, SAR260301), the
p1109d-specific inhibitor (CAL-101, Idelalisib; very recently approved by FDA for
CLL patients [96], the dual PI3K/mTOR inhibitors (BEZ235, BGT226,
PF-4691502, GDC-0980, and XL-765), the allosteric inhibitors of mTOR
(FDA-approved everolimus, temsirolimus, and ridaforolimus) and the mTORC1/2
kinase inhibitors (MLNO128, AZD-8055 and OSI-027). The pan-PI3K and
p110a-specific inhibitors are equally potent against oncogenic p110o mutants. The
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Fig. 8.3 Inhibitors of the PI3K-mTORC1/C2 pathway: active in preclinical and clinical settings
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development of isozyme-specific antagonists has permitted the delivery of signifi-
cantly higher doses of the drugs (anti-pl110a and anti-p110f) with appreciably
lower side effects as compared to pan-PI3K inhibitors. A rational approach or a
biomarker-driven rule must be developed to identify the optimal clinical and
genomic contexts in which each class of inhibitors should be used. Inhibitors of the
PI3K pathway have shown modest activity in the clinic and PI3K pathway inhi-
bitors have shown most promise when given in combination with other therapies.
The most convincing argument for using PI3K-mTOR pathway inhibitors as part of
the combination therapy comes from phase III trials with everolimus. In BOLERO
2 trial, the combination of everolimus and exemestane significantly improved PFS
to 7.8 months compared with 3.2 months with exemestane alone, in post-
menopausal women with advanced ER+ breast cancer [97]. In the BOLERO-3 trail
the combination of everolimus, trastuzumab, and vinorelbine, improved PFS sig-
nificantly in HER2+ patients with low PTEN expression than the placebo group
(everolimus 9.6 months vs. 5.2 months) [94, 95].

Several studies have investigated the potential importance of PI3K inhibition as
a therapeutic strategy in HERZ2-amplified breast cancer. Catalytic inhibition of
pl10a subunit is an emerging therapeutic option, with a number of inhibitors
currently in preclinical and clinical development [98]. A PI3K inhibitor,
GDC-0941, inhibited the growth of HERZ2-amplified cells in culture, but the
combination of GDC-0941 with trastuzumab was required for in vivo tumor growth
inhibition in mice [61]. Furthermore, the combination of GDC-0941 with antibody
inhibitors of HER2 (trastuzumab and pertuzumab) appeared to be more effective
than GDC-0941 alone in combination with a TKI [99]. In HER2+ cells with
PIK3CA mutations, low doses of lapatinib is ineffective, but the cells are susceptible
to dual PI3K-mTOR inhibitors such as BEZ235 [66] or mTORCI1/C2 kinase
inhibitor MLNO128 [100, 101]. Additionally, in a transgenic HER2+/PIK3CA
H1047R mutant mouse model, tumors that were resistant to the combinations of
trastuzumab and lapatinib or trastuzumab and pertuzumab could be inhibited by
BKM120 (a pan PI3K inhibitor from Novartis) alone or in combination with HER2
inhibitors [67]. Interestingly, alpha-selective inhibitors are very potent inhibitors of
the alpha subunit, a key component of PI3K activity in cancer. Phase I studies using
alpha-selective PI3K inhibitors have shown extremely encouraging results in
patients who with PIK3CA mutations indicating that PIKCA mutation could be a
relevant target in metastatic breast cancers [102, 103]. Interestingly, it has been also
reported by others that dual blocking of the HER2 signaling network with an HER3
antibody that inhibits HER2:HER3 heterodimers in combination with a p110
alpha-specific inhibitor (BYL719) in the absence of direct HER2 antagonist is also
efficacious against HER2 overexpressing breast cancer [104]. In a dose-escalation
phase I/II study, patients with trastuzumab-resistant, locally advanced or metastatic
HER2+ breast cancer were treated oral doses of BKM120 (a pan-PI3K inhibitor)
and weekly intravenous trastuzumab. The pharmacokinetic profile of BKM120 was
not affected by its combination with trastuzumab. At the recommended phase II
dose, 17 % patients had partial response, 58 % had stable disease (more than
6 weeks) and the disease control rate was 75 % [105]. Several preclinical data
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including our xenograft data have demonstrated that continued HER2 blockade is
required for potent tumor regression in response to PI3K inhibition even after
development of trastuzumab resistance [106, 107]. From both preclinical and
clinical data, we can assume that the clinical activity observed in the combination
(BKM120 plus trastuzumab) study may be due to the results of the combined
activities of both BKM120 and trastuzumab and that the PI3K pathway inhibitor
can restore sensitivity to trastuzumab. It has been also noted that BYL719
(alpha-selective inhibitor) used to inhibit the PI3K o-isoform in human breast
cancer cells with HER2 amplification or PIK3CA activating mutations. BYL719
initially abrogated PI3K signaling as evidenced by their low AKT activation status.
After 24 h, the BYL719 treated cells showed a rebound increase in the PIP3 level.
Moreover, in PIK3CA mutated cells there was an increase in the level of PIP3 even
in the absence of AKT activation. Further analysis revealed that the elevation in
PIP3 levels was due to increase in the recruitment of PIK3f isoform to the HER3
receptor. These data suggest that co-treatment of breast cancer cells with both o and
B isoform-specific inhibitors will get the fullest response [108].

Diversity for 8q24 (this chromosomal region harbors several important onco-
genes including MYC) was consistently higher in HER2+ tumors compared to other
subtype. MYC overexpression is sufficient to confer resistance to PI3K and mTOR
inhibitors [109]. It was an initial general consensus that mutations in the oncogenic
PI3K, possibly in the kinase domain (inhibitor binding domain), would yield
resistance to catalytic PI3K inhibition. But the success of the PI3K pathway-specific
inhibitors at least in preclinical settings and also in some extent in clinical settings
with other targeted inhibitors, translational scientists thought and found that
acquired drug resistance may involve alterations that deregulated signaling com-
ponent acting downstream of the targeted protein. Using an integrated copy number
and expression-based-approach within the dual PI3K/mTOR inhibitor (BEZ235)
resistant cells, Thomas M. Roberts and colleagues determined that MYC, a com-
monly deregulated breast cancer oncogene, was responsible for the acquired
BEZ235 resistance [110]. Pixu Liu and group have demonstrated using transgenic
mouse models and a series of elegant experiments that MYC contributed to PIK3CA
independent of tumor growth and resistance to PI3K-catalytic inhibition [111].
However, the detail discussion regarding the resistance mechanism of
isoform-specific PI3K inhibitor is beyond the scope in this review article. Multiple
clinical trials are currently evaluating the efficacy of over 30 drugs targeting dif-
ferent nodes in the PI3K pathway in breast including HER2+ breast cancer and
other cancers (https://clinicaltrials.gov) (see Table 8.3).

Pan HER Inhibitors in HER2+ Breast Cancer

HER-family receptor tyrosine kinases are implicated in many cancers and several
anti-HER treatments are now approved. In recent years, a new group of compounds
that bind irreversibly to ATP-binding pocket of HER-family receptors has been
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Table 8.3 Ongoing clinical trials of the PI3K-AKT-mTOR pathway inhibitors for the treatment

of advanced and metastatic HER2 amplified breast cancers

Ongoing trial

Trail design

Comments

mTOR inhibitors

NC00876395 Everohmus, Phase 1/2, safety and
(BOLERO-1) trastuzumab and efficacy of BKM120
paclitaxel and lapatinib in HER2
+/PI3K-activated (loss
of expression of PTEN
and/or activating
mutation or
overexpression of
PIK3CA)
trastuzumab-resistant
advanced breast cancer
NCTO01007942 Everolimus, Phase 3, in HER2+
(BOLERO-3) trastuzumab and women with locally
vinorelbine advanced or metastatic
breast cancer who are
resistant to
trastuzumab and have
been pretreated with a
taxane
NCTO01305941 Everohmus, Phase 2, in the
trastuzumab and treatment of
vinorelbine progressive HER2+
breast cancer brain
metastases
NCTO01111825 Temsirolimus and Phase 1/2, for patients
neratinib with metastatic HER2-
amplified or triple
negative breast cancer
NCT00411788 Sirolinius (rap amyein) Phase 2, patients with
and trastuzumab HER2+ metastatic
breast cancer
NCTO00458237 RADOOI and Phase 2, in HER2+
trastuzumab metastatic breast
cancer
NCT01283789 Lapatinib and Phase 2, in HER2
RADO001 positive metastatic
breast cancer
NCT02152943 Everolimus, letrozole Phase 1, in HR— and
and trastuzumab HER2+ patients
NCT00736970 Deforolimus and Phase 2, in patients

trastuzumab

with HER2+
trastuzumab-refractory
metastatic breast
cancer

(continued)
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Ongoing trial | Trail design Comments
Pan-PI3K inhibitors
NCTO01589861 BKM120 and lapatinib Phase 1/2, treatment of
HKR2+ locally
advanced or metastatic
breast cancer
NCTO01132664 BKM120 and Phase 1, in patients
trastuzumab with relapsing HER2
over expressing breast
cancer who have
previously failed
trastuzumab
NCT01816594 BKM120, trastuzumab Phase 2, (neoadjuvant)
(NeoPHOEBE) and weekly paclitaxel in HER2+ primary
breast cancer
NCTO01285466 BKM120, BEZ235 Phase Ib, in patients
and weekly paclitaxel with HER2+
with or without metastatic breast
trastuzumab cancer
NCT00928330 Trastuzumab T-DM1 Phase 1, in patients

and GDC-0941

with HER2+
metastatic breast
cancer who have
progressed on previous
trastuzumab-based
therapy

