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Abstract

The phosphoinositide-3-kinase (PI3-kinase)-Akt-mTOR pathway is a central signal transduction
pathway that regulates many critical aspects of hormal and cancer physiology, including cell
proliferation, apoptosis, cell morphology and migration, protein synthesis, and integration of
metabolism. In breast cancer, somatic mutations that activate the pathway occur in more than 50%
of tumors, underscoring the potentially broad impact of targeting the pathway for therapy. A vast
body of preclinical data demonstrates the efficacy of pathway inhibition on tumor growth, and
evidence also shows that activation of the pathway occurs in models of acquired resistance to
hormonal therapy. This preclinical work led to the investigation of allosteric mTOR inhibitors,
everolimus and temsirolimus, in metastatic hormone receptor—positive breast cancer. The recent
BOLERO-2 trial comparing everolimus plus exemestane versus placebo plus exemestane in
women with resistance to nonsteroidal aromatase inhibitors demonstrated a 6-month improvement
in progression-free survival and led to FDA approval of everolimus for this indication in the
United States. This landmark trial is the first demonstration of significant clinical benefit using
drugs targeting this pathway in breast cancer. Many questions remain about the role of everolimus
and other pathway-targeting drugs in clinical development in breast cancer treatment. This article
reviews the role of the P13-kinase-Akt-mTOR pathway in breast cancer biology and the clinical
trial evidence available to date.
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NCCN: Continuing Education

Accreditation Statement

This activity has been designated to meet the educational needs of physicians and nurses
involved in the management of patients with cancer. There is no fee for this article. No
commercial support was received for this article. The National Comprehensive Cancer
Network (NCCN) is accredited by the ACCME to provide continuing medical education for
physicians.

NCCN designates this journal-based CME activity for a maximum of 1.0 AMA PRA
Category 1 Credit(s) ™. Physicians should claim only the credit commensurate with the
extent of their participation in the activity.

NCCN is accredited as a provider of continuing nursing education by the American Nurses
Credentialing Center’'s Commission on Accreditation.

This activity is accredited for 1.0 contact hour. Accreditation as a provider refers to
recognition of educational activities only; accredited status does not imply endorsement by
NCCN or ANCC of any commercial products discussed/displayed in conjunction with the
educational activity. Kristina M. Gregory, RN, MSN, OCN, is our nurse planner for this
educational activity.

All clinicians completing this activity will be issued a certificate of participation. To
participate in this journal CE activity: 1) review the learning objectives and author
disclosures; 2) study the education content; 3) take the posttest with a 70% minimum
passing score and complete the evaluation at http://education.nccn.org/ node/21665; and
4) view/print certificate.

Learning Objectives

Upon completion of this activity, participants will be able to:
»  Describe the role of the PI3-kinase-Akt-mTOR pathway in breast cancer treatment.

e Outline the recent clinical trials for pathway-targeting drugs for the treatment of
breast cancer.

P13-Kinase-Akt-mTOR Pathway in Cancer Biology

The phosphoinositide-3-kinase (P13-kinase)-Akt-mTOR pathway is a major signaling
pathway in normal and cancer physiology (Figure 1).1:2 The class | P13-kinases consist of a
catalytic subunit (p110) and a regulatory subunit (p85). P13-kinase binds to phosphorylated
tyrosines on a variety of receptor tyrosine kinases, including epidermal growth factor
receptor (EGFR), insulin-like growth factor 1 receptor (IGF1R), insulin receptor, and HER2,
leading to activation. P13-kinase catalyzes the phosphorylation of the membrane lipid
phosphatidylinositol-4,5-bisphosphate (PIP2) to phosphatidylinositol-3,4,5-trisphosphate
(PIP3). This reaction is reversed by the lipid phosphatases PTEN and INPP4B. PIP3 recruits
pleckstrin homology domain- containing proteins to the plasma membrane, leading to their
activation. Of particular importance are the phosphoinositide-dependent kinase Pdk1 and the
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Akt family of kinases, which includes 3 closely related serine/threonine kinases: Aktl, Akt2,
and Akt3. Pdk1 phosphorylates threonine 308 and activates Akt.

