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The PI3K Pathway as a Therapeutic Target in Breast Cancer
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Abstract

The phosphatidylinositol-3-kinase (PI3K)/Akt/mammalian
target of rapamycin (mTOR) signaling pathway is
crucial to many aspects of cell growth and survival. The
recognition of its importance in tumorigenesis and cancer
progression has led to the development of a number of
agents that target various components of this pathway
as cancer therapeutics. Promising results with these
agents have been observed in the treatment of advanced
estrogen receptor—-positive (ER+) breast cancer. However,
the therapeutic efficacy of single-agent PI3K pathway
inhibitors is likely limited by feedback regulations
among its pathway components and crosstalk with
other signaling pathways. There are ongoing efforts to
investigate predictors of response and mechanisms of
treatment resistance.
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Function of PI3K Pathway and Alterations in Breast Cancer

Class I phosphatidylinositol-3-kinases (PI3Ks) are heterodimers
of a 110 KD catalytic subunit (p110a, p110B, p110y or p1105)
and a regulatory subunit, which receive activation signals
from receptor tyrosine kinases (RTKs), RAS, and G protein-
coupled receptors (Figure 1).' Activated PI3K catalyzes the
conversion of phosphatidylinositol bisphosphate, PI(4,5)P2, to
phosphatidylinositol triphosphate, PI(3,4,5)P3, which recruits
(PDK1) and protein
kinase B, also known as AKT, leading to a cascade of signaling

phosphoinositide-dependent kinase-1

events that regulate cell survival, proliferation, metabolism,
motility, and genomic stability.! This pathway is also important in
regulating tumor-associated immune response and angiogenesis.?
in PI3K pathway
components, including activating mutations in PIK3CA,
the gene encoding the pll0o catalytic subunit of PI3K,
and AKTI,
silencing of phosphatase and tensin homolog (PTEN), the

Genetic or epigenetic alterations

and loss-offunction mutations or epigenetic

negative regulator of the pathway, are commonly observed
in cancer, leading to activation of PI3K pathway signaling. In
estrogen receptor-positive (ER+) breast cancer, mutations in
PIK3CA represent the most common genetic events, occurring
at a frequency of 30% to 50%. Less commonly observed
are mutations in PTEN (2% to 4%), AKT1 (2% to 3%), and
phosphatidylinositol-3-kinase regulatory subunit alpha (PIK3R1:
1% to 2%).>* Similar findings were observed in HER2-positive
breast cancer.* In contrast, triple-negative breast cancer (TNBC)
is associated with a lower incidence of PIK3CA mutations
(<10%), but much higher frequency of loss of PTEN (about 30%
to 50%).* The frequent occurrence of PI3K pathway activation
makes it an attractive therapeutic target in breast cancer.

Targeting the PI3K Pathway in ER+ Breast Cancer

The importance of PIK3CA mutation in the etiology of ER+
breast cancer is supported by several lines of evidence. A majority
of the mutations, including the 3 hotspot mutations E542K,
E545K, and H1047R, are missense “activating” mutations that
cluster in the evolutionarily conserved accessory domain and
the kinase domain.” The oncogenic property of the common
PIK3CA mutations was demonstrated by their ability to induce
cellular transformation and xenograft tumor formation when
overexpressed in mammary epithelial cells.%” In preclinical
studies, cancer cells carrying PIK3CA mutation depend on the
alpha catalytic subunit of PI3K for cell growth.® Although the
presence of PIK3CA mutation in ER+ breast cancer has not
been associated with de novo resistance to endocrine therapy,’
upregulation of PI3K pathway signaling has been observed in
tumor cells grown under longterm estrogen deprivation in
experimental models.”® In clinical samples, higher PI3K activity,
based on the levels of phosphorylated forms of AKT, mammalian
target of rapamycin (mTOR), glycogen synthase kinase 3 (GSK3),
and the ribosomal protein S6 kinase (S6K), and loss of PTEN
was associated with a lower ER level and with luminal B
status.! Importantly, a synthetic lethal interaction, or synergistic
apoptotic induction, was observed between estrogen deprivation
and inhibition of PI3K, either molecularly by knockdown of
PIK3CA or pharmacologically with inhibitors of PI3K or AKT,
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FIGURE 1. PI3K Pathway Signaling
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Class IA PI3K is composed of a p85 regulatory subunit and

