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Introduction
It is estimated that one in eight women will be 
diagnosed with breast cancer during their life-
time. Even though advances in cytotoxic chemo-
therapy and targeted therapies in the past few 
decades have led to improved survival rates, 
more than 40,000 patients die from breast can-
cer annually in the USA [Siegel et al. 2013]. The 
phosphoinositide 3 kinase (PI3K)/Akt/mamma-
lian (or mechanistic) target of rapamycin 
(mTOR) pathway has been associated with 
resistance to endocrine therapy, human epider-
mal growth factor receptor 2 (HER2)-directed 
therapy and cytotoxic therapy in breast cancer 
[Nahta, 2012; Paplomata and O’Regan, 2013]. 
Multiple inhibitors of the PI3K/Akt/mTOR 
pathway are in preclinical development or are 
already in clinical trials. There are promising 
data indicating that rapalogs or inhibitors of 
PI3K/Akt are active in breast cancers. Everolimus 
is a rapamycin analog and inhibitor of mTOR, 
which is currently the only compound approved 
for the treatment of hormone receptor (HR)-
positive, HER2-negative metastatic or locally 
advanced breast cancer.

The PI3K/Akt/mTOR pathway
PI3K/Akt/mTOR is a major intracellular signal-
ing pathway, which responds to the availability of 
nutrients, hormones and growth factor stimula-
tion and has been well established to play a very 
significant role in tumor cell growth and prolifera-
tion. The central role in this pathway is played by 
the PI3K heterodimer, which belongs to the class 
IA of PI3Ks. The heterodimer consists of two 
subunits, with the regulatory subunit (p85) regu-
lating the activation of the catalytic subunit 
(p110) in response to the absence or presence of 
upstream stimulation by growth factor receptor 
tyrosine kinases (RTKs) [Cantley, 2002]. Each 
subunit has different isotopes in mammals and 
their respective genes encode these. Namely, 
p110α, p110β and p110δ subunits are encoded 
by PIK3CA, PIK3CB and PIK3CD, while the 
regulatory subunit is encoded by PIK3R1, 
PIK3R2, PIK3R3 [Engelman et al. 2006].

The PI3Ks phosphorylate phosphatidylinositol 
4,5 bisphosphate, or PIP2, to phosphatidylinositol 
3,4,4-triphosphate, or PIP3, which in turn leads 
to the phosphorylation of Akt, a serine/threonine 
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kinase, which has impact on cancer cell cycling, 
survival and growth [Zhao and Vogt, 2008]. 
Phosphatase and tensin homolog deleted on chro-
mosome ten (PTEN) is an important tumor sup-
pressor, which has the opposite action and 
dephosphorylates PIP3 into PIP2 [Maehama and 
Dixon, 1998]. The loss of PTEN and PIK3CA 
mutations, which most commonly involve exons 9 
and 20, are among the most common aberrations 
seen in human malignancies, including breast 
cancer [Samuels and Velculescu, 2004; Cancer 
Genome Atlas Network, 2012]. It has been 
recently suggested that Akt-independent activa-
tion of the PI3K pathway can occur and that Akt-
independent PIK3CA mutations can lead to 
tumorigenesis [Zhang et  al. 2012; Bruhn et  al. 
2013].

mTOR is a serine/threonine protein kinase, which 
is found downstream of PI3K and Akt. mTOR 
refers to two different complexes, mTORC1 and 
mTORC2, which have different modes of action. 
mTORC1 is the target of rapamycin and rapamy-
cin analogs. Even though mTORC1 is much bet-
ter studied and characterized, now it is also 
believed that mTORC2 is inhibited by these 
agents in sufficient doses and that it also affects 
cell metabolism and cancer cell growth (Figure 1) 
[Sarbassov et al. 2006; Wander et al. 2011].

mTORC1 is a complex which consists of Raptor, 
mLST8 and proline-rich Akt substrate 40 
(PRAS40). mTORC1 is activated by Akt via the 
inhibition of tuberous sclerosis 1/2 (TSC1/2), a 
tumor suppressor and heterodimer of tuberin and 

Figure 1. Illustration of the PI3K/Akt/mTOR pathway. The PI3K/Akt/mTOR pathway is a major intracellular 
network that leads to cell proliferation. The activation of Akt inhibits TSC, which acts as a GTPase activating 
protein for Rheb. mTORC1 stimulates protein synthesis, metabolism and cell growth via modulation of S6K1 
and 4EBP1. mTORC2 activates Akt, which then inhibits the proteolysis of Cyclin D1/E. PTEN and TSC are 
significant tumor suppressors (shown in green). 4EBP1, eukaryotic initiation factor 4E binding protein 1; Akt, 
protein kinase B; Glut1, glucose transporter 1; GTPase, guanosine triphosphatase; HIF-1, hypoxia inducible 
factor 1; IRS, insulin receptor substrate; mTORC1/2, mammalian target of rapamycin complex 1/2; PI3K, 
phosphatidylinositol 3 kinase; PTEN, phosphatase and tensin homolog; S6K1, S6 kinase 1; TSC, tuberous 
sclerosis.
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hamartin, which acts as a guanosine triphos-
phatase activating protein for Rheb-GTP. Akt 
phosphorylates TSC2 at the serine 939 and threo-
nine 1462 sites, thus inhibiting TSC1/2; it also 
phosphorylates PRAS40, thus stimulating 
mTORC1. mTORC1 affects the cell metabolism 
and leads to cell anabolic growth via its action on 
40S ribosomal protein S6 kinase 1 (S6K1) and 
eukaryotic initiation factor 4E binding protein 
(4EBP1) [Kenerson et  al. 2002; Dowling et  al. 
2010; Holz, 2012].