NCT01042925 XL147 trastuzumab
and paclitaxel plus
trastuzumab

Phase 1/2, in subjects
with metastatic breast
cancer who have
progressed on a
previous
trastuzumab-based
regimen

AKT inhibitors

NCTO01245205 MK?2206 and lapatinib Phase 1, for HER2+
advanced breast cancer
NCTO01277757 MK2206 Phase 2, in patients

with advanced breast
cancer who have
tumors with a PIK3CA
mutation, or an AKT
mutation, and/or
PTEN loss/PTEN
mutation

(continued)
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Ongoing trial

Trail design

Comments

NCT00567879

Panobinostat and
trastuzumab

Phase 1, for adult
female patients with
HER2+ metastatic
breast cancer whose
disease has progressed
on or after trastuzumab

Alpha isoform-specific inhibitors

NCT02038010

BYL719 and T-DM1

Phase 1, in HER2+
metastatic breast
cancer patients who
progress on prior
trastuzumab and
taxane treatment

NCTO01300962

BYL719 or BKM120

Phase 1, a four part,
dose-escalation study
of the combinations of
concurrent BKM20
and capecitabine, or
concurrent BYL719
and capecitabine, or
concurrent BKM120
and capecitabine and
trastuzumab, or
concurrent BKM120
and capecitabine and
lapatinib in patients
with metastatic breast
cancer

Dual PI3K-mTOR inhibitors

NCT01471847 BEZ235 and Phase 1b/2, in patients
trastuzumab with HER2+ breast
cancer who failed prior
to trastuzumab
NCTO01285466 BEZ235 and

BKM120 + paclitaxel & trastuzumabPhase 1b, multicenter, open-label, 4-arm dose-escalation

study of oral BEZ235 and BKM120 in combination with weekly paclitaxel in patients with

advanced solid tumors and weekly paclitaxel/trastuzumab in patients with HER2+ metastatic

breast cancer

developed. Several oral small molecules, tyrosine kinase inhibitors are also in
development. Afatinib (BIBW2992) is an oral an irreversible covalent inhibitor of
HER family that targets epidermal growth factor receptor (EGFR), HER2, and
HERA4. It has received regulatory approval for use as a treatment for non-small cell
lung cancer (“GILOTRIF (afatinib) tablet, film coated [Boehringer Ingelheim
Pharmaceuticals, Inc.]”. DailyMed. Boehringer Ingelheim Pharmaceuticals, Inc.
November 2013. Retrieved 28 January 2014; “GIOTRIF® Afatinib (as afatinib
dimaleate)” (PDF). TGA eBusiness Services. Boehringer Ingelheim Pty Limited.
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Table 8.4 Ongoing clinical trials with pan-HER tyrosine kinase inhibitors in HER2+ advanced or
metastatic breast cancers

Ongoing trial

| Trail design

‘ Details

HER-family tyrosine kinase receptor inhibitors (afatinib and neratinib)

NCTO01125566 Afatinib, Phase 3, comparing afatinib plus vinorelbine
(LUX-breast 1) vinorelbine and (experimental arm) with trastuzumab plus
trastuzumab vinorelbine in patients with HER2-positive
metastatic breast cancer after failure of prior
trastuzumab-based therapy
NCTO01271725 Afatinib, Phase 2, to investigate the efficacy and safety of
(LUX-breast 2) vinorelbine and afatinib alone and in combination with weekly
pacitaxel paclitaxel or weekly vinorelbine (in patients who

progress on afatinib monotherapy within this trial)
as treatment in patients with HER2-overexpressing,
metastatic breast cancer, who failed HER2-targeted
treatment in the neoadjuvant or adjuvant setting

NCT01441596
(LUX-breast 3)

Afatinib and
vinorelbine

Phase 2, in patients with HER2+ breast cancer
progressing with brain metastases, the three-armed
trial compared afatinib, afatinib plus vinorelbine
and investigator’s choice of therapy, after prior
trastuzumab and or lapatinib-based therapy

NCTO01594177 Afatinib and Phase 2, as neoadjuvant treatment for patients with
trastuzumab locally advanced or operable breast cancer
receiving taxane-anthracycline containing
chemotherapy
NCT01325428 Afatinib and Phase 2, in HER2-overexpressing inflammatory
vinorelbine breast cancer
NCT00431067 Afatinib Phase 2, in patients with HER2+ metastatic breast
cancer alter failure of trastuzumab therapy
NCT00826267 Afatinib, lapatinib Phase 2, to explore the efficacy of aftinib as a
or trastuzumab single agent versus lapatinib versus trastuzumab in
patients with HER2+ treatment-naive Stage Illa
locally advanced breast cancer
NCTO01649271 Afatinib and Phase 1, to determine the MTD of afatinib in
trastuzumab combination with 3-weekly trastuzumab inHER2
overexpressing cancer
NCTO01423123 Neratinib and Phase 1, combination of weekly paclitaxel with
trastuzumab neratinib and trastuzumab in women with
metastatic HER2+ breast cancer
NCT02236000 Neratinib and Phase 1/2, Evaluating the combination of T-DM1
T-DM1 with neratinib in women with metastatic HER2+
breast cancer
NCT01008150 Neratinib and Phase 2, evaluating neoadjuvant therapy with
trastuzumab neratinib and/or trastuzumab followed by
postoperative trastuzumab in women with locally
advanced HER2+ breast cancer
NCTO01494662 Neratinib Phase 2, for HER2-positive breast cancer and brain

metastases

(continued)
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Table 8.4 (continued)

Ongoing trial Trail design Details
NCTO00878709 Neratinib Phase 3, evaluating the effects of neratinib after
(ExteNET) adjuvant trastuzumab in women with early-stage
breast cancer
NCT00777101 Neratinib, lapatinib Phase 2, evaluating neratinib versus lapatinib plus
plus capecitabine capecitabine for ErbB2 positive advanced breast
cancer
NCT00915018 Neratinib Phase 2, evaluating neratinib plus paclitaxel versus
(NEFERTT) trastuzumab and trastuzumab plus paclitaxel in ErbB-2+ advanced
paclitaxel breast cancer
NCT00146172 Neratinib Phase 1, evaluating HKI-272 in HER-2/NEU or
(HKI-272) HER-1/EGFR-positive tumors
NCT00741260 Neratinib and Phase 1/2, evaluating the combination of neratinib
capecitabine and capecitabine in solid tumors and breast cancer
including HER2+ breast cancer
NCT00706030 Neratinib and Phase 1/2, evaluating neratinib (HKI-272) in
vinorelbine combination with vinorelbine in subjects with solid
tumors and HER2+ metastatic breast cancer
NCTO01111825 Neratinib and Phase 1/2, for patients with metastatic
temsirolimus HER2-amplified or triple negative breast cancer

7 November 2013. Retrieved 28 January 2014; “Giotrif 20 mg film-coated tablets
—Summary of Product Characteristics (SPC)”. Electronic Medicines
Compendium. Boehringer Ingelheim Limited. 20 January 2014. Retrieved 28
January 2014), although there is an emerging evidence to support its use in other
cancers such as breast cancer [112]. In a phase II study, afatinib monotherapy in
heavily pretreated HER2+ metastatic breast cancer demonstrated partial response in
4 patients (10 % of 41) and stable disease in 11 patients (37 % of 41) [112]. It has
also demonstrated efficacy in early-phase trials of advanced solid tumors and
trastuzumab-refractory HER2-positive breast cancer [113-115]. Ring and col-
leagues combined afatinib with trstuzumab in a Phasel trial with confirmed
advanced/metastatic HER2+ breast cancer. Overall, objective response and disease
control rates were 11 and 39 % of patients who received afatinib 20 and 30 mg with
standard dose of trastuzumab respectively. Median progression-free survival was
111.0 days (95 % confidence interval [116]). Preclinical data showed low
nanomolar potency for EGFR, HER2, and HER4 kinases [114] as well as
anti-proliferative effects in HER2-dependent models [117].