a p110 catalytic subunit. The inhibitory effect of p85 on

the catalytic subunit is released following activation of the
receptor tyrosine kinase by ligand binding, or by RAS. PI3K
converts phosphatidylinositol bisphosphate, PI(4,5)P2, to
phosphatidylinositol triphosphate, PI(3,4,5)P3, which serves

as the docking sites for the membrane localization of the PH
domain-containing molecules including phosphoinositide-
dependent kinase-1 (PDK1) and AKT. PDK1 phosphorylates
AKT at threonine 308. Mammalian target of rapamycin complex
2 (mTORC2) phosphorylates AKT at serine 473, leading to

full activation of AKT, which phosphorylates and inhibits
tuberous sclerosis complex, causing accumulation of Rheb

GTP and activation of mammalian target of rapamycin complex
1 (mTORC1). S6 kinase (S6K1) and eukaryotic translation
initiation factor 4E-binding protein 1 (4E-BP1) are important to
protein synthesis. AKT also phosphorylates glycogen synthase
3B (GSK3B), Bcl-2-associated agonist of cell death (BAD), the
forkhead transcription factors (FOXO), and other molecules.
Phosphatase and tensin homolog deleted on chromosome 10
(PTEN) dephosphorylates PI(3,4,5)P3 to the inactive diphosphate
form, while inositol polyphosphate 4-phosphatase type II
(INPP4B) removes the phosphate group at position 4 of the
inositol ring from the inositol 3,4-bisphosphate, thus negatively
regulating the PI3K pathway. In addition, a negative feedback
loop exists between mTORC1 and AKT through S6K1 induced
IRS1 phosphorylation.

in ER+ breast cancer cell lines.®"? These studies provided the
rationale for combining endocrine therapy and inhibitors of
PI3K pathways in ER+ breast cancer.

Initial success from combing endocrine therapy with inhibitors
against the PI3K pathway was demonstrated in clinical trials of
rapamycin analogues for the treatment of advanced ER+ breast

cancer resistant to an aromatase inhibitor (AI). These agents
inhibit the activity of mTORCI1 by interacting with FKBP12.
In the TAMRAD trial, a randomized phase 2 trial of tamoxifen
with or without everolimus in 111 postmenopausal women with
Alresistant, ER+, advanced breast cancer, the combination arm
was associated with a significantly improved progression-free
survival (PFS; 4.5 vs 8.6 months; hazard ratio [HR] = 0.54; P
=.002) and overall survival (OS).”® Similarly, BOLERO-2, a phase
3 trial of exemestane in combination with either everolimus
or placebo in postmenopausal women with advanced ER+,
HERZ-negative (HER2-) breast cancer resistant to letrozole or
anastrozole, demonstrated a significant improvement in PFS (3.2
months in the placebo/exemestane arm vs 7.8 months in the
everolimus/exemestane arm; HR = 0.45; P <.0001),"*" leading
to FDA approval of this combination in Al-resistant, advanced
ER+ disease. However, the OS was no different in both arms
(26.6 months in the placebo/exemestane arm vs 31 months
in the everolimus/exemestane arm; HR = 0.89; P =.14)."" The
OS data were disappointing; however, this may not be too
surprising, as rapalogs lack the ability to inhibit mTORC2,
leading to feedback upregulation of AKT activity and treatment
failure.’® Nonetheless, the improvement in PFS is meaningful,
and everolimus remains a treatment option for the Al-resistant
population.

Everolimus was also combined with fulvestrant in a single-
arm, phase 2 trial in Al-resistant, metastatic, ER+ breast cancer.”
Among the 31 evaluable patients, the objective response rate was
13% and the clinical benefit rate was 49%, with median time
to progression (TTP) of 7.4 months, suggesting clinical efficacy.
However, a randomized trial is required to define the activity of
this combination in Al-resistant, ER+ breast cancer.