Clinical trials with mTOR inhibitors
Rapamycin (sirolimus) was the first available 
mTOR inhibitor, used as an immunosuppressant 
in transplant recipients. Novel mTOR inhibitors 
are now available, which have improved pharma-
cokinetic and pharmacologic properties. 
Temsirolimus has been approved as a weekly 
intravenous infusion for the treatment of renal 
cell carcinoma. Everolimus is an oral mTOR 
inhibitor that is approved by the US Food and 
Drug Administration (FDA) in postmenopausal 
women with HR-positive breast cancer. 
Everolimus is also approved in advanced renal 
cell carcinoma, neuroendocrine tumors of the 
pancreas and subependymal giant cell astrocy-
toma. Multiple trials have evaluated mTOR 
inhibitors in various settings in breast cancer.

HR-positive breast cancer
The PI3K/Akt/mTOR pathway has been impli-
cated in endocrine resistance. Preclinical studies 
have shown that Akt can activate the estrogen 
receptor (ER) pathway independent of estrogen 
availability and that the combination of mTOR 
inhibitors with endocrine therapy can overcome 
endocrine therapy resistance [Paplomata et  al. 
2013].

The HORIZON trial, a phase III trial which eval-
uated the addition of temsirolimus to letrozole in 
the first-line setting in patients with HR-positive 
breast cancer, failed to demonstrate a significant 
improvement in progression-free survival (PFS) 
for patients treated with the mTOR inhibitor 
[Wolff et al. 2013]. These results contrast with the 
encouraging results from the BOLERO-2 trial. 
This randomized, phase III trial evaluated the 
addition of everolimus to exemestane in postmen-
opausal women with advanced HR-positive breast 
cancer who experienced disease relapse or pro-
gression on nonsteroidal aromatase inhibitors 

(AIs) [Baselga et al. 2012]. At an interim analysis, 
the study met its primary endpoint and showed 
that the addition of everolimus significantly 
improved PFS in the patients treated with the 
combination. By local assessment, PFS improved 
to 6.9 months versus 2.8 months in patients 
receiving placebo (hazard ratio 0.43, p < 0.001), 
while by central assessment, PFS was 10.6 months 
versus 4.1 months respectively (hazard ratio 0.36, 
p < 0.001). More adverse events were reported in 
the patients receiving everolimus and more 
patients receiving the combination discontinued 
the treatment (19% versus 4%). The most com-
mon adverse events were stomatitis, fatigue, diar-
rhea, cough and hyperglycemia. A recent updated 
analysis of the BOLERO-2 study continued to 
demonstrate the benefit in PFS and also showed 
fewer deaths in the patients receiving everolimus 
plus exemestane, though overall survival data are 
not yet mature [Piccart-Gebhart et al. 2012].

The TAMRAD study evaluated the addition of 
everolimus to tamoxifen in an open-label, phase 
II study. The primary endpoint was clinical bene-
fit rate (CBR), which was significantly improved 
in patients receiving everolimus (CBR 61% versus 
42%, p = 0.045). This study also showed that time 
to progression (TTP) was improved and the risk 
of death was decreased by 55% in the combina-
tion arm. An unplanned analysis demonstrated 
that patients with acquired resistance to endo-
crine therapy by the trial criteria obtained more 
benefit from everolimus compared with patients 
with cancers deemed to be intrinsically resistant 
to endocrine agents, though this finding requires 
confirmation. The toxicities were consistent with 
prior reports and were most commonly stomati-
tis, rash, anorexia and diarrhea [Bachelot et  al. 
2012].

Finally, a neoadjuvant study randomized post-
menopausal women with early stage, operable 
HR-positive breast cancer to 4 months of treat-
ment with letrozole plus everolimus or placebo. 
The clinical response by palpation, which was the 
primary endpoint, was significantly higher in the 
everolimus arm. The study also demonstrated 
that everolimus had a bigger impact on Ki67 
downregulation, which has been demonstrated to 
predict long-term outcome [Dowsett et al. 2005, 
2007].

These studies demonstrate that mTOR inhibition 
may play a significant role in HR-positive and 
endocrine-resistant breast cancer.
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A key question is when patients require the addi-
tion of everolimus to endocrine therapy. The lack of 
benefit noted with temsirolimus in the first-line set-
ting perhaps suggests that patients with endocrine-
resistant cancer may be more likely to benefit from 
inhibition of mTOR with endocrine therapy. This 
hypothesis is supported by the fact that the median 
PFS for patients in the control arms of BOLERO-2 
and TAMRAD was less than 6 months, suggesting 
that the majority of patients accrued had endo-
crine-resistant cancers. Additionally, both studies 
enrolled patients who had previously been treated 
with an AI and were essentially excluded from the 
HORIZON study, in which only approximately 
40% of patients had received adjuvant endocrine 
therapy. Suboptimal dosing and schedule of admin-
istration may have also played a role in the results of 
the HORIZON study. It is important to identify 
which patients are most likely to benefit from 
everolimus given the added toxicity compared with 
endocrine therapy alone.