Neratinib (HKI-272; Pfizer, New York, NY, USA) is a potent irreversible tyr-
osine kinase inhibitor that disrupts signal transduction via EGFR, HER2, and HER4
[118]. Neratinib has passed preclinical phases and is currently undergoing various
clinical trials (Table 8.4). Neratinib has been shown to be effective against HER2
overexpressing or HER2 mutant tumors in vitro and in vivo [31]. In a phase-I
dose-escalation study of neratinib in advanced solid malignancies, partial response
was seen in 8 out of 25 (32 %) in HER2+ breast cancer patients who were pre-
viously treated with trastuzumab, anthracyclines, and taxanes [119]. An open-label,
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phase-II multicenter trial of single agent neratinib in advanced HER2-positive
breast cancer, which enrolled both trastuzumab-refractory (n = 66) and
trastuzumab-sensitive (n = 70) patients, demonstrated modest clinical activity in
both cohorts. Objective response rates of 24 and 56 % were seen in the
trastuzumab-refractory and trastuzumab-sensitive groups, respectively, with a
median PFS of 22.3 and 39.6 weeks [120].

Currently, studies of single agent afatinib or neratinib and combinations with other
HER2-targeted agent are under evaluation in HER2+ breast cancer (see Table 8.4).

Conclusion

An extensive literature search was carried out to critically evaluate the current
knowledge of HER-family signaling in HER2+ breast cancer and response to
anti-HER2-therapies. Understanding mechanisms of resistance in individual patients
remains a challenge and trials that incorporate on-treatment biopsies (including liquid
biopsies) and biomarker analysis will be needed in the new world of precision medicine
in cancer therapy. Emerging strategies to circumvent resistance to HER2-targeted
therapies in HER2-amplified breast cancer include dual HER2 therapy, novel therapies
such as T-DM1, pan-HER family inhibition, and co-targeting HER2 plus either
isoform-specific PI3K inhibition or pan-PI3K inhibition. There is evidence that
immunity plays a critical role in the efficacy of HER2-targeted therapy, and attempts
are being made to utilize the immune system in order to improve the efficacy of current
anti-HER2 therapies. With our rapidly expanding knowledge of HER2 and its
downstream signaling mechanisms along with the repertoire of HER family and other
pathway-specific targeted therapies, it is expected that the near future holds further
vivid improvements for the prognosis of women with HER2+ breast cancer.
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Chapter 9

The PI3K-mTOR Pathway in Prostate
Cancer: Biological Significance

and Therapeutic Opportunities

Jason Boyang Wu and Leland W.K. Chung

Introduction

Prostate cancer (PCa) is the second most common malignancy and fifth leading cause
of cancer-related mortality in men worldwide, accounting for 1,111,700 newly
diagnosed cancer cases and 307,500 cancer deaths in 2014 [1]. Owing to advances in
widespread screening for prostate specific antigen (PSA), most PCa cases are diag-
nosed with localized or regional disease at an early stage, which can be cured, with a
good prognosis, by active surveillance, surgery, radiation therapy, chemotherapy
and/or hormone therapy (androgen deprivation therapy, ADT) [2]. However, after an
initial response most patients develop therapy resistance. For instance, patients treated
by ADT experience disease recurrence as castration-resistant prostate cancer (CRPC).
CRPC and associated metastases to nearby and distant organs are a highly aggressive,
incurable and terminal disease affecting the quality of life of PCa patients [3, 4]. In the
United States, the 5-year survival rate for patients who develop metastatic disease is
only 29 % compared to nearly 100 % in patients with localized early disease [2]. In
recent years, the therapeutic arena in PCa has greatly expanded with the introduction
of new therapeutic agents, including hormonal agents, the androgen synthesis inhi-
bitor abiraterone acetate and the androgen receptor (AR) inhibitor enzalutamide
which revolutionized the treatment of metastatic CRPC, the novel taxane
chemotherapeutic cabazitaxel, and the bone microenvironment-targeted radiophar-
maceutical alpharadin (Radium-223). Several other treatments targeting the andro-
genic pathway (TAK-700, ARN-509, ODM-201, TOK-001), DNA repair pathway
(olaparib, veliparib, BMN 673, MK4827), and immune system (sipuleucel-T, ipili-
mumab, PROSTVAC-V/F, tasquinimod), are also on trial [5-7]. While these
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therapies have provided clinical relief to men with late-stage PCa, the survival benefit
in patients with metastatic CRPC remains brief, and additional therapeutic approaches
are needed.

The phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian target of rapamycin
(mTOR) signaling pathway has emerged as a key node coordinating a number of
upstream inputs as well as downstream signaling components with important roles
in cancer development and progression in a wide spectrum of cancer types [8, 9]. In
PCa, activation of the PI3K/AKT/mTOR pathway is strongly associated with
cancer progression and exhibits alterations at the genomic and transcriptional level
in nearly all advanced PCa [10]. By integrating intra- and extracellular growth
signals with many crucial cellular processes, this pathway allows cancer cells to
survive stress conditions and develop resistance to therapies [11-13]. Therefore,
targeting the PI3K/AKT/mTOR pathway offers great potential for treatment of PCa,
especially advanced PCa, further encouraged by the fact that a variety of drugs
specifically targeting this pathway are currently in clinical development [14, 15].

PI3K-mTOR Signaling and Function

The PI3K/AKT/mTOR pathway exhibits evolutionary conservation from worms to
humans and regulates a variety of cellular processes, including protein synthesis,
proliferation, survival, differentiation, migration, stem cell-like properties, meta-
bolism and angiogenesis. The diverse array of functions underlying this pathway is
achieved by a complex signaling network connecting upstream inputs from nutri-
ents and growth factors with a number of effectors that mediate the phosphoryla-
tion, transcription and translation of downstream target genes [11-13]. The PI3K
family of lipid kinase is capable of phosphorylating the 3'-hydroxyl group of the
inositol ring of phosphatidylinositol. There are three classes (I-1II) of PI3K cate-
gorized by their substrate preferences and sequence similarities with the class A
PI3K most frequently implicated in cancer. Class IA PI3Ks are heterodimeric
molecules composed of a pl10 catalytic subunit and a p85 regulatory subunit.
There are five isoforms of p85 (p85a., pS5a, p50a, p85P and p557), encoded by the
genes PIK3RI (p85a, pS5a and p50a), PIK3R2 (p85B) and PIK3R3 (pS57). There
are also three isoforms of p110 (o, B and &) encoded by the genes PIK3CA,
PIK3CB and PIK3CD respectively [8]. PI3Ks are activated primarily by receptor
tyrosine kinases (RTKs) but also through G-protein-coupled receptors and onco-
genes such as rat sarcoma oncogene (RAS) [16—19]. Upon activation, the catalytic
subunit of PI3K phosphorylates phosphatidylinositol 4,5-bisphosphate [PI(4,5)P,]
to phosphatidylinositol 3,4,5-trisphosphate [PI(3,4,5)P5], leading to subsequent
recruitment of a variety of pleckstrin homology domain-containing proteins such as
AKT to the cell membrane [8]. This process is negatively regulated by tumor
suppressor phosphatase and tensin homolog (PTEN) and inositol polyphosphate-
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4-phosphatase, type II (INPP4B), which convert PI(3,4,5)P; to PI(4,5)P, and PI
(3,4)P, to PI(3)P respectively. As a major target recruited by PI3K, the AKT family
of serine/threonine protein kinases is activated by phosphorylation, which subse-
quently phosphorylates a spectrum of downstream effectors, including glycogen
synthase kinase 3 (GSK3), forkhead box O (FOXO) transcription factors, and
tuberous sclerosis complex 2 (TSC2), to regulate a variety of processes that
coordinate cell proliferation, survival, metabolism and angiogenesis [13, 20].

mTOR is a serine/threonine kinase forming the catalytic subunit of two struc-
turally distinct complexes, mMTORC1 and mTORC2. mTORCI is composed of
mTOR, Raptor, mLST8, PRAS40, Deptor and TTI1/TEL2 and assembles following
AKT phosphorylation of TSC2 whereby TSC2 loses its GAP activity and stabilizes
Rheb-GTP, an mTORCI1 activator. Additionally, phosphorylation of PRAS40 by
AKT and by mTORCI itself leads to dissociation of PRAS40 from mTORCI1 and
relieves an inhibitory constraint on mTORCI activity. In response to a number of
upstream signals, such as insulin, growth factors, amino acids and oxidative stress,
mTORCI1 classically functions as a nutrient/energy/redox sensor and controls
protein synthesis through phosphorylation of S6K1 and 4E-BP1. mTORCI1 also
participates in a plethora of cellular processes, such as autophagy, lipid synthesis
and mitochondrial metabolism and biogenesis, through interaction with associated
regulators and protein complexes. The mTORC2 complex consists of mTOR,
Rictor, mSIN1, mLSTS, Deptor, Protor 1/2 and TTI1/TEL2. mTORC?2 is regulated
by insulin, growth factors, serum and nutrients through shared and distinct mech-
anisms compared to mTORC1, and is considered in general resistant to rapamycin.
mTORC2 activates AKT, SGK1, RhoA, Racl, Cdc42 and PKCa and regulates
cellular metabolism as well as cytoskeletal organization. The distinct downstream
substrate specificities and cellular functions of mTORC1 and mTORC2 are
believed to depend in part on the different composition of each mTOR complex
[12, 21-23].