A second phosphorylation event on serine 473, mediated by the mTOR-containing TORC2
complex, is required for full Akt activation. Akt then phosphorylates several substrates,
leading to pleiotropic effects on proliferation, apoptosis, differentiation, and cellular
metabolism. One of the key downstream Akt targets is the mTOR protein kinase complex.
mTOR, the mechanistic target of rapamycin, exists in 2 distinct multiprotein complexes:
MTORC1 and mTORC2. Akt phosphorylates Tsc2 and PRAS40, which relieves inhibition
of mMTORC1, leading to increased mTORC1 kinase activity. mTORCL regulates protein
synthesis and cellular metabolism through 2 major substrates: p70 ribosomal protein S6-
kinase (p70S6K) and eukaryotic initiation factor 4E binding protein 1 (EIF4EBP1). The
mTORC2 complex functions upstream of Akt, phosphorylating Akt on the serine 473
residue critical for Akt activation.

Frequent Mutational Activation of the PI3-Kinase-Akt-mTOR Pathway in

Breast Cancer

Although activation of the P13-kinase-Akt-mTOR pathway has been observed in many
different cancer types, the pathway plays an outsized role in breast cancer development,
because breast cancers have the highest rate of mutational activation of the pathway.34 The
pathway can be activated by genomic amplification or overexpression of receptor tyrosine
kinases, such as HER2, EGFR, and IGF1R. Activating mutations in the catalytic PI13-kinase
subunit PIK-3CA occur in 36% of breast cancers overall and are especially prevalent in
luminal and HER2-amplified breast cancers (29%-45%).3-6 Activating mutations in the
pleckstrin homology domain of AKT1 occur in another 3% of breast cancers, exclusively in
estrogen receptor—positive (ER+) cases.’~9 Additional mutations occur in the PI3-kinase
regulatory subunit PIK3R1 (3%), and other cancers have mutations in AKT2 or AKTS3, or
amplification of PIK3CA or AKT1-3. The tumor suppressor PTEN is mutated or deleted in
7% of breast cancers, and may also be silenced by promoter methylation. In contrast to
PIK-3CA and AKT1 mutation, PTEN loss preferentially occurs in triple-negative breast
cancers, and triple-negative cancers show evidence of strong P13-kinase pathway
activation.3 In most breast cancers, mutations in different genes in the PI3-kinase pathway
are mutually exclusive.

Preclinical Data Supporting the PI3-Kinase-Akt-mTOR Pathway as a Breast

Cancer Therapeutic Target

Multiple lines of evidence support PI3-kinase pathway activation as a driver of breast cancer
development. Individuals with germline PTEN mutations (Cowden syndrome) have an
elevated lifetime risk of breast cancer. Expression of mutant PIK3CA or constitutively
active forms of Akt in human mammary epithelial cells causes growth factor independence
and some hallmarks of cellular transformation, but is insufficient to make them fully
tumorigenic.19-12 Mice with mam-mary gland-specific knock-in of activating PIK3CA
kinase mutations develop mammary tumors.13.14
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Although the PI3-kinase pathway can activate proliferation and resistance to apoptosis
through a wide variety of mechanisms, evidence also indicates specific cross-talk between
the estrogen receptor alpha (ERa) and the PI3-kinase pathway. Rapid membrane-initiated
signaling in response to estrogen occurs in breast cancer cell lines to activate the P13-kinase
pathway. 1516 This signaling requires ERa and growth factor receptors, but does not require
ERa transcriptional activity. ERa has been shown to bind to the p85 regulatory subunit of
P13-kinase.1” Akt and the mTOR target p70S6K can phosphory-late ERa serine 167, which
increases both its ligand-dependent and ligand-independent transcriptional activity.1®

Knockdown of PTEN in ER+ breast cancer cell lines leads to endocrine resistance, and
forced expression of constitutively active forms of Akt or P13-kinase can confer estrogen-
independent growth in breast cancer cell lines.1%-21 ong-term estrogen deprivation (LTED)
culture of human ER+ breast cancer cell lines is a widely used model of estrogen
independence/antiestrogen resistance.22 Typically, these LTED lines demonstrate
upregulation of growth factor receptor tyrosine kinases and increased receptor tyrosine
kinase signaling through the P13-kinase and MAPK pathways.23:24 Pharmacologic inhibition
of the PI3-kinase pathway can inhibit the estrogen-independent growth of LTED cell lines
and resensitize these cells to hormonal therapies, including tamoxifen and aromatase
inhibitors.20:23.25-28 |n contrast, other studies have not found an increased sensitivity of
LTED cells to dual PI13-kinase/mTOR inhibitors, and LTED cultures may not accurately
model acquired tamoxifen resistance, which may occur through distinct mechanisms.2%:30