HER2-overexpressing breast cancer
The PI3K/Akt/mTOR pathway has been implicated 
in trastuzumab resistance in HER2-overexpressing 
breast cancer. Preclinical studies indicate that inhib-
itors of the pathway can act synergistically with tras-
tuzumab in resistant cells [Nahta, 2012].

In a phase Ib study of everolimus in combination 
with paclitaxel and trastuzumab in patients with 
trastuzumab-resistant breast cancer, the combi-
nation had an overall response rate (ORR) of 44% 
[Andre et al. 2010]. Another phase Ib study evalu-
ated everolimus with vinorelbine and trastuzumab 
and the combination had an ORR of 19%; this 
study also established the dose of 5 mg of everoli-
mus daily when used in this combination 
[Jerusalem et al. 2011].

A phase II study, which evaluated everolimus with 
paclitaxel and trastuzumab in 55 patients, found 
that the ORR was 21.8%, the clinical benefit rate 
was 36.4% and the median PFS was 5.5 months. 
The median estimated overall survival was 18.1 
months [Hurvitz et al. 2013].

The BOLERO-3 trial was a phase III study of 
everolimus in combination with cytotoxic therapy 
in patients with HER2-overexpressing locally 
advanced or metastatic breast cancer, who had 
previously been treated with a taxane and whose 
cancers were resistant to trastuzumab. Resistance 
to trastuzumab was defined as recurrence within 

12 months of adjuvant therapy or 5 weeks within 
treatment of metastatic disease. The patients were 
randomly assigned to receive everolimus 5 mg/
day orally or placebo, in combination with weekly 
vinorelbine and trastuzumab. The primary end-
point was PFS by local assessment. The trial 
showed that everolimus improved the PFS from 
5.78 to 7 months, with a hazard ratio of 0.78  
(p = 0.0067). Subset analysis interestingly showed 
a significant improvement in PFS in patients with 
HR-negative cancers, but not with HR-positive 
cancers. There is evidence that documented 
crosstalk between the ER and the HER2 path-
ways allows ER to act as an escape pathway when 
HER2 but not ER are inhibited [Nahta, 2012]. 
This suggests that in a subset of cancers that are 
both HR-positive and HER2-positive, inhibition 
of ER may be critical and improve outcome. 
Survival data from this study are still immature 
[O’Regan et al. 2013].

It should be noted that the everolimus dose used 
in the BOLERO-2 study was 10 mg daily, which 
is the recommended dose in combination with 
endocrine therapy; however, the BOLERO-3 
used a dose of 5 mg daily, which was based on the 
results of the phase 1b study by Jerusalem and 
colleagues [Jerusalem et al. 2011].

These studies suggest that there may be a role for 
mTOR inhibition in HER2-overexpressing 
tumors resistant to trastuzumab. The setting in 
which everolimus may be used remains unclear, 
especially with the approval of ado-trastuzumab 
emtansine (T-DM1), lapatinib and pertuzumab. 
In contrast to other randomized trials in the tras-
tuzumab-resistant metastatic setting, the 
BOLERO-3 trial enrolled patients who had previ-
ously received lapatinib.

Ongoing studies
Multiple much awaited studies with mTOR 
inhibitors in patients with breast cancer are cur-
rently ongoing. The BOLERO-1 trial 
[ClinicalTrials.gov identifier: NCT00876395] 
has completed accrual; this is a phase III, rand-
omized, double-blind, placebo-controlled study, 
which is evaluating everolimus in combination 
with trastuzumab and paclitaxel in HER2-
overexpressing advanced/metastatic breast cancer 
as first-line treatment.

The BOLERO-4 study [ClinicalTrials.gov identi-
fier: NCT01698918] is a phase II, open-label, 
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single-arm trial, which treats patients with 
ER-positive, HER2-negative advanced/metastatic 
disease with everolimus and letrozole. Upon pro-
gression, patients are offered continuation of 
everolimus in combination with exemestane. This 
study is currently recruiting.

BOLERO-6 [ClinicalTrials.gov identifier: 
NCT01783444] is a phase II, open-label study of 
everolimus with exemestane versus everolimus 
alone versus capecitabine. This study will compare 
the FDA-approved combination of everolimus 
and exemestane against everolimus alone or 
chemotherapy in women with ER-positive, 
HER2-negative breast cancer, which had pro-
gressed or recurred on anastrozole or letrozole. 
This study is currently accruing participants.

A randomized, phase II study of everolimus or 
trastuzumab in the hormone-refractory setting is 
currently recruiting patients [ClinicalTrials.gov 
identifier: NCT00912340]. This trial randomizes 
patients with HR-positive cancer and low–moder-
ate expression of HER2 to trastuzumab or everoli-
mus in combination with endocrine therapy. Its 
purpose is to investigate whether trastuzumab or 
everolimus alone or in combination are effective 
in metastatic breast cancers resistant to hormonal 
therapy.

Ridaforolimus (MK-8669) is a novel agent 
belonging to the class of mTOR inhibitors, which 
has significant effects on metabolism and cell 
growth [Rivera et al. 2011]. The results of three 
studies of ridaforolimus in ER-positive and 
HER2-positive breast cancer are awaited 
[ClinicalTrials.gov identifiers: NCT01234857, 
NCT01605396, NCT00736970].