A number of agents that target the PI3K pathway (Table
1), including mTOR kinase inhibitors, direct PI3K or AKT
inhibitors, and dual inhibitors of PI3K and mTOR, are in clinical
development and have the potential to more effectively inhibit
the PI3K pathway than rapamycin analogues.® The mTOR
kinase inhibitors and AKT inhibitors are in early phases of
clinical trial development, while PI3K inhibitors have advanced
to phase 3 trials and have shown promise in early-phase trials for
ER+ disease.”

PI3K inhibitors are classified into pan-PI3K inhibitors and
isoform-specific inhibitors, depending on their specificities to the
4 isoforms of the p110 catalytic domain, p110a, p110B, p110y,
and p1103. Isoform-specific inhibitors may have the advantage
of more effective isoform inhibition at tolerable doses than pan-
PI3K inhibitors. However, patient selection may be particularly
important for these agents, as cancers may rely on different
p110 isoforms for cell growth. For example, p110a is critical for
PIK3CA-mutant breast cancers, while p110B appears to be
particularly important for those with loss of PTEN. Therefore,
p110a-specific inhibitors may not be effective in tumors deficient
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of PTEN.

Early trials of PI3K inhibitors have shown promising activity
in ER+ breast cancer. In a phase 1b study of buparlisib, a
pan-PI3K inhibitor, plus letrozole in patients with metastatic
ER+ breast cancer refractory to endocrine therapy, 16 of 51
patients (31%) enrolled in the study derived clinical benefit
(lack of disease progression, >6 months).”” Buparlisib has also
been combined with fulvestrant, with activity observed in a
phase 1 trial that enrolled patients with metastatic ER+ breast
cancer.” The combination of buparlisib and fulvestrant is being
evaluated in phase 3 trials, including BELLE-2 (NCT01610284)
for Alresistant, metastatic, ER+ breast cancer, and BELLE-
3(NCT01633060) for Al-resistant, metastatic, ER+ breast cancer
that has progressed on or after a mTOR inhibitor.

Pictilisib is the first pan-PI3K inhibitor for which results of
randomized trials in ER+ breast cancer have been reported.??
OPPORTUNE is a preoperative window study that randomized
75 postmenopausal patients with newly diagnosed, operable,
ER+, HER2-negative breast cancer at a 2:1 ratio to receive 2-week
preoperative treatment with anastrozole plus pictilisib (n = 49,
44 evaluable) or anastrozole alone (n = 26, all evaluable), with
the primary endpoint of inhibition of tumor-cell proliferation,
as measured by change in Ki67 expression at surgery following
2-week treatment.”’ A higher degree of Ki67 suppression was
observed with the combination therapy (83.8%) compared with
anastrozole alone (66%; P =.004), indicating a superior efficacy
of the combination arm.? The FERGI phase 2 study of pictilisib
plus fulvestrant versus fulvestrant plus placebo in patients with
Alresistant, ER+, advanced or metastatic breast cancer was
reported at the 2014 San Antonio Breast Cancer Symposium
(SABCS). The median PFS was 5.1 months (fulvestrant + placebo
arm) vs 6.6 months (fulvestrant + pictilisib arm; P =.0959),
which did not differ statistically. However, in the progesterone
receptor-positive (PR+) subgroup, the addition of pictilisib to
fulvestrant resulted in an improvement of PFS from 3.7 months
to 7.4 months (HR = 0.440; 95% CI, 0.281-0.689).%* In this trial,
dose reductions of pictilisib due to skin and gastrointestinal (GI)
toxicities were frequent, and few patients experienced the on-
target side effect of PI3K inhibition with hyperglycemia, arguing
that perhaps the dose of pictilisib might not have been optimal.
We await the release of the BELLE2 data, which is anticipated
early 2015, and data from other trials of isoform-selective PI3K
inhibitors to define the role of various PI3K inhibitors in the
treatment of ER+ breast cancer.