PI3K-mTOR Signaling in Prostate Cancer

The PI3K/AKT/mTOR pathway is frequently deregulated with genetic alterations
found in nearly every major node in a spectrum of cancers [24]. In PCa, dysregu-
lation of this pathway, including mutations, copy number amplifications, and altered
mRNA expression, has been reported in 42 % of primary prostate tumors and 100 %
of metastatic tumors [10]. Similar observations have also been made in four inde-
pendent clinical PCa data sets recently analyzed by The Cancer Genome Atlas
project (Table 9.1). Moreover, these alterations show significant correlation with
PCa patient outcomes. For example, genomic deletion of PTEN with a loss of protein
expression, which is a negative regulator of the PI3K/AKT/mTOR pathway, is
associated with high Gleason score and an early onset of biochemical recurrence and
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Table 9.1 Molecular alterations of select key components in the PI3K/AKT/mTOR pathway
from 4 independent prostate cancer clinical data sets deposited at the cBioportal for Cancer

Genomics

Primary Metastatic

Gene TCGA-1 TCGA-2 Michigan SU2C/PCF
(N = 258) (%) (N =333) (%) (N =59) (%) (N = 150) (%)

PTEN 24 17 51 40

PIK3R1 |6 7 10 5

PIK3R2 |1 0.9 3

PIK3R3 |2 0.6 3

PIK3CA |9 5 10 5

PIK3CB |4 3 7 7

PIK3CD | None 1 2 1

AKT1 2 2 None 3

AKT2 0.8 0.3 2 1

AKT3 1 2 2 1

RICTOR |04 0.3 5 3

RPTOR |0.8 0.9 2 3

metastasis in PCa patients [25-27]. Furthermore, elevated p-4E-BP1 and p-S6K
expression levels, two common downstream effectors of the pathway, are signifi-
cantly correlated with clinical stage and distant metastasis in PCa patients [28].
These clinical observations collectively indicate the functional importance of this
pathway in PCa development and progression. The PI3K/AKT/mTOR signaling
pathway and its crosstalk with other pathways in PCa are discussed below (Fig. 9.1).

The PI3K-mTOR Pathway and Epigenetic Programming
in Prostate Cancer Pathogenesis

PCa is a heterogeneous disease which develops through a dynamic process of
genetic mutation, clonal evolution and/or epigenetic programming [29-31]. During
this process, an initial specific genetic mutation could influence the subsequent
behaviors of cancer cells through progressive expansion of the genetically mutated
cells or accumulation of additional genetic alterations in the clonally evoluted
cancer cells [30, 31]. Moreover, recent studies from our laboratory suggest a third
epigenetic mechanism, where a small cluster of metastasis-initiating cells (MICs)
reprogram indolent resident cancer cells at metastatic sites toward an aggressive and
metastatic phenotype contributing to PCa bone metastasis [29, 32-34].
Remarkably, we documented permanent genetic and behavioral changes conferred
to indolent resident cancer cells by MICs through in vitro 3-D co-culture and
in vivo tumor growth in mice [29, 32]. Collectively, genetic or epigenetic pathways
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Fig. 9.1 The PI3K/AKT/mTOR signaling pathway and its crosstalk with other pathways in
prostate cancer [14, 15]. AR androgen receptor; ARE androgen response element; CSC cancer stem
cell;, DHT  dihydrotestosterone;  EMT  epithelial-mesenchymal  transition;  PI3K

phosphoinostide-3-kinase; RTK receptor tyrosin kinase

are believed to be highly coordinated and may confer a common selective growth
advantage on cancer cells to promote prostate tumorigenesis [30—32, 34]. Due to the
lack of additional data on how the PI3K/AKT/mTOR and associated pathways may
be altered specifically by MICs-driven epigenetic programming in PCa, only
genetic perturbation directly relevant to the PI3K/AKT/mTOR pathway compo-
nents will be discussed in this section.

In the last two decades, much study has been focused on characterizing the roles
of genetic dysregulation in PI3K/AKT/mTOR pathway components in PCa
development. These studies have clearly demonstrated the importance of
PI3BK/AKT/mTOR pathway components in a series of transgenic mouse models.
Prostate-specific overexpression of AKT, a central target recruited by PI3K, leads to
S6K activation, prostatic intraepithelial neoplasia (PIN), and bladder obstruction in
transgenic mice (the MPAKT model), which also show a similar mRNA expression
profile from the ventral prostate to human PCa [35]. Inactivation of PTEN, a
negative regulator of the PI3K/AKT/mTOR pathway, in prostate epithelial cells in
both heterozygous and homozygous forms confirms PTEN as a bona fide tumor
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suppressor in PCa. Pten™  mice show a broad spectrum of spontaneous tumor
development but a long latency for PIN and a lack of metastatic disease [36, 37].
Prostate-specific biallelic deletion of Pten in mice recapitulates the disease pro-
gression seen in humans by a shortened latency of PIN formation followed by
progression to invasive adenocarcinoma and metastatic stage [38]. Moreover,
temporal control of PTEN deletion in the post-pubertal prostate in several inducible
knockout mouse models suggest PTEN’s autonomous role in dictating the pace of
PIN development and prostate tumor formation [39, 40]. These studies suggest that
hyperactivation of the PI3K/AKT/mTOR pathway by genetic alteration of a single
component gene, such as PTEN, is sufficient to initiate PCa in vivo.

AKT-activated or PTEN-deficient prostate tumor growth depends on mTOR and
its associated complex activity. Conditional inactivation of mTOR in the mouse
prostate leads to a marked suppression of Pten loss-induced prostate tumor initia-
tion and progression in mice, with more profound effects than those elicited by the
sole pharmacological abrogation of mTORCI, suggesting a requisite role of both
mTORC]1 and mTORC?2 activities in growth and maintenance of Pten-null prostate
tumors [41]. Moreover, Rheb-GTP, the upstream activator of mTORCI, is ampli-
fied in human PCa. Rheb overexpression induces hyperplasia and a low-grade
neoplastic phenotype in the mouse prostate, and further promotes prostate
tumorigenesis when cooperating with Pfen haploinsufficiency in mice [42].
mTORC?2 is also required for the development of PCa caused by Pten loss in mice,
since concurrent deletion of PTEN and Rictor, a key regulatory subunit of the
mTORC2 complex, protects mice from PCa. Interestingly, mTORC2 activity is not
essential for normal prostate epithelial cells [43]. Pharmacologically, rapamycin
treatment in Pren™" mice reduced prostate lesion growth along with a reduction in
both proliferative index and phospho-S6 levels, an mTOR downstream effector
[44]. Treatment of PTEN-null PCa cells with NVP-BEZ235, a dual PI3K/mTOR
inhibitor, also induced autophagic cell death [45]. On the other hand, pharmaco-
logical inhibition of mTOR reverses AKT-dependent PIN phenotype in the
MPAKT mouse model expressing human AKT1 in the ventral prostate through
induced apoptosis of epithelial cells and downregulation of HIFla activity [46].
Furthermore, co-targeting AKT and mTOR delivered additive antitumor effects
in vivo when compared to a single agent in a prostate-specific Pten-deficient mouse
model associated with AKT activation [47].

Although elevated expression of p-mTOR is commonly detected during PCa
development across different progressive stages, and also shows positive correlation
with a trend toward worse prognosis in PCa patients, its activity varies depending
on the subtype [48]. For example, loss of p(Ser2448)-mTOR expression is linked to
adverse prognosis and prostate tumor progression in a small (4 %) subset of PCa
patients that show PTEN deletion and ERG-fusion positivity [49], which suggests
that potential epigenetic gene-microenvironment interactions may play a role. These
studies nevertheless demonstrate that the PI3K/AKT/mTOR pathway mediates
coordinative interactions among components in both common and subtype-specific
manners to drive prostate tumorigenesis and development.
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Crosstalk with AR and Other Signaling
in Castration-Resistant Prostate Cancer

In addition to its direct tumor-initiating/-promoting ability, the PI3K/AKT/mTOR
pathway contributes to the development and progression of PCa through signaling
crosstalk with other pathways that are also implicated in PCa. Among all regulatory
mechanisms underlying PCa, the AR signaling pathway is essential for normal
prostate growth and differentiation and also for PCa initiation and progression
[50, 51]. It functions through the AR and its ligands, testosterone and So-dihydro-
testosterone (DHT) [52, 53]. Upon activation by ligand binding, AR is translocated
to the nucleus and binds to androgen response elements at the promoter of target
genes to induce transcription [51]. AR is critical for maintaining PCa cell prolif-
eration in most early-stage PCa, considered as androgen-dependent, which con-
stitutes the rationale for using ADT to achieve cancer cell apoptosis [50, 51]. AR
gene amplification, mutations in the AR ligand-binding domain, induction of AR
splice variants, and increased sensitivity of AR for activation appear frequently in
post ADT PCa samples, marking the disease progression to a CRPC state, the
aggressive and lethal phenotype of PCa [3, 54-56]. Recent global gene expression
profiling further indicates AR is one of several genes constitutively upregulated in
CRPC [57, 58]. These facts all show the importance of the androgenic pathway in
disease progression.