The role of PI3K/Akt inhibitors
Multiple PI3K or Akt inhibitors are currently in 
clinical or preclinical studies but no agent is cur-
rently FDA approved. Wortmannin is a fungal 
metabolite and potent pan-specific irreversible 
PI3K inhibitor, which targets the p110 subunit. 
Wortmannin was found to inhibit cell growth in 
several cancer cell lines [Powis et al. 1995] and it 
has also been found to potentiate chemotherapy 
effects [Ng et al. 2000]. LY294002 was the first 
developed PI3K inhibitor. It has the same mode 
of action as wortmannin and has been used exten-
sively in preclinical studies in which it has been 
found to enhance cytotoxic therapy in various 
tumors [Ng et al. 2000; Hu et al. 2002; Nguyen 

et  al. 2004; McDonald et  al. 2010]. A synthetic 
derivative of wortmannin, PX-866 interacts irre-
versibly with the adenosine triphosphate binding 
site and is a potent inhibitor of PI3K [Ihle et al. 
2004]. The most common side effects of PX-866 
in phase I studies were gastrointestinal toxicity, 
especially diarrhea, but the drug was generally 
well tolerated and increased stable disease in 
patients with advanced solid malignancies [Hong 
et al. 2012]. PX-866 was also evaluated in combi-
nation with docetaxel in patients with solid 
tumors and the combination was found to be fea-
sible, with similar toxicities and promising results 
[Bowles et al. 2013].

Markman and colleagues reported a phase I trial 
of BGT226, an oral dual PI3K/mTOR inhibitor, 
in patients with advanced solid tumors. Most 
common adverse events included nausea (68%), 
diarrhea (61%), vomiting (49%) and fatigue 
(19%) [Markman et al. 2012].

BKM120, or Buparlisib (Novartis Corporation, 
East Hanover, NJ, USA), is an oral selective 
inhibitor of pan-class I PI3K, which equally inhib-
its class IA PI3Ks but has no activity against class 
III PI3Ks or mTOR [Maira et  al. 2012]. The 
compound was used in a phase I dose escalation 
study of 35 patients with advanced solid tumors; 
it was found to be safe and well tolerated and it 
demonstrated promising tumor activity. 
Interestingly, up to 20% of patients experienced 
mood changes [Bendell et  al. 2012]. BKM120 
was combined with trastuzumab in a phase Ib 
dose-escalation study; the combination was feasi-
ble and safe, with side effects representative of the 
class of PI3K inhibitors [Saura et al. 2014].

BKM120 is undergoing multiple clinical trials in 
breast cancer and is currently being studied in 
combination with chemotherapy or endocrine 
therapy (Table 1). The BELLE-2 [ClinicalTrials.
gov identifier: NCT01610284] is a phase III ran-
domized, placebo-controlled trial of BKM120 in 
combination with fulvestrant in women with 
HR-positive, HER2-negative breast cancer, who 
are refractory to an AI. This study is evaluating 
whether the combination of fulvestrant with a 
PI3K inhibitor will overcome resistance to endo-
crine therapy. BELLE-3 [ClinicalTrials.gov iden-
tifier: NCT01633060] is a phase III, randomized 
study, which studies BKM120 in combination 
with fulvestrant in women with HR-positive, 
HER2-negative advanced/metastatic breast can-
cer who have previously been treated with an AI 
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Table 1. Inhibitors of the PI3K/Akt/mTOR pathway and representative ongoing clinical studies.

Target Compound ClinicalTrial.gov 
identifier

Setting

Pan PI3K inhibitors XL147 NCT01042925 Phase I/II; XL147 with trastuzumab or with paclitaxel and trastuzumab in 
MBC

 BKM120 NCT01339442 Phase I; BKM120 with fulvestrant; HR+ MBC
 NCT01633060 Phase III; BKM120 with fulvestrant; HR+, HER2–, AI treated and mTOR 

inhibitor treated MBC
 NCT01572727 Phase II; BKM120 with paclitaxel in HER– MBC
 NCT01610284 Phase III; BKM120 with fulvestrant; HR+, HER2–, MBC which progressed on 

or after an AI
 NCT01589861 Phase Ib/II; BKM120 and lapatinib in HER2+, trastuzumab-resistant MBC
 NCT01629615 Phase II; BKM120 in triple-negative MBC
 NCT01132664 Phase Ib/II; BKM120 with trastuzumab in HER2+ breast cancer that has failed 

to respond to trastuzumab
 NCT01300962 Phase I; BKM120 or BEZ235 and capecitabine in MBC
 NCT01816594 Phase II; BKM120 with trastuzumab and paclitaxel in HER2+ primary breast 

cancer prior to surgery
 GDC-0941 NCT01437566 Phase II; GDC-0941 or GDC-0980 with fulvestrant versus fulvestrant in MBC 

resistant to AI
 NCT01740336 Phase II; GDC-0941 with paclitaxel versus paclitaxel with placebo in locally 

recurrent breast cancer or MBC
 NCT00960960 Phase Ib; GDC-0941 with paclitaxel, with and without bevacizumab or 

trastuzumab in locally recurrent breast cancer or MBC
 PX-866 NCT00726583 Phase I; solid tumors, completed
PI3K/mTOR
Inhibitors