Preclinical data show that PTEN loss or PIK-3CA mutation can confer trastuzumab
resistance in HER2+ breast cancers, which can be overcome by combining trastuzumab with
either PI13-kinase, Akt, or mTOR inhibitors.31-33 Conflicting results have been reported
regarding whether PI3-kinase pathway activation predicts resistance to the dual HER2/
EGFR kinase inhibitor lapatinib.34-38 Retrospective studies have linked P13-kinase pathway
activation with shorter time to progression on trastuzumab in the metastatic setting,
decreased pathologic complete response to neoadjuvant trastuzumab and chemotherapy, and
decreased overall survival in patients treated with adjuvant trastuzumab and
chemotherapy.31:37-39 Quantitatively measuring PTEN levels in tumors using
immunohistochemistry is challenging, and methodologies differ among studies, which may
affect the strength of the reported effects of PTEN expression. Ongoing clinical trials are
exploring the use of PI3-kinase pathway inhibitors to overcome resistance to trastuzumab.40

Targeting the PI3-Kinase-Akt-mTOR Pathway

The PI13-kinase pathway can be inhibited proximally at the levels of growth factor receptors
(trastuzumab, IGF1R inhibitors, EGFR inhibitors, lapatinib), PIK-3CA (nonselective and
selective PI3K inhibitors), Akt (allosteric and kinase inhibitors of Akt), and mTOR (Figure
1). Drugs targeting mTOR include rapamycin and its analogues everolimus and
temsirolimus, which allosterically inhibit mMTORC1 only, and mTOR kinase inhibitors,
which inhibit both mTORC1 and mTORC2.4! Because rapamycin's discovery and clinical
use actually preceded the identification of its target, the clinical development of mMTOR
inhibitors has been more advanced than that of inhibitors at other levels of the pathway.
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Preclinical studies have shown that allosteric mTOR inhibitors, such as everolimus and
temsirolimus, which predominantly inhibit the TORC1 complex, can lead to increased
signaling through receptor tyrosine kinases, such as IGF1R and ERBB3.42-44 Relief of
negative feedback mediated by TORC1 through S6K and IRS1 leads to a paradoxical
increase in Akt and TORC2 activation (Figure 1). This mechanism has been hypothesized to
underpin the limited efficacy of allosteric mMTOR inhibitors in several clinical settings;
however, a similar relief of feedback has been observed using Akt inhibitors.#344 In some
studies, dual PI3K/mTOR inhibition or combining P13-kinase pathway and upstream
receptor tyrosine kinase inhibition can overcome this paradoxical response to pathway
inhibition. PIK3CA and KRAS mutations were shown to mediate sensitivity and resistance,
respectively, to everolimus in isogenic mammary epithelial cell lines, and KRAS mutations
have been shown to confer resistance to P13-kinase inhibitors in other contexts.4>46 KRAS
mutations are rare in human breast cancer, but other mechanisms that activate mitogen-
activated protein kinase signaling may confer resistance to PI3-kinase pathway inhibition.

Identification of predictive biomarkers for mTOR pathway inhibition is a work in
progress.404748 Although several phosphoprotein markers correlate with activation of the
pathway, including Akt S473 and T308, PRAS40, p70S6K, and S6, these markers have not
been consistently predictive of response to pathway inhibitors in early clinical trials. Great
interest has been shown in PI13K pathway mutations as biomarkers of inhibitor susceptibility.
Several P13-kinase and/or mTOR inhibitors show increased activity against breast cancer
cell lines with mutations in PIK3CA or mutation/loss of PTEN.91149-52 |mportantly,
mutations in the pathway may not all be functionally equivalent, and distinct mutations may
behave differently in response to particular drugs.”49-52 In addition, some tumors without
these mutations are also sensitive to pathway inhibitors.53 For this reason, some
investigators favor more systematic biomarker approaches, such as gene expression
signatures or multiprotein markers of P13-kinase pathway activation.52 Phase | studies of
P13-kinase—targeted therapies suggest an enrichment of responders in patients with
activating PIK3CA mutations,®*2> whereas other studies have found no correlation between
mutation and response, although most of these studies are underpowered.® Recently,
mutation of the TSC1 and TSC2 genes in bladder cancers was found to correlate with
clinical benefit from everolimus.>’