It has been shown that PI3K/AKT/mTOR pathway deregulation by PTEN loss is
associated with CRPC development after ADT intervention. Pten-null mouse
prostate tumors regress after androgen ablation and develop androgen-independent
characteristics for cell proliferation [38]. At the cellular level, genetic knockdown of
PTEN converted the androgen-dependent PCa cells to androgen independence
without prior exposure to ADT, suggesting an intrinsic role of PTEN in the control
of androgen responsiveness [59]. PTEN re-expression in a PTEN-negative back-
ground upregulates AR function by negatively regulating the expression of tran-
scription factors EGR1 and c-JUN, which physically interact with AR and
downregulate AR targeted gene expression [60—62]. Conversely, knockdown of AR
in PTEN-null cells reversed androgen-independent growth in vitro and partially
inhibited tumorigenesis in vivo, which indicates the AR dependence of PTEN-
mediated prostate tumorigenesis [59]. These studies taking advantage of transgenic
mouse models clearly suggest a potential reciprocal interaction between the
PI3BK/AKT/mTOR and AR pathways. However, future investigations should also
examine how genetic changes in cancer cells per se may alter the tumor
microenvironment and affect epigenetic programming of cancer cell behaviors
including growth, invasion, migration and metastasis [32, 63, 64].

A series of studies in both mouse models and cell lines of PCa have further
explored the mechanisms by which these two pathways regulate each other to
promote CRPC. In a PCa mouse model driven by Pten loss, PI3K pathway inhi-
bition with a PI3K inhibitor activated AR signaling through upregulation of HER3
kinase, which enhances both AR stability and transcriptional activity [65, 66].
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On the other hand, AR inhibition in the background of PTEN loss, which was
achieved by both surgical castration plus enzalutamide treatment for blockade of
AR nuclear translocation and DNA binding, promoted PI3K activity and AKT
signaling by downregulation of FKBP5 to reduce levels of the AKT phosphatase
PHLPP [60, 65]. Androgen ablation also activated AKT via INPP4B downregu-
lation, a negative regulator of PI3K signaling, which mitigates the antitumor effects
of ADT [67]. In addition, a recent study points out the roles of different isoforms of
PI3Ks in prostate tumor growth and AR activation. In PTEN-mutated tumors,
inhibition of PI3Kf that drives PI3K signaling activated pre-silenced PI3Ka by
relieving feedback inhibition of IGF1R and other receptors, and effective combined
inhibition of PI3Ka and PI3K caused marked activation of AR activity, suggesting
again a requirement of combined inhibition of both PI3K isoforms and AR to
achieve major tumor regressions [68]. In line with observations made in transgenic
mouse models, biallelic loss of PTEN in a cohort of hormone refractory PCa clinical
samples is correlated with activated p-AKT and AR protein expression, further
associated with poor outcomes including disease-specific mortality [69]. These
studies demonstrate a compensatory crosstalk between the PI3K and AR pathways
associated with relief of feedback inhibition following PI3K or AR inhibition,
which provides a mechanistic rationale for co-targeting both pathways in CRPC.
This concept has been supported by several preclinical studies where synergistic
targeting of PI3K/AKT and AR signaling axes significantly delayed CRPC pro-
gression in vivo [70].

Constitutively active AR isoforms, such as the C-terminally truncated AR
variants derived from alternative splicing of cryptic exons, including AR-V7, have
been identified under conditions of androgen depletion [71-73]. AR-V7 mRNA is
expressed in 24 % of metastatic lesions in CRPC patients, with its protein level
overexpressed in CRPC compared with benign prostate or hormone-naive PCa
[73, 74]. AR-V7 expression also increases in response to the most current therapies
developed for CRPC [55]. The PI3K/AKT pathway contributes to increased AR-V7
constitutive activity in PCa cells by suppression of FOXO1, a downstream effector
phosphorylated by AKT, under conditions of PTEN inactivation [75]. Besides AR
itself, AR target genes such as PLZF also reciprocally interact with PI3K/AKT
signaling. PTEN rescue or PI3K inhibition increases PLZF expression in PCa cells
through a direct binding of FOXO3a, a transcription factor phosphorylated by
PI3K/AKT, to the promoter of PLZF gene, which exerts inhibitory effects on
prostate tumorigenesis in vivo [76, 77].

The signaling crosstalk between AR and mTOR and associated complexes is
also significantly involved in PCa in general and CRPC specifically. In regulation
of cell cycle progression, AR enhances the degradation of the p27 cyclin-dependent
kinase inhibitor through rapid and selective mTORC2 activation followed by
subsequent activation of AKT and phosphorylation of a discrete set of AKT sub-
strates that control cellular proliferation and survival [78]. In addition to mTORC?2,
KLK4 and PLZF, two androgen-regulated genes, integrate androgen and mTOR
signaling by mTORC1 activation, mediated through downregulation of REDDI1, an
inhibitor of mTORCI, to promote prostate tumor growth in mice [79]. On the other
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hand, Rheb-GTP, an mTORCI1 activator, potentiates proliferation of several
aggressive PCa cell lines by regulation of AR transactivity, which was blocked by
rapamycin treatment with a reduction in p-S6K level [80]. These findings suggest a
reciprocal relationship between AR- and mTOR-mediated pathways and also pro-
vide a mechanistic rationale for co-targeting AR and mTOR in PCa, which has been
supported by a pharmacologic study showing that dual inhibition of AR and mTOR
restores tumor sensitivity to anti-androgen therapy in a LNCaP CRPC xenograft
model [81].

Cancer cells require increases in nutrients such as amino acids to maintain a
growth advantage. Several groups have provided evidence of a regulatory system
combining androgen response and nutrient stress pathways working in concert to
promote PCa growth and progression. In response to DHT treatment, the prolifer-
ation of PTEN-deficient LNCaP PCa cells was induced by post-transcriptional
increase in D-type cyclin proteins, which is mediated by mTOR activation through
AR-stimulated mRNA synthesis but not the PI3K/AKT or other kinase-mediated
pathways. Oligonucleotide microarrays further showed DHT-stimulated increases in
an array of genes responsible for nutrient availability, including transporters for
amino acids. This suggests a critical function of AR to support the pathologic
activation of mTOR in a PTEN-null background, possibly by increasing the
expression of proteins that enhance nutrient availability and thereby prevent feed-
back inhibition of mTOR [82]. In line with this observation, other evidence showed
that expression of the L-type amino acid transporter LAT3 is activated directly by
AR in the presence of androgen while LAT1 expression, controlled by ATF4, is
induced upon androgen deprivation, which promotes mTORCI signaling activity
and PCa cell growth by facilitating the uptake of essential amino acids [83].
In CRPC, the signaling convergence between AR and mTOR may also impact the
transition of PCa from androgen dependence to ADT resistance, which selectively
allows cancer cells to survive conditions of low androgen and suboptimal nutrients
produced by ADT. AR increases mTOR activity possibly by downregulation of
TSCI1 and TSC2, two negative regulators of mTOR, in both low and high testos-
terone levels. A sub-baseline mTOR level in turn stimulates AR protein expression
only with low testosterone to compensate for decreased availability of testosterone.
This loop benefits both molecular partners and enhances cell survival under
ADT-induced cellular stress, and disrupting this loop at the beginning of ADT may
delay or prevent the development of castration resistance and recurrence of PCa [84].

In addition to interacting with androgenic signaling, the PI3K/AKT/mTOR
pathway also cooperates with other signaling in PCa progression. In a
Pten-deficient mouse model of PCa, ADT induced phenotypic plasticity to promote
therapeutic escape. Unlike castration-naive tumors which depend on AR and
PIBK/AKT activation for growth and survival, castration-resistant tumors attain
increased heterogeneity, which is characterized by loss of their dependence on PI3K
signaling and activation of alternative pathways, such as MAPK and JNK/STAT,
for cell growth and survival [85]. RTKs, which activate both the PI3K/AKT/mTOR
and other kinase pathways, are in turn regulated by mTORCI1 activity through
feedback loops [86]. Inhibition of mTOR induced IRS-1 expression, a major
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substrate for multiple cell surface receptors, including IGF-1, HER2/3 and EGFR,
and abrogated feedback inhibition of the pathway, leading to compensatory reac-
tivation of PI3K and AKT [65, 87, 88]. These studies in aggregate suggest a
potential combination therapy with PI3K, cell surface RTKs and/or other kinase(s)
to improve treatment outcomes in PCa.