BEZ235 NCT01300962 Phase I; BKM120 or BEZ235 and capecitabine in MBC

 NCT01495247 Phase Ib/II; BEZ235 with paclitaxel in HER2–, advanced breast cancer or MBC
 XL765 NCT01082068 Phase I/II; XL147 or XL765 with letrozole in HR+, HER2– breast cancer 

refractory to an AI
Selective p110α 
inhibitors

MLN1117 NCT01449370 Phase I; metastatic solid tumors

 BYL719 NCT01870505 Phase I; BYL719 with letrozole or exemestane in HR+ advanced breast 
cancer or MBC

Akt
inhibitors

Perifosine NCT00054145 Phase II; MBC, completed

 
MK2206

NCT01245205 Phase I; MK-2206 with lapatinib in solid tumors with dose expansion in 
HER2+ breast cancer

 NCT01281163 Phase Ib; MK-2206 with lapatinib in HER2+ MBC
 NCT01277757 Phase II; MK2206 in advanced breast cancer with PIK3CA mutation, or AKT 

mutation, or PTEN loss/mutation
 NCT01776008 Phase II; neoadjuvant MK-2206 with anastrozole with or without goserelin in 

stage 2 or 3 PIK3CA mutant HR+, HER2– breast cancer
 GDC0068 NCT01562275 Phase Ib; GDC-0973 (MEK inhibitor) and GDC-0068 in solid tumors
 GSK690693
mTOR inhibitors Everolimus NCT00912340 Phase II; trastuzumab or everolimus in hormone refractory, ER+ MBC
 Temsirolimus NCT01111825 Phase I/II; temsirolimus with neratinib in HER2+ or triple negative MBC
 Ridaforolimus NCT00736970 Phase II; in combination with trastuzumab in HER2+ trastuzumab-refractory 

MBC
 NCT01234857 Phase II; in combination with dalotuzumab versus standard of care in HR+ 

breast cancer
 NCT01605396 Phase II; in combination with exemestane with or without dalotuzumab in 

HR+ breast cancer
 AZD-8055 NCT00973076 Phase I; solid tumors, completed
 OSI-027 NCT00698243 Phase I; solid tumors or lymphoma, completed
 INK-128 

(MLN0128)
NCT01058707 Phase I; advanced malignancies

AI, aromatase inhibitor; HER2, human epidermal growth factor receptor 2; HR, hormone receptor; MBC, metastatic breast cancer; mTOR, mam-
malian target of rapamycin complex; PI3K, phosphatidylinositol 3 kinase; PTEN, phosphatase and tensin homolog.
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and an mTOR inhibitor. Additionally, BELLE-4 
[ClinicalTrials.gov identifier: NCT01572727] is 
a phase II trial of BKM120 with weekly paclitaxel 
in patients with HER2-negative locally advanced/
metastatic breast cancer. The BELLE trials are 
currently recruiting and their results are much 
awaited as they may show a role for PI3K inhibi-
tion in the hormone-refractory setting.

SAR245408 (XL147), a pan-PI3K inhibitor, and 
SAR245409 (XL765), a PI3K/mTOR inhibitor, 
are currently undergoing phase I studies in solid 
tumors. A phase I/II study [ClinicalTrials.gov 
identifier: NCT01082068] is currently evaluating 
both agents in combination with letrozole.

GDC-0941 is a potent, selective class I PI3K 
inhibitor that is currently in clinical studies, 
including a trial, which combines GDC-0941 
with fulvestrant [ClinicalTrials.gov identifier: 
NCT01437566].

Multiple other agents, which are currently in the 
pipeline and undergoing clinical studies, are sum-
marized in Table 1.

Side-effect profile
The toxicities of mTOR inhibitors have been well 
described in multiple clinical trials. Stomatitis, 
rash, hyperlipidemia, hyperglycemia and myelo-
suppression are among the most common side 
effects of mTOR inhibitors. Most of these side 
effects are grade 1–2 and can be managed with 
dose reductions and supportive treatment. 
Stomatitis often leads to dose interruptions or 
reductions, and several studies investigating the 
optimal treatment and prevention strategies for 
stomatitis in patients receiving everolimus may 
soon be available. Noninfectious pneumonitis is a 
serious and potentially life-threatening adverse 
event. Since approximately 50% of the patients 
are asymptomatic, pneumonitis may be detected 
incidentally during staging scans. The significance 
of early detection, prompt intervention and treat-
ment with steroids when indicated cannot be 
overemphasized. It is also generally essential to 
optimize treatment of hyperglycemia and hyper-
lipidemia prior to starting an mTOR inhibitor 
[Paplomata et al. 2013].

The BOLERO-2 study reported stomatitis, rash, 
fatigue and diarrhea in at least 30% of patients in 
the everolimus arm [Baselga et  al. 2012]. The 
grade 3–4 side effects were stomatitis (8%), 

anemia (6%), dyspnea (4%), hyperglycemia (4%), 
fatigue (4%) and pneumonitis (3%). The discon-
tinuation rate in the everolimus group was 19%. 
In the TAMRAD trial, most of the side effects 
encountered in the everolimus arm were grade 1 
or 2, and 20% of patients in the everolimus arm 
required dose reductions [Bachelot et al. 2012].