Clinical Trials Using mTOR Inhibitors in Breast Cancer

Studies of single-agent mTOR inhibitors in patients with pretreated metastatic breast cancer
suggested an effect primarily on disease progression, predominantly in hormone receptor—
positive and/or HER2+ patients. In a randomized phase Il trial comparing weekly versus
daily dosing schedules of everolimus for metastatic breast cancer, 4 of 33 patients in the
daily dosing arm had complete or partial responses and 15 of 33 had stable disease.58
Weekly intravenous temsirolimus at 75 or 250 mg showed modest activity as a single agent
in patients with heavily treated metastatic breast cancer (response rate, 9%; clinical benefit
rate, 13.8%), whereas a smaller study using 25 mg showed no responses but a 9.7% stable
disease rate.56:59
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A randomized phase Il trial comparing neoadjuvant letrozole versus everolimus plus
letrozole in hormone receptor—positive breast cancer showed increased response rates with
the combination.59 Biopsies performed on day 15 showed that everolimus decreased
phosphorylation of ribosomal protein S6. An exploratory analysis showed a greater
antiproliferative effect of everolimus in the subset of patients with PIK3CA helical domain
mutations.

The randomized phase 111 BOLERO-2 trial tested everolimus plus the steroidal aromatase
inhibitor (Al) exemestane versus placebo plus exemestane in women with metastatic ER+/
HER2- breast cancer that had progressed on prior therapy with nonsteroidal Als.®® The trial
was stopped early after a planned interim data analysis showed that the study had met its
prespecified end point of progression-free survival. The everolimus arm showed an increase
in response rate (7% vs 0.4%) and a significant increase in progression-free survival (10.6 vs
4.1 months by central review). A nonsignificant increase was seen in overall survival in the
everolimus arm, but overall survival data are immature. The benefit of everolimus was
consistent across subgroups divided by age, prior therapy, and sensitivity to previous
hormonal therapy. Toxicity was significant, however, and consistent with toxicity profiles
observed in other clinical trials of everolimus. Serious adverse events were more than twice
as common in the everolimus arm and more likely to be treatment-related. Leading side
effects were stomatitis (56% all grades; 8% grade 3), fatigue (33% all grades; 3% grade 3),
diarrhea (30% all grades; 2% grade 3), and rash (36% all grades; 1% grade 3). This trial led
to FDA approval of everolimus in combination with exemestane for metastatic ER+ breast
cancer previously treated with nonsteroidal Als.

In contrast, in the recently reported randomized phase 111 HORIZON trial, the combination
of oral temsirolimus and letrozole did not improve response rates or progression-free
survival when compared with letrozole plus placebo as first-line treatment for women with
locally advanced or metastatic ER+ breast cancer.2 A key difference between the trial
populations is that none of the patients in HORIZON had any prior Al exposure, although
approximately 40% had received adjuvant tamoxifen, whereas BOLERO-2 participants
essentially all experienced disease progression on prior nonsteroidal Al therapy. This
difference is reflected in the response rates seen in the Al-plus-placebo arms: 27% in
HORIZON and 0.4% in BOLERO-2. The median progression-free survival of both arms in
HORIZON was 9 months, more than double that of the placebo arm in BOLERO-2, which
reflects the benefit of active hormonal therapy in this Al-naive group. Another difference
between the trials is the choice of mMTOR inhibitor and the use of oral rather than
intravenous temsirolimus. Although differences between everolimus and temsirolimus could
account for the disparate results, the response rates in the everolimus arm of BOLERO-2 are
not very different from those seen with temsirolimus as a single agent, although this study
used intravenous temsirolimus.>® Toxicities in the temsirolimus arm of HORIZON were
similar to those reported in the everolimus arm of BOLERO-2 and in studies of intravenous
temsirolimus, suggesting that orally dosed temsirolimus was likely hitting its targets.