Targeting the PI3K Pathway in HER2-Positive Breast Cancer

It is well established that HER2-amplified tumors show significant
dependence on the PI3K pathway, and the antitumor effect of
HER2-targeted agents is at least in part mediated by inhibition of
PI3K pathway activity.”’ Preclinical data demonstrated that the
presence of PIK3CA mutations in HER2-positive breast cancer

TABLE 1. PI3K Pathway Inhibitors in Clinical Trials

Rapalogs

RADOO1 (everolimus)
CCI-779 (temsirolimus)
AP23573 (deforolimus)

mTOR kinase inhibitors

MLNO 128
AZD2014
0SI-027
CC-223

Pan-PI3K inhibitors

GDC-0941 (pictilisib)
BKM 120 (buparlisib)
XL147

PX-866

BAY 80-6946
CH5132799

p110a-specific PI3K inhibitors

BYL719 (alpelisib)

MLN1117

GDC-0032 (taselisib, p110b sparing,
also targets p110g and d)

p110p-specific PI3K inhibitors

AZD8186
SAR260301
GSK2636771

Dual PI3K/mTOR inhibitors

BEZ235
BGT226
XL765
GDC-0980

AKT inhibitors

Perifosine

MK2206

XL418

GDC-0068 (ipatasertib)
GSK2141795
GSK2110183
AZD5363

uncouples HER2 and PI3K signaling, rendering tumor cells
resistant to HER2-targeted agents such as trastuzumab, while
dual targeting of the HER2 and PI3K pathways was effective in
overcoming trastuzumab resistance.??

However, addition of the mTOR inhibitor everolimus to
trastuzumab-containing chemotherapyregimens for the treatment
of metastatic HER2+ breast cancer has led to disappointing results
in clinical trials. In the setting of the treatment of trastuzumab-
and taxane-resistant metastatic HER2+ breast cancer, addition of
everolimus to the combination of trastuzumab and vinorelbine
led to a statistically significant but small improvement in median
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TTP (7.0 months with everolimus vs 5.8 months without
everolimus; P <.01) in the randomized phase 3 BOLERO-3 trial,
reported at the 2014 American Society of Clinical Oncology
Annual Meeting.?* In the firstline metastatic setting, addition
of everolimus to the combination of trastuzumab and paclitaxel
showed no improvement in PFS (14.95 months with everolimus
vs 14.49 months without everolimus) in the phase 3 BOLERO-1
trial, reported at the 2014 SABCS.? However, in both trials, the
ER-negative (ER-) population derived more benefit, arguing the
potential role of everolimus in the ER- population.

Clinical trials of other PI3K pathway inhibitors are under
way for the treatment of HER2+ breast cancer.”® In a phase 1b
trial of buparlisib plus trastuzumab in patients with HER2+
advanced or metastatic breast cancer that progressed on
trastuzumab-based therapy, the combination was well tolerated;
at the recommended phase 2 dosage, there were 2 (17%) partial
responses and 7 (58%) patients had stable disease (>6 weeks),
suggesting clinical activity.”” A phase 2 study of this combination
is ongoing to define the role of PI3K inhibitors in the treatment
of HER2+ breast cancer.

Targeting the PI3K Pathway in TNBC

The potential role of the PI3K pathway in the pathogenesis of
TNBC is supported by the frequent detection of PTEN loss and
the evidence of activated PI3K pathway signaling in this subtype
of breast cancer in an analysis of The Cancer Genome Atlas
(TCGA) samples.* In preclinical studies, inhibitors against mTOR
and AKT induced growth arrest of patient-derived xenograft
(PDX) models of TNBC.? In addition, in the phase 1 study of
single-agent BKM 120, a pan-PI3K inhibitor, a partial response
was observed in a patient with TNBC.? Further preclinical and
clinical studies that define the role of PI3K in TNBC are under
way. However, frequent mutations or copy number changes in
genes important for cell cycle arrest or apoptosis, such as RB,
MYC, and TP53, likely limit the antitumor activity of PI3K
pathway inhibitors in this tumor type. Rational combination
therapies likely are needed. Of particular interest is the discovery
that the PI3K pathway plays an important role in maintaining
the genomic stability, and that inhibitors of the PI3K pathway
may increase DNA damage and sensitize TNBC to inhibitors
of poly ADP ribose polymerase (PARP).***! The combination of
inhibitors against PI3K and PARP is being tested in clinical trials
for the treatment of advanced TNBC.