PI3K inhibitors have been studied less extensively 
but most common side effects encountered in 
phase I studies were gastrointestinal toxicity, such 
as diarrhea, nausea and vomiting. Rash, hypergly-
cemia and mood changes can also occur. Mood 
changes have been seen in about one out of five 
patients and range from anxiety and depression to 
hallucinations and affective disorder. This is prob-
ably a consequence of PI3K inhibition in the cen-
tral nervous system, since these drugs appear to 
cross the blood–brain barrier [Bendell et al. 2012; 
Hong et al. 2012; Markman et al. 2012; Bowles 
et al. 2013]. Psychiatric side effects up to grade 3 
have been observed but they respond well to dose 
reductions, with or without antidepressants or 
anxiolytics [Saura et al. 2014].

Biomarkers
Breast cancer is a very diverse disease and that 
makes the discovery of molecular biomarkers very 
meaningful. Apart from the widely recognized 
histologic subtypes based on HR and HER2 
receptor status by immunohistochemistry, gene 
expression profiling has lead to the distinction of 
breast cancer into basal-like, ERBB2 positive, 
normal breast like, luminal A and luminal B. The 
basal-like tumors have a high expression of 
cytokeratins 5/6 and 17, laminin and fatty acid 
binding protein 7; they comprise approximately 
15% of invasive cancers; they most often repre-
sent the triple-negative tumors and are more 
commonly associated with BRCA mutations and 
high grade. The ERBB2 (HER2) positive tumors 
usually host TP53 mutations and are associated 
with inferior clinical outcomes. The luminal 
tumors are HR positive; the luminal A subtype 
has a strong expression of ER and is also positive 
for progesterone receptors. The luminal A tumors 
are most often low grade and well differentiated. 
The luminal B subtype tumors have a lower 
expression of ER and they have a higher prolifera-
tion index [Perou et al. 2000; Sorlie et al. 2001, 
2003; Kittaneh et al. 2013].

The Cancer Genome Atlas Network went a step 
further to describe the most common mutations 
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characterizing breast tumors by subtype [Cancer 
Genome Atlas Network, 2012].

The luminal/ER-positive tumors were found to 
have the highest frequency of PIK3CA mutations, 
especially the luminal A subtype. HER2-positive 
tumors also had a high rate of PIK3CA muta-
tions. PTEN loss was seen less commonly but sig-
nificantly. PIK3CA, PTEN and AKT1 mutations 
appeared to be mutually exclusive. Interestingly, 
PIK3CA and PTEN mutations can coexist in 
endometrial cancer and other malignancies [Oda 
et al. 2005]. The presence of PIK3CA mutations 
in ER-positive tumors was not associated with 
increased phosphorylation of AKT, S6 and 
4EBP1, which are markers of activation of the 
PI3K pathway [Cancer Genome Atlas Network, 
2012]. An analysis of breast cancer tumors and 
cells lines also failed to find a consistent correla-
tion between PIK3CA mutation status and down-
stream effectors of the PI3K pathway 
[Stemke-Hale et al. 2008].

Biomarkers of response
Levels of pS6K (S6 kinase) and pAkt may be bio-
markers predictive of clinical outcomes and 
response to inhibitors of the mTOR pathway. 
High levels of pS6K have been associated with 
worse prognosis, and the levels of pS6K and pAkt 
predict a good response to rapamycin or rapamy-
cin analogs in breast cancer cells lines and other 
tumors [Noh et  al. 2004, 2008; O’Reilly and 
McSheehy, 2010; Meric-Bernstam et  al. 2012]. 
Breuleux and colleagues investigated a variety of 
tumor cell lines and reported that high levels of 
phosphorylated AKT, GSK3β and TSC2 also 
correlated with increased sensitivity to RAD001 
(everolimus) [Breuleux et al. 2009].

Another potential biomarker is inositol polyphos-
phate 4 phosphatase (INPP4B), a tumor suppres-
sor that regulates PI3K/Akt. Its deletion may be 
seen with PTEN loss and it correlates with poor 
prognosis. Tumors with INPP4B loss may also be 
candidates for targeting with PI3k inhibitors 
[Bertucci and Mitchell, 2013].

There are data supporting that cells with PIK3CA 
mutations or PTEN loss are more sensitive to 
PI3K/Akt inhibitors [O’Brien et  al. 2010; Hong 
et  al. 2012, Sangai et  al. 2012]; Janku and col-
leagues showed the PIK3CA H1047R mutation 
as an independent factor that predicts response 
[Janku et  al. 2013]. Preclinical studies with the 

pan-PI3K inhibitor BKM120 have provided evi-
dence that the inhibition of PI3K had significant 
effect on cells carrying mutations of the PIK3CA 
gene. In these experiments, while cells with 
PIK3CA mutations were sensitive to the com-
pound, cells with PTEN or KRAS aberrations 
were not sensitive [Maira et  al. 2012]. Triple-
negative breast cancer subtypes with activated 
PI3K pathway due to PIK3CA mutations were 
found to be sensitive to NVP-BEZ235; however 
again the loss of PTEN did not predict response 
to NVP-BEZ235 [Lehmann et al. 2011].