The PI3K-mTOR Pathway in Prostate Cancer Metastasis

Advanced PCa is frequently accompanied by the development of metastases to
distant organs, such as bone, lymph nodes, lungs, liver and brain, which signifi-
cantly compromises quality of life and can lead to death [7, 89]. PI3K/AKT/mTOR
pathway deregulation has been strongly implicated in PCa metastasis, since all
metastatic prostate tumors harbor genetic alterations of this pathway [10]. PTEN
loss or PI3K/AKT signaling pathway activation can mediate prostate tumor meta-
static progression through induction of an epithelial-mesenchymal transition
(EMT) program in cancer cells, considered an initiating step in metastasis that
confers increased motility and invasiveness to cancer cells for their dissociation
from the epithelial layer [90]. Activation of PI3K/mTOR signaling increases
phosphorylation of TWIST1, an EMT-inducing transcription factor, to promote its
DNA-binding ability [91]. Alternatively, PI3K/AKT pathway activation stabilizes
TWIST1 expression to induce EMT by downregulation of FOXOL1 activity, a
downstream effector phosphorylated by AKT as well as a transcription repressor of
TWISTI1 [92]. The activated PI3K/AKT pathway also inhibits metastasis sup-
pressor FOXO4, another FOXO family protein, by direct phosphorylation to pre-
vent its translocation to the nucleus [93]. Moreover, by activating AKT-dependent
transcription factor NFxB, the PI3K/AKT/NFkB axis promotes PCa bone metas-
tasis by transcriptional activation of BMP-2 and induced phosphorylation of
associated Smad1/5/8 [94].

In addition to its direct role in initiating and/or promoting metastasis, the
PI3K/AKT pathway regulates metastatic progression through signaling crosstalk
with other pathways. A recent clinic survey of human PCa tissue microarrays
identified an elevated RAS/MAPK pathway in both primary and metastatic lesions,
which may cooperate with PTEN loss in PCa progression. In a preclinical mouse
model of PCa, conditional activation of K-ras and Pten deletion in a prostate-
specific manner significantly accelerated prostate tumor progression caused by Pten
loss, accompanied by EMT and macrometastases with 100 % penetrance, which
mimics the metastatic burden seen in human disease. Moreover, inhibition of the
RAS/MAPK pathway by a MEK inhibitor dramatically reduced metastatic pro-
gression initiated by PTEN-deficient and K-RAS-activated stem/progenitor cells
[95]. These findings indicate that both signaling axes collaborate with each other to
drive metastatic progression and also suggest a co-targeting strategy for effective
blockade of metastasis.
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Recently, a translational landscape of the PCa genome controlled by oncogenic
mTOR signaling has been delineated using ribosome profiling. A specific repertoire
of genes involved in invasion and metastasis, such as YB1, VIM, MTA1 and CD44,
downstream of mTOR signaling was revealed, which suggests the functional role of
mTOR signaling in regulating metastatic progression of PCa [96]. On the other
hand, several studies have demonstrated that mTOR-associated mTORC1 and
mTORC?2 play a crucial role in the regulation of cell motility and invasion [97, 98].
Mechanistically, mTOR activation with increased expression of Raptor and Rictor
is found to induce EMT through upregulation of the RhoA and Racl pathway in
PCa cells. Inhibition of mMTORC1 or mTORC?2 by knockdown of Raptor or Rictor
respectively attenuated PCa cell migration and invasion [99]. In addition, the
mTOR pathway also promotes PCa metastasis by integrating other signaling.
Activated mTOR pathway mediates TGF-promoting PCa bone metastasis through
Smad-dependent induction of miR-96, an oncomir and metastamir [100]. These
studies collectively demonstrate the mTOR pathway as a promising target for
therapeutic intervention in PCa metastasis.

Emerging evidence indicates the importance of cancer stem cells (CSCs), a
subpopulation of tumor cells endowed with self-renewal and multi-lineage differ-
entiation capability, in the initiation of tumor metastasis [101]. Indeed, the CD44"*
prostate CSC-enriched cells are highly metastatic [102]. In another study, an 11
stemness-gene signature, including BMI-1, was identified in highly metastatic PCa,
which also predicts poor outcomes in PCa patients [103, 104]. The link between the
PIBK/AKT/mTOR pathway and prostate CSCs has been evidently established in a
PCa progenitor cell model in which preferential activation of PI3K/AKT signaling
was enriched in the CD133*/CD44" cell population with increased PI3K p110a/B
protein expression. PTEN knockdown increased the sphere-forming ability and
tumorigenic potential of PCa progenitor cells, whereas inhibition of PI3K activity
by a dual PI3K-mTOR inhibitor BEZ235 resulted in growth inhibition of PCa
progenitor cells, suggesting that the PI3K/AKT/mTOR pathway is crucial for
maintenance of PCa stem-like properties [105]. In addition, in a TRAMP mouse
model of PCa, upregulation of AKT mediated by an mTOR/S6K/IRS-1 feedback
loop mechanism was demonstrated in isolated Sca-1¥/CD49f* mouse prostate
CSCs, which was stimulated by hypoxia [106]. These findings suggest that tar-
geting PI3K/AKT/mTOR signaling may have therapeutic benefit in PCa metastasis
by eliminating prostate CSCs as a source of metastasis.

Targeting the PI3K-mTOR Pathway in Prostate Cancer

Given the importance of the PI3K/AKT/mTOR pathway in regulating the devel-
opment and progression of PCa and the highly prevalent alterations of this pathway
in PCa, inhibitors of this pathway offer great potential for clinical benefit in men
with advanced stage PCa. A number of agents are under development today and
multiple ongoing clinical trials aim to determine the efficacy of specific pathway
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inhibitors as monotherapy or in combination for PCa treatment. The therapeutic
profiles and potential use of a select group of promising PI3K/AKT/mTOR pathway
inhibitors currently being tested in the clinic for PCa are discussed below

(Table 9.2).

Table 9.2 Currently active clinical trials with PI3K/AKT/mTOR pathway inhibitors in prostate

cancer
Agent | Phase ‘ Regimen Population Registry
Pan-PI3K inhibitors
BKM120 I +Abiraterone acetate | CRPC NCT01634061
(Novartis) I +Abiraterone acetate | Metastatic CRPC NCTO01741753
il Monotherapy Metastatic PCa NCT01385293
I Monotherapy High-risk PCa NCT01695473
PX-866 I Monotherapy Metastatic PCa NCTO01331083
(Oncothyreon)
Allosteric AKT inhibitors
MK-2206 I +Hydroxychloroquine | Advanced solid tumors NCT01480154
(Merck) including PCa
1 +Ridaforolimus Advanced cancer, including NCT01295632
PCa
I +Bicalutamide Previously treated PCa NCT01251861
ATP-competitive AKT inhibitors
GDC-0068 I +Abiraterone acetate | CRPC previously treated with | NCT01485861
(Genentech) docetaxel chemotherapy
AZD5363 I Monotherapy PCa NCT01692262
I +DP chemotherapy Metastatic PCa NCT02121639
Allosteric mTOR inhibitors
Everolimus I +Enzalutamide Metastatic PCa NCT02125084
(Novartis) I +ARN 509 Metastatic CRPC after NCT02106507
treatment with abiraterone
acetate
I +Radiation therapy Recurrent PCa NCT01548807
1 +Docetaxel Advanced PCa NCT00574769
I +Gefitinib Metastatic PCa NCTO00085566
I +Pasireotide Hormone resistant, NCTO01313559
chemotherapy naive PCa
I +Bicalutamide Recurrent or metastatic PCa NCT00814788
Temsirolimus I +Vorinostat Metastatic PCa NCTO01174199
(Wyeth) I +Vinorelbine Metastatic solid tumors NCT01155258
ditartrate including PCa
I +Docetaxel Resistant solid tumors including | NCT00703625
PCa
Uil +Cixutumumab Metastatic PCa NCT01026623
juis +Bevacizumab Hormone-resistant metastatic NCT01083368

PCa that did not respond to
chemotherapy

(continued)
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Table 9.2 (continued)

Agent Phase | Regimen Population Registry
Ridaforolimus | I +MK-2206 or Advanced cancer including PCa | NCT01295632
(Merck and MK-0752
ARIAD) n +Bicalutamide PCa NCTO00777959
ATP-competitive mTOR inhibitors
MLNO128 I Monotherapy CRPC NCT02091531
(Takara)
AZD2014 I Monotherapy High risk PCa NCT02064608
(AstraZeneca)
Dual PI3K-mTOR inhibitors
BEZ235 I +Abiraterone acetate | CRPC NCT01634061
(Novartis)
GDC-0980 I +Abiraterone acetate | CRPC previously treated with | NCT01485861
(Genentech) docetaxel chemotherapy
PI3K Inhibitors