Adverse Events of PI3K Pathway Inhibitors

In general, PI3K pathway inhibitors including mTOR, AKT, and
PI3K inhibitors have been shown to be well tolerated. Common
adverse events (AEs) associated with everolimus include stomatitis,
rash, fatigue, GI side effects, pneumonitis, and hyperglycemia.
However, most of these AEs are grade 1 and 2. Among these
AEs, stomatitis is the most common cause for dose interruption,/

dosage adjustment. In the BOLERO 2 trial, stomatitis occurred
in 59% of patients (8% grade 3).*? Everolimus-induced stomatitis
often presents as aphthouslike ulcers that develop acutely
within the first 2 weeks of treatment and quickly resolves with
dose interruption. Prophylactic measures to promote good oral
hygiene are recommended, including the use of a soft toothbrush
that is changed on a regular basis; daily flossing; frequent rinsing
with bland rinses such as sterile water, normal saline, or sodium
bicarbonate. Avoidance of acidic, spicy, and hard or crunchy
foods and alcoholic mouthwash are highly recommended.
In addition, close follow-up of patients after initiation of
treatment with dose interruption and dosage reduction after
resolution is important.”’ In contrast to stomatitis associated
with chemotherapy or radiation therapy, everolimus-induced
stomatitis has an inflammatory component. The use of topical
high-potency corticosteroids (eg, dexamethasone 0.1 mg/mL;
clobetasol gel 0.05 %), topical nonsteroidal anti-inflammatories
(eg, amlexanox 5 % oral paste), and topical anesthetics (“miracle”
or “magic” mouthwashes typically containing lidocaine viscous,
diphenhydramine, and an antacid such as aluminum hydroxide
or magnesium hydroxide) are recommended.?**

In clinical trials of PI3K inhibitors, common AEs included
hyperglycemia, GI toxicity, fatigue, transaminitis, and skin
rash.”?? Mood disorder was also seen in trials of buparlisib.
Hyperglycemia is an on-target side effect of PI3K inhibition,
as a result of more sustained inhibition of p110a, and is often
manageable with metformin.'*?? It remains to be determined
whether isoform-specific inhibitors are more advantageous in
widening the therapeutic window of PI3K inhibitors.

Predictors of Response

The identification of genetic predictors of response to PI3K
pathway inhibitors has been complicated by the presence of a
multitude of genetic or epigenetic alterations of the pathway
components and the lack of relevant tumor specimens.** Single-
gene alterations such as PIK3CA mutation have not been
predictive of treatment response in studies of everolimus and pan-
PI3K inhibitors."” In an effort to identify the target population of
everolimus, archival tumor specimens from patients enrolled in
the BOLERO-2 trial were subjected to targeted next-generation
sequencing (NGS) of 182 cancerrelated genes. No correlation
with PFS was observed with each of the 9 genes with a mutation
rate >10% (eg, PIK3CA, FGFR1, and CCNDI), or when less
frequently mutated genes (eg, PTEN, AKTI) were included in
their respective pathways.** However, most of the archival tumor
specimens analyzed were obtained from the primary rather than
the metastatic disease. Hypothetically, RNA or protein signatures
that measure the signaling output of the PI3K pathway could
be more informative. However, there is no established clinical
assay for this approach at this time. Limited protein markers of
PI3K pathway activity were evaluated in the translational study of
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TAMRAD, in which p4EBP1, LKB1, or PI3K protein expression
were found to be predictive of everolimus benefit.” Larger
studies are needed to confirm the results. At this time, there are
no established biomarkers available for patient selection.
Similarly, in clinical trials of pan-PI3K inhibitors, PIK3CA
mutation or PTEN status has not been associated with the
antitumor response in clinical trials.'”?"?? Interestingly, in the
neoadjuvant pictilisib trial, luminal B cancers derived more
benefit from the addition of pictilisib in Ki67 suppression.! An
exploratory subgroup analysis in the FERGI trial demonstrated
that addition of pictilisib to fulvestrant significantly improved
PES in the subgroup of patients with PR+ tumors.”2 However,
these results need to be validated in other trials. Perhaps isoform-
specific inhibitors are more likely to function in genetically
defined populations based on their mechanisms of action.