Wee and colleagues showed that PTEN-deficient 
cancer cell lines depend on PIK3CB rather than 
PIK3CA, which does not affect PI3K or cell 
growth in these cells. Thus, PTEN-deficient can-
cers may be better treated with pan-PI3K inhibi-
tors rather than selective p110 inhibitors [Wee 
et al. 2008]. PIK3CA mutant tumors resistant to 
p110a inhibitors may also be treated with the 
addition of an mTOR inhibitor to a PI3K inhibi-
tor, since the combination can overcome resist-
ance [Elkabets et  al. 2013]. While PIK3CA 
mutated breast cancer cells are more sensitive to 
mTORC1 inhibitor everolimus and mTORC1/2 
inhibitor PP242, PTEN loss may not correlate 
with response since cells with PTEN loss can be 
resistant to mTOR inhibition. HER2-
overexpressing tumors seem to be dependent or 
’addicted‘ to the PI3K pathway and they are sen-
sitive to mTOR inhibition [Weigelt et  al. 2011; 
Liu et al. 2013]. Finally, it should also be noted 
that cancers with PIK3CA mutations and low Akt 
levels do not appear to be dependent on Akt sign-
aling and thus are not expected to respond to Akt 
inhibitors [Vasudevan et al. 2009].

Biomarkers of resistance
Ribosomal S6 kinases RPS6KA2 (RSK3) and 
RPS6KA6 (RSK4), NOTCH, c-myc activation 
and mutations of the mitogen-activated protein 
kinase pathway can be the basis of resistance to 
PI3K inhibitors. The combination of PI3K inhibi-
tors with MEK or RSK inhibitors may help over-
come this resistance [Janku et  al. 2011, 2012; 
Muellner et  al. 2011; Serra et  al. 2013]. KRAS 
mutations also lead to resistance to PI3K/mTOR 
inhibitors since they seem to bypass the PI3K 
pathway [Ihle et al. 2009; Di Nicolantonio et al. 
2010; Janku et al. 2011]. This is more substantial 
in basal-like/triple-negative breast cancers, in 
which the combination of MEK inhibitors and 
PI3K inhibitors appears to be more significant 
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than other breast cancer subtypes [Hoeflich et al. 
2009].

Data from clinical studies
A retrospective review of patients with metastatic 
breast cancer treated with inhibitors of the PI3K/
Akt/mTOR pathway reported that patients with 
PIK3CA mutations treated with a single agent 
did not have an increased TTP; however, when 
PI3K/Akt/mTOR inhibitors were combined with 
endocrine therapy, HER2-directed therapy or 
chemotherapy, the presence of PIK3CA muta-
tions correlated with increased TTP compared 
with patients with wild type tumors [Oliveira et al. 
2012]. In the same analysis, the PTEN status did 
not seem to have any correlation with clinical out-
come, which seems to confirm the results reported 
by Weigelt and colleagues.

The neoadjuvant trial of everolimus conducted by 
Baselga and colleagues evaluated core biopsies 
before treatment and on day 15 in patients treated 
with letrozole and everolimus or placebo [Baselga 
et al. 2009]. Patients treated with everolimus had 
a statistically more significant decrease in Ki67 
and pS6. Samples were also analyzed in relation 
to the presence of PIK3CA mutations; patients 
with mutations in the exon 9 domain of PIK3CA 
had an improved response to the combination of 
everolimus with letrozole.

Molecular analyses have been performed from 
available tissue from the TAMRAD and 
BOLERO-2 trials, which evaluated the addition 
of everolimus to endocrine therapy. In the 
TAMRAD trial, the presence of PI3K mutations, 
PTEN and pAKT did not influence the response 
to everolimus. However, the investigators found 
that everolimus was more effective in patients 
who had low PI3K expression; additionally, 
patients with cancers with low LKB1, a known 
suppressor of mTOR, and high phospho-4E bind-
ing protein, which is downstream of mTOR 
(Figure 1), achieved greater benefit, though the 
number of specimens evaluated was small. These 
data suggest that patients who derive the most 
benefit from everolimus are those in whom 
mTOR is activated independently of PI3K 
[Treilleux et al. 2013]. Hortobagyi failed to iden-
tify specific genomic abnormalities associated 
with benefit from everolimus [Hortobagyi et  al. 
2013]. Ellard and colleagues, in a study of various 
schedules of everolimus in patients with breast 
cancer, found no correlation between PTEN, 

HER2 and Akt status and clinical outcomes. This 
could also be due to the low number of patients 
evaluated [Ellard et al. 2009].

In summary, mutations of PIK3CA and PTEN 
loss are frequent in breast cancer. Multiple pre-
clinical studies have supported that PIK3CA 
mutations are predictive of sensitivity to inhibi-
tors of the PI3K/Akt/mTOR pathway, while data 
on PTEN loss have not been consistent. Clinical 
studies have not confirmed this correlation 
between mutation status and clinical response. 
This may be due to the small number of patients 
included or the heterogeneity of the tumors. It is 
also possible that discordance of mutational sta-
tus between primary tumors and metastatic sites 
affect these outcomes. The conduct of large cor-
relative studies with banking of sufficient tumor 
samples for mutation analysis is essential in order 
to identify biomarkers that will guide the man-
agement of a malignancy as heterogeneous and 
complex as breast cancer [Juric and Baselga, 
2012].