Two types of PI3K inhibitors are currently available: pan-PI3K and
isoform-specific inhibitors. The pan-PI3K inhibitors target the catalytic subunits of
all three isoforms of class IA PI3K (p110a, B and &) and class IB PI3K catalytic
subunit (p110y). In preclinical studies, pan-PI3K inhibitor BKM120 inhibited
proliferation of an androgen-independent metastatic PC-3M cell line and blocked
PC-3M tumor growth in xenograft mice [107]. In a phase I first-in-human study of
BKM120, the maximum tolerated dose is defined as 100 mg/day. Overall, treat-
ment with BKM120 is well tolerated with observable frequent treatment-related
adverse events including rash, hyperglycemia, diarrhea, anorexia, mood alteration
(37 %), nausea (31 %), fatigue (26 %), pruritus (23 %), and mucositis (23 %). Of
the 31 evaluable patients, one patient with triple-negative breast cancer had a
confirmed partial response, and seven patients, including one patient with PCa,
remained on the study for > 8 months [108]. Neuropsychiatric adverse events,
including reversible mood alterations, have been seen during BKM120 treatment,
which suggests the potential ability of BKM120 to penetrate the blood-brain barrier
and intervene in the PI3K/AKT/mTOR pathway in the brain [108]. This is sup-
ported by observations made in mice that PI3K deficiency increases anxiety and
decreases neurotransmitter GABA and serotonin levels in the amygdala [109].
Therefore, further investigations monitoring neurologic and psychiatric symptoms
in patients receiving BKM120 treatment are warranted. Other pan-PI3K inhibitors,
including GDC-0941, PX-866 and SAR245408, have also shown good tolerability
in patients with common adverse events including nausea, diarrhea, vomiting,
fatigue, decreased appetite, and dysgeusia. These inhibitors show a partial response
in PCa patients [110-112]. One limitation of pan-PI3K inhibitor use is the possi-
bility of compensatory increases in AR, RAS and cell surface RTKs activities by
stringent inhibition of the PI3K/AKT/mTOR pathway, which has been seen in
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preclinical models [65, 87, 88]. Therefore, it will be beneficial to develop combi-
nation therapies with existing agents such as second-generation antiandrogens for
complete blockade. Currently, BKM120 in combination with abiraterone acetate is
in phase I clinical trials for CRPC (NCT01634061) and metastatic CRPC
(NCTO01741753) patients, and a phase II clinical trial combining BKM120 and
enzalutamide for men with metastatic CRPC (NCT01385293) is also in progress.

In contrast to pan-PI3K inhibitors, isoform-specific PI3K inhibitors target a
single p110 isoform, which provides greater specificity with the possibility of an
improved safety profile. Given that each isoform of p110 may have a distinct role in
tumorigenesis, as seen in preclinical models, patients may benefit from
isoform-selective PI3K inhibitors as a precision medicine aimed at rational treat-
ment choices tailored to individual patients based on genomic data [68, 113—-116].
PIK3CA, which encodes p110a, exhibits genetic alterations in 6 % of primary and
16 % of metastatic PCa [10]. PIK3CA mutation H104R may further predict sen-
sitivity to treatment with pan-PI3K inhibitors in multiple types of advanced cancer
[117]. In preclinical studies, pl10a isoform-specific PI3K inhibitors BYL719 and
MLNI1117 demonstrated significant antiproliferative and antitumor efficacy in cell
lines and tumor xenografts harboring PIK3CA mutations with good tolerability
[118, 119]. In a phase I clinical trial in patients with advanced solid tumors carrying
PIK3CA mutations, BYL719 was well-tolerated at up to 400 mg/day, with adverse
events including hyperglycemia (49 %), nausea (45 %), diarrhea (40 %), decreased
appetite (38 %), vomiting (30 %), and fatigue (27 %). Of the 39 patients receiving
the maximum tolerated dose on trial, partial responses were seen in 7 patients, none
of whom were PCa patients, with 17 patients remaining on study for >24 weeks
[120]. Despite these results, these inhibitors are not efficacious in PTEN-deficient
tumor models; preclinical data demonstrate that PI3Kp but not PI3Ka is the
dominant form to drive PI3K signaling and prostate tumorigenesis in Pten-null
mouse models [113, 114, 118, 119]. As such, inhibitors of pl110f, such as
GSK2636771, are in clinical development, and a phase I/II clinical trial is currently
underway for patients with PTEN-deficient advanced solid tumors including PCa
(NCT01458067). One expected limitation of isoform-selective inhibitor use is the
potential development of a compensatory effect among isoforms particularly in
response to tumor heterogeneity and therapeutic resistance, which may be over-
come by the development of targeted combination strategies.

AKT Inhibitors

As a central regulator of the PI3K/AKT/mTOR pathway, AKT has long been
considered an attractive target for blocking PI3K signaling as a therapeutic inter-
vention. Although AKT-selective inhibitor development is difficult due to the
homology between AKT and other kinases, a number of allosteric and
ATP-competitive inhibitors have been developed to date. Preclinical studies
demonstrated that the allosteric AKT inhibitor perifosine induced differentiation
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and cell death in PTEN-defective PCa cells including PC-3 cells [121, 122].
However, the drug showed no clinical benefit, including no evidence of radio-
graphic response or PSA >50 % decline, in two independent phase II clinical trials
in men with CRPC [123, 124]. MK-2206, an allosteric AKT inhibitor, enhanced
antitumor efficacy in combination with chemotherapeutic agent docetaxel in a PC-3
xenograft model, whereas either MK-2206 or docetaxel alone showed moderate
antitumor activity, which suggests that rational combination therapies with
MK-2206 may maximize the therapeutic benefit by AKT signaling blockade [125].
In a phase I first-in-human clinical trial in patients with advanced solid tumors,
MK-2206 showed good tolerability up to 60 mg on alternate days, with
drug-related toxicities including skin rash (51.5 %), nausea (36.4 %), pruritus
(24.2 %), hyperglycemia (21.2 %), and diarrhea (21.2 %). Of the 33 patients
receiving different doses, a patient with PTEN-loss pancreatic cancer treated at
60 mg every other day exhibited a partial response of 23 % shrinkage in tumor
measurements [126]. A phase II clinical trial that permits concomitant treatment
with bicalutamide and MK-2206 is currently underway for previously treated PCa
patients (NCT01251861).

Recently, ATP-competitive AKT inhibitors, such as GDC-0068 and AZD5363,
have shown antitumor activity in both prostate tumor cell lines and xenograft
models. Moreover, AZD5363 in combination with the antiandrogen bicalutamide
delayed CRPC progression in a LNCaP xenograft model [70]. In another recent
study, AZD5363 showed proapoptotic and antiproliferative activity as monotherapy
in enzalutamide-resistant PCa cell lines and significantly decreased the growth of
enzalutamide-resistant tumor xenografts. Importantly, combination of AZD5363
and enzalutamide either at or after castration resulted in significant regression of
tumors and suppression of PSA secretion [127]. In two phase I clinical trials of
AZD5363 in patients with advanced solid tumors, conducted in Europe and Japan,
AZD5363 administered at 480 mg twice a day was generally well tolerated with the
most common adverse events including hyperglycemia, rash, and diarrhea. In
addition, partial responses were seen in patients with mutations driving the PI3K
pathway [128]. It remains to be seen whether these ATP-competitive AKT inhi-
bitors will eventually show clinical benefit. Currently, GDC-0068 is in a phase I/II
clinical trial in combination with abiraterone acetate in CRPC patients who received
prior docetaxel chemotherapy (NCT01485861). Despite the promising results seen
in preclinical studies and early clinical trials, further investigation of optimal dosing
and resistance mechanisms in patients, such as therapeutic escape by activation of
AKT-independent PI3K signaling [129], is still needed to ensure clinical efficacy.

mTOR Inhibitors

Given the frequent genetic alterations of the mTOR pathway in clinical samples as
well as the significant positive correlation between mTOR hyperactivation and poor
PCa patient outcomes, the mTOR pathway has been identified as an optimal
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therapeutic target. The allosteric mTORCI1 inhibitor rapamycin and its analogs
(rapalogs), including everolimus, temsirolimus, and ridaforolimus, were developed
as first-generation inhibitors of the mTOR pathway in the clinical arena. In pre-
clinical studies, these early allosteric inhibitors of mTOR exhibited both reversal of
the AKT-dependent PIN phenotype in the MPAKT mouse model and antitumor
activity on Pten loss-induced prostate tumorigenesis and progression [41, 46].
Despite initial optimism about their potential efficacy, the clinical experience with
rapalog inhibition of mTORCI1 in CRPC is dismal, with few patients exhibiting
PSA decline and radiographic response as reported in 2 independent clinical trials
[130, 131]. Moreover, in a pharmacodynamics study of rapamycin given to men
with intermediate to high-risk localized PCa before radical prostatectomy, inhibi-
tion of p-S6, a target of mMTORCI1, was demonstrated concurrently with no change
in Ki-67 or caspase-3 cleavage in PCa samples [132]. There are several explana-
tions for the contrast in rapalog efficacy between preclinical and clinical studies. On
reason is that rapalogs do not inhibit mTORC2, which allows mTORC2 phos-
phorylation of its downstream substrate AKT at Ser473 for full activation in PCa
cells [21, 133]. Moreover, rapalogs do no directly bind to and inhibit the catalytic
core of mTOR kinase but rather act in complex with their intracellular receptor
FKBPI12 to bind to the FRB domain of mTOR to allosterically inhibit mTORC1
activity [134]. As a result, rapalogs only inhibit the phosphorylation of a limited
subset of mTORCI1 substrates, leading to insufficient negative regulation of
mTORC2 by S6K, a downstream effector of mTORCI, which further activates
AKT by elevated mTORC?2 activity [135]. Furthermore, paradoxical activation of
cell surface RTKs, such as HER2/3 and AR, by rapalog inhibition of mTOR may
also contribute to treatment resistance [65, 87, 88]. In addition, several mTORC
downstream targets, such as 4E-BP1 and associated eIF4E, may escape inhibition
by these agents and promote prostate tumorigenesis by upregulation of a number of
oncogenic pathway genes [96, 136]. These analyses provide a mechanistic rationale
for poor clinical performance of rapalogs and also suggest requirements of com-
bined mTORC1/2 inhibition for improved efficacy.