Combination Treatment Strategies

The antitumor activity of single-agent PI3K pathway inhibitors
is likely limited due to the presence of feedback loops within
the PI3K pathway and crosstalk between PI3K pathway and
signaling pathways. Successful tumor control likely demands
combination therapy approaches. Based on preclinical data,
potential candidate partners include inhibitors against RTKs,
MEK, MYC, PARP, or the STAT3 pathway, and strategies to
enhance autophagy and apoptosis (Table 2).® Inhibition of
the PI3K pathway leads to FOXO nuclear accumulation that
upregulates the expression of RTK.***7 Examples of ongoing
clinical trials that target both the RTK and PI3K pathways
include HERZ2-targeted agents in combination with PI3K
inhibitors in HER2+ breast cancer.”® However, combining RTK
inhibitors with PI3K pathway inhibitors may be challenging, as
several RTKs could be upregulated. An alternative approach is to
combine PI3K pathway inhibitors with inhibitors of the RAS/
RAF/MEK/ERK cascade, as both mediate RTK signaling and
promote cell survival and proliferation. The extensive crosstalk
between these 2 pathways has been demonstrated in preclinical
studies. PI3K pathway inhibition activates ERK,* while MEK
inhibition increases AKT activity.* Clinical trials are ongoing
to test the tolerability of this strategy.” Data indicated increased
toxicity with dual blockade of the PI3K and MEK pathways, but
treatment could be particularly effective in tumors with genetic
alterations in both pathways.* Inhibitors of bromodomain and
extraterminal domain (BET), which regulate the transcription
level of MYC, may be reasonable approaches in tumors with
MYC overexpression, as it has been shown to confer resistance
to PI3K pathway inhibitors.” BCL2 family proteins produce
an antiapoptotic effect by maintaining mitochondrial integrity.
Preclinical evidence supports the use of BCL2 antagonists,
to prime for mitochondrial death, in combination with PI3K
pathway inhibitors.**

TABLE 2. Potential Targets for Combination
Therapy With PI3K Pathway Inhibitors

Target for Combination
Therapy

Examples

HER2, EGFR, IGF-1R, FGFR

Hormonal therapy

Receptor tyrosine kinases

Estrogen receptor

MEK MEK inhibitor

MYC BET inhibitor

PARP PARP inhibitor

Autophagy Inducers of autophagy

BCL2 BCL2 inhibitor

STAT3 JAK2 inhibitor
Conclusion

The PI3K pathway is an important therapeutic target in breast
cancer. In ER+ breast cancer, initial success has been observed
with mTOR inhibitors. In addition, clinical trials of mTOR
kinase inhibitors and direct inhibitors of PI3K and AKT, which
potentially inhibit the pathway more effectively, are ongoing.
However, as single agents, the antitumor activity of PI3K pathway
inhibitors is likely limited as a result of feedback regulation and
crosstalk with RTK and other signaling pathways. Strategies that
combine PI3K pathway inhibitors with inhibitors against RTKs,
or inhibitors against MEK, MYC, PARP, or STAT3 pathways, or
agents that activate autophagy and apoptosis machineries, are
being explored. In addition, there is continued effort to identify
resistance mechanisms and predictors of therapeutic response.
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