The TAMRAD trial was a phase Il trial of 111 patients that compared tamoxifen versus
tamoxifen plus everolimus in patients with metastatic ER+/ HER2- breast cancer who had
undergone prior Al therapy.%3 The everolimus combination arm had a 6-month clinical
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benefit rate (the primary end point) of 61% versus 42% for the tamoxifen-only arm. Death
occurred in 16 (30%) patients in the everolimus arm versus 31 (54%) in the tamoxifen-only
arm, a 55% reduction in the risk of death, although this analysis was exploratory. An
exploratory subgroup analysis suggested that the benefit of everolimus accrued mainly to
patients with secondary hormone resistance, defined as those whose disease either relapsed
more than 6 months after stopping adjuvant Als or responded for at least 6 months to Als in
the metastatic setting. Although the patients were stratified according to these subgroups, the
number in each group was small, and these results also can only be viewed as hypothesis-
generating. In the everolimus arm, 35% of patients dose-reduced or discontinued therapy
because of side effects.

BOLERO-1 is an ongoing phase I11, randomized, double-blind, placebo-controlled trial
comparing paclitaxel and trastuzumab with or without everolimus as first-line therapy for
metastatic or locally advanced HER2+ breast cancer, and BOLERO-3 is comparing
vinorelbine and trastuzumab with or without everolimus in the same population. Several
phase Il trials accruing in the United States are testing everolimus in combination with
chemotherapy or fulvestrant, trastuzumab, or lapatinib in varied patient populations.
(Clinical trial identifiers for currently open trials discussed in this article are available at
ClinicalTrials.gov.) The planned Southwest Oncology Group/National Surgical Adjuvant
Breast and Bowel Project S1207 phase 111 trial will evaluate the addition of 1 year of
everolimus to standard adjuvant hormonal therapy in high-risk ER+/HER2- breast
cancers.54 Other trials, mostly in phase I or Il, are investigating other P13-kinase pathway—
targeted drugs alone or in combination with hormonal therapies or HER2-targeted therapies
(Table 1). A phase Il trial is randomizing Al-refractory patients to fulvestrant plus either
placebo or BKM120, an oral pan-class | PI3-kinase inhibitor. An allosteric Akt inhibitor
MK-2206 is being tested in combination with either chemotherapy or hormonal therapy in
several phase | and Il trials. The mTOR kinase inhibitor AZD2014, which inhibits both
TORC1 and TORC2, unlike everolimus and other allosteric mMTOR inhibitors, is in phase |
testing in combination with fulvestrant. Some of these trials are screening tumors for P13-
kinase pathway mutations.

Despite the large progression-free survival benefit in BOLERO-2, questions remain about
the role of mTOR inhibitor therapy in clinical practice. First, although it is hypothesized that
everolimus reverses endocrine resistance in these patients, this has not been proven, because
BOLERO-2 and all other studies of Al plus everolimus lacked an everolimus-only arm. One
cannot directly compare the activity of everolimus in BOLERO-2 with the activity of single-
agent temsirolimus or everolimus in smaller phase 11 trials because of differences in levels
of pretreatment and patient demographics. Second, these targeted therapies are toxic and
certainly represent a signifi-cant decrement in quality of life for patients compared with
endocrine therapy, as reflected in the greater discontinuation rates in the mTOR inhibitor
arms of all of the trials discussed herein. This raises the question of whether adding an
mTOR inhibitor is comparable to using traditional cytotoxic chemotherapy after the
development of endocrine resistance. Furthermore, women who experience disease
progression after Al therapy have other endocrine therapy options, such as fulvestrant and
potentially tamoxifen.
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Many questions remain to be answered by ongoing and future clinical trials and further basic
and translational research. Is the role of mMTOR inhibition limited to acquired hormonal
therapy resistance? Despite frequent baseline mutational activation of the PI3-kinase
pathway in ER+ tumors, initial endocrine therapy may select for increased dependence on
P13-kinase signaling, which could explain the more favorable results seen in BOLERO-2
and TAMRAD versus HORIZON. Reliable biomarkers of pathway dependence are needed.
Will targeting mTOR or the PI3-kinase pathway in general prevent or reverse trastuzumab
resistance in patients with HER2+ breast cancer? Will P13-kinase inhibitors, dual P13-
kinase/mTOR inhibitors, mTOR kinase inhibitors, or Akt inhibitors show similar activity in
ER+ breast cancers resistant to Als or other hormonal therapies? Will inhibition of this
pathway produce any benefit in triple-negative breast cancers? Can patients most likely to
benefit from everolimus and other PI3-kinase pathway—targeting drugs be selected using
mutational or phosphoprotein biomarkers? How should everolimus be sequenced with other
available therapeutic options to optimize survival and quality of life? These questions
present current and future challenges for researchers to address over the next few years as
progress continues toward molecularly targeted breast cancer therapies.
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Figure 1.
The phosphoinositide-3-kinase-Akt-mTOR pathway. Green arrows indicate activation or