In line with various limitations seen in rapalogs, second-generation ATP-
competitive mTOR inhibitors have been recently highlighted for their potential
clinical prospect of directly targeting the ATP binding site to achieve complete
inhibition of mTOR kinase activity. These new agents include MLNO128, Torin1/2,
CC-223, OSI-027, AZD8055, AZD2014, DS-3078a, and Palomid 529 [137]. These
dual mTORC1/2 inhibitors potently inhibit full mTOR kinase activity and show
superior antitumor efficacy over allosteric mTOR inhibitors in preclinical studies.
For example, MLNO128 treatment exhibited a more significant reduction in prostate
tumor burden than everolimus in Pten-deficient mouse models, associated with
decreased proliferation and a 10-fold elevation in apoptosis as compared with
marginal changes achieved by rapalog treatment. MLN(O128 but not rapamycin
decreased the invasive potential of PC-3 cells and also downregulated expression of
a signature of metastasis-promoting genes. Importantly, mechanistic exploration
demonstrated that reprogrammed expression of these pro-invasive genes depends
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on activation of the 4E-BP1-eIF4E axis, which was sensitive to inhibition by
MLNO0128 but not rapamycin [96]. This is supported by observations that dual
mTORC1/2 inhibitors more completely inhibit 4E-BP1 phosphorylation by
mTORC1 than rapamycin, suggesting that the improved efficacy of dual
mTORC1/2 inhibitors may not be solely due to their enhanced inhibitory potency
on mTOR but also their more complete inhibition of TORC1 downstream effectors,
such as the 4E-BP1-eIF4E complex [138, 139]. As such, these pharmacologic
applications also provide new insights into the role of the PI3K/AKT/mTOR
pathway in PCa development and progression. Currently, several mTORC1/2
inhibitors, including MLNO128 (NCT01058707), CC-223 (NCTO01177397),
AZD2014 (NCTO01026402), and DS-3078a (NCT01588678), are in early-stage
clinical trials in patients with advanced solid tumors, including prostate tumors.

Dual PI3K-mTOR Inhibitors

Dual PI3K-mTOR inhibitors target the ATP site of all p110 isoforms of PI3K and
both mTOR complexes, which are expected to more completely inhibit the
PI3K/AKT/mTOR pathway and better overcome treatment resistance caused by
potential relief from feedback pathways. In preclinical studies, dual PI3K-mTOR
inhibitors BEZ235 and GDC-0980 potently inhibited signal transduction down-
stream of both PI3K and mTOR across a panel of cancer cell lines, with the greatest
potency in breast, prostate, and lung cancer cells [107, 140]. Treatment of cancer
cell lines with both agents resulted in G1 cell-cycle arrest. Moreover, GDC-0980
induced cell apoptosis in contrast to mTOR inhibitors, while BEZ235 promoted cell
death through an apoptotic or autophagic route depending on the PTEN genotype
[45, 107, 140]. These inhibitors further exhibited robust antitumor activity in mouse
models with activated PI3K or Pten loss. BEZ235 significantly reduced tumor
burden in a prostate-specific Pten-knockout mouse model of PCa as well as in a
PTEN-null PC-3M xenograft model. GDC-0980 also effectively suppressed growth
of PTEN-null PC-3 tumor xenografts with a dose proportional response [65, 107,
140]. Furthermore, combination BEZ235 and enzalutamide led to more profound
tumor regressions in both a PTEN-deficient LNCaP xenograft model and condi-
tional Pten-knockout mouse model of PCa than single agent use [65]. These studies
demonstrate potential synergy by co-targeting the PI3K/mTOR and AR signaling
pathways for better therapeutic outcomes in PCa. In phase I clinical trials of patients
with advanced solid tumors, both BEZ235 and GDC-0980 were generally well
tolerated with adverse events including fatigue, diarrhea, decreased appetite, nau-
sea, rash, mucositis, hyperglycemia, vomiting, and constipation [141, 142].
However, in a pilot phase I/II clinical trial of abiraterone acetate plus BEZ235 in
patients with metastatic CRPC, of the 6 evaluable patients on trial, three patients
experienced dose-limiting toxicity when administered with BEZ235 at a starting
dose of 200 mg twice a day, leading to termination of the trial, which suggests
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appropriate dose adjustments coupled with treatment stages are necessary for future
trials [143]. Currently, BEZ235 (NCT01634061) and GDC-0980 (NCT01485861)
are both in phase I and II clinical trials respectively for patients with CRPC as
monotherapy or in combination with abiraterone acetate.

Future Perspectives

The PI3K/AKT/mTOR pathway is undoubtedly emerging as a vital and viable
therapeutic target in PCa, which is evidenced by its frequent genomic aberrations in
clinical samples as well as encouraging results from preclinical studies and early
clinical data on pathway inhibition. Given the complexity of the PI3K/AKT/mTOR
pathway and its crosstalk with other signaling networks, which contribute to
development of treatment resistance by awakening different feedback and com-
pensatory mechanisms among signaling nodes, combination approaches
co-targeting several pathways may be worthy of further investigation to enhance the
therapeutic activities of the PI3K/AKT/mTOR pathway inhibitors. A couple of
important considerations are suggested. First, to improve the understanding of the
PI3BK/AKT/mTOR pathway in the context of tumor cells and their microenviron-
ment, we suggest designing a rational approach co-targeting both cancer cells and
their supportive microenvironment. In our experience, blocking the epigenetic
programing of MICs or the secretion of critical factors by cells in the tumor
microenvironment to recruit neighboring bystander cells by employing potent
inhibitors disrupting the activities of transcription factors can potentially revert the
phenotype of the programmed cancer cells to normalcy [29, 32-34]. Second, to
improve the delivery of targeted agents to cancer cells without enhancing toxicity to
normal organs, we have developed a platform technology based on organic
anion-transporting polypeptide-based drug delivery vehicles demonstrating specific
in vivo anti-tumor effects without interfering with normal tissues [144—147].
Another important clinical need is predictive surrogate PI3K/AKT/mTOR
pathway biomarkers to identify patients who will respond to these types of thera-
pies. Despite a growing body of preclinical work recording the responses of
PI3K/AKT/mTOR and associated pathways to different treatments, the clinical
validation of the predictive nature of these pathways has achieved limited success,
in part due to the impracticability of obtaining serial longitudinal tumor tissues,
leading to insufficient sample analysis prior to treatment initiation or upon treatment
with a new therapeutic agent, combined with the problem of tumor heterogeneity
and rapid additional genetic alterations during tumor progression. To this end,
circulating tumor cells (CTCs) and other circulating biomarkers, such as DNA,
microRNA, long non-coding RNA, may provide alternative tools for the relatively
noninvasive molecular analysis of a patient’s tumor across different progressive
stages before, during and after treatment courses. Indeed, the examination of dis-
tinct molecular phenotypes in CTCs shows their advantage of retaining dynamic
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changes in oncogenic events, such as EMT, further correlated with disease pro-
gression, which is not commonly seen in conventional tumor biopsies [148]. On the
other hand, patient-derived tumor xenograft models also provide an opportunity for
preliminary assessment of treatment response. These approaches are believed to
better address the increased need for precision medicine on an individualized basis
in therapeutically manipulated PCa patients. With the introduction of
next-generation antiandrogens including enzalutamide and abiraterone acetate,
which is expected to shape the CRPC treatment landscape for the next decade, it is
also anticipated that new phenotypes of PCa will emerge in some patients, selec-
tively induced by highly potent AR-targeted agents, such as the expression of a
treatment-related neuroendocrine PCa phenotype [149]. The mechanisms underly-
ing the development of such phenotypes remain to be determined, but it is inter-
esting to speculate on their relationship with the PI3K/AKT/mTOR pathway
considering the central role this pathway plays in the emergence of castration
resistance and developed resistance to hormonal or chemotherapeutic agents.
A number of clinical trials are currently underway to evaluate the clinical efficacy of
PIBK/AKT/mTOR pathway inhibitors as either individual or combined therapies to
treat PCa, especially advanced stages of the disease. These clinical explorations and
associated preclinical experiences will not only determine the therapeutic benefit of
these agents, leading to the transition of novel PI3K/AKT/mTOR pathway inhi-
bitors from the bench to the bedside of PCa patients, but also significantly enhance
our current understanding of PCa and drive clinically oriented scientific break-
throughs in the near future, ultimately improving the quality of life and lifespan of
patients with PCa.
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