positive regulation, red bars indicate inhibition. Red lightning bolts indicate genes frequently
mutated in human breast cancers. Blue rectangles depict drugs either approved or being
evaluated in clinical trials for breast cancer, and the targets they inhibit (black bars). For
simplicity, other targets of Akt are not shown. P, phosphorylation; RTK, receptor tyrosine

J Natl Compr Canc Netw. Author manuscript; available in PMC 2014 July 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Lauring et al.

Table 1

Page 14

Drugs Targetting the P13-AKT-m TOR Pathway Currently in Clinical Trials for Breast Cancer

Drug

Class

Study Population(s)

Common Toxicities

Everolimus (RAD-001)

Temsirolimus

AZD2014

MK-2206

AZD5363
Triciribine

GDC-0941

BKM120

BAY80-6946
XL147

BYL719

XL765

BEZ235

GDC-0980

Ridaforolimus (MK-8669)

Allosteric mTOR inhibitor

Allosteric mTOR inhibitor

Allosteric mTOR inhibitor

mMTOR (TORC1/2) kinase inhibitor

Allosteric Akt inhibitor

Akt kinase inhibitor
Akt inhibitor
PI3-kinase inhibitor

P13-kinase inhibitor

P13-kinase inhibitor

P13-kinase inhibitor

P13-kinase/PIK3CA- specific inhibitor

Dual P13-kinase/ mTOR inhibitor

Dual P13-kinase/ mTOR inhibitor

Dual P13-kinase/ mTOR inhibitor

Adjuvant HR+; locally advanced/
metastatic, HER2+; advanced
HER2-; neoadjuvant

HER2+ or TN
Advanced/metastatic HR+/HER2-

Advanced/metastatic HR+

HR+ neoadjuvant and advanced;
preoperative biomarker, all
subtypes; advanced HER2+

Advanced/metastatic, all subtypes
Neoadjuvant; advanced HER2-

Advanced/metastatic HR+,
HER2+, TN

Advanced/metastatic HR+ or TN;
neoadjuvant HER2+;

preoperative biomarker; advanced
HER2+ resistant to trastuzumab

Advanced/metastatic

Advanced/metastatic HR+;
advanced/metastatic HER2+
progressing on trastuzumab

Advanced/metastatic HR+
Advanced/metastatic HR+
HER2+; preoperative biomarker;

advanced/ metastatic HER2-

Advanced/metastatic HR+

Fatigue, stomatitis, diarrhea, rash®®

Fatigue, stomatitis, diarrhea, rash®?

Fatigue, stomatitis, anorexia, diarrhea,
nausea®s

Fatigue, stomatitis, anorexia, diarrhea,
nausea®®

Rash, nausea, pruritus, hyperglycemia,
diarrhea®’

Not reported

Hyperlipidemia, hyperglycemia, fatigue®®

Fatigue, nausea, diarrhea, rash, transient
hyperglycemia%?

Fatigue, rash, nausea, mood alteration,
hyperglycemia™

Not reported

Rash, hyperglycemia®®

Hyperglycemia, nausea, vomiting,
diarrhea, anorexia’®

Nausea, diarrhea, anorexia, rash, elevated
LFTs8

Nausea, vomiting, diarrhea, fatigue,
anemia®®

Nausea, fatigue, diarrhea®®

Abbreviations: HR, hormone receptor; LFTs, liver function tests; TN, triple-negative. Only trials that are currently open are listed (identifiers are
available at ClinicalTrials.gov). Drugs being evaluated in phase | for multiple solid tumor types may not be listed. With the exception of the mTOR
inhibitors, most toxicity data is from phase I studies.
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