Conclusion
The PI3K pathway is a very complicated intracel-
lular network that plays a significant role in breast 
cancer cell growth and proliferation and is impli-
cated in endocrine resistance in ER-positive 
tumors. Everolimus is the only FDA-approved 
inhibitor of mTOR in breast cancer but multiple 
agents are being evaluated in clinical trials. 
Inhibitors of the PI3K pathway are generally well 
tolerated and can be used in combination with 
cytotoxic chemotherapy or other targeted agents. 
Also very promising is the ability of some of these 
agents to cross the blood–brain barrier; thus, they 
may be used to treat brain metastases [Maira et al. 
2012; Peddi and Hurvitz, 2014]. The identifica-
tion of tumors most likely to respond to these 
agents is very important since breast tumors are 
heterogeneous and activation of pathways such as 
KRAS and MEK can act as escape conduits that 
lead to resistance. There is evidence that tumors 
with PIK3CA mutations are good targets for 
inhibitors of the PI3K pathway but this has yet to 
be validated in the clinical setting. Further studies 
are necessary to identify suitable and reliable bio-
markers that will change clinical practice.

Funding
This research received no specific grant from any 
funding agency in the public, commercial, or not-
for-profit sectors.



E Paplomata and R O’Regan 

http://tam.sagepub.com 163

Conflict of interest statement
ROR declares that she has acted as a paid con-
sultant for Novartis over the last 12 months (less 
than US$5000) and receives research funding 
from Novartis and Genentech. EP has no con-
flicts to declare

References
Andre, F., Campone, M., O’Regan, R., Manlius, C., 
Massacesi, C., Sahmoud, T. et al. (2010) Phase I study 
of everolimus plus weekly paclitaxel and trastuzumab 
in patients with metastatic breast cancer pretreated 
with trastuzumab. J Clin Oncol 28: 5110–5115.

Bachelot, T., Bourgier, C., Cropet, C., Ray-Coquard, 
I., Ferrero, J., Freyer, G. et al. (2012) Randomized 
phase II trial of everolimus in combination with 
tamoxifen in patients with hormone receptor-positive, 
human epidermal growth factor receptor 2-negative 
metastatic breast cancer with prior exposure to 
aromatase inhibitors: a GINECO study. J Clin Oncol 
30: 2718–2724.

Baselga, J., Campone, M., Piccart, M., Burris, H., 
3rd, Rugo, H., Sahmoud, T. et al. (2012) Everolimus 
in postmenopausal hormone-receptor-positive 
advanced breast cancer. N Engl J Med 366: 520–529.

Baselga, J., Semiglazov, V., Van Dam, P., Manikhas, 
A., Bellet, M., Mayordomo, J. et al. (2009) Phase II 
randomized study of neoadjuvant everolimus plus 
letrozole compared with placebo plus letrozole in 
patients with estrogen receptor-positive breast cancer. 
J Clin Oncol 27: 2630–2637.

Bendell, J., Rodon, J., Burris, H., De Jonge, M., 
Verweij, J., Birle, D. et al. (2012) Phase I, dose-
escalation study of BKM120, an oral pan-class I PI3K 
inhibitor, in patients with advanced solid tumors. J 
Clin Oncol 30: 282–290.

Bertucci, M. and Mitchell, C. (2013) 
Phosphoinositide 3-kinase and INPP4B in human 
breast cancer. Ann N Y Acad Sci 1280: 1–5.

Bowles, D., Ma, W., Senzer, N., Brahmer, J., Adjei, 
A., Davies, M. et al. (2013) A multicenter phase 1 
study of PX-866 in combination with docetaxel in 
patients with advanced solid tumours. Br J Cancer 
109: 1085–1092.

Breuleux, M., Klopfenstein, M., Stephan, C., 
Doughty, C., Barys, L., Maira, S. et al. (2009) 
Increased AKT S473 phosphorylation after mTORC1 
inhibition is rictor dependent and does not predict 
tumor cell response to PI3K/mTOR Inhibition. Mol 
Cancer Ther 8: 742–753.

Bruhn, M., Pearson, R., Hannan, R. and Sheppard, 
K. (2013) AKT-independent PI3-K signaling in 

cancer – emerging role for SGK3. Cancer Manag Res 
5: 281–292.

Cancer Genome Atlas Network (2012) 
Comprehensive molecular portraits of human breast 
tumours. Nature 490: 61–70.

Cantley, L. (2002) The phosphoinositide 3-kinase 
pathway. Science 296: 1655–1657.

Di Nicolantonio, F., Arena, S., Tabernero, J., 
Grosso, S., Molinari, F., Macarulla, T. et al. (2010) 
Deregulation of the PI3K and Kras signaling pathways 
in human cancer cells determines their response to 
everolimus. J Clin Invest 120: 2858–2866.

Dowling, R., Topisirovic, I., Fonseca, B. and 
Sonenberg, N. (2010) Dissecting the role of mTOR: 
lessons from mTOR inhibitors. Biochim Biophys Acta 
1804: 433–439.

Dowsett, M., Ebbs, S., Dixon, J., Skene, A., Griffith, 
C., Boeddinghaus, I. et al. (2005) Biomarker changes 
during neoadjuvant anastrozole, tamoxifen, or the 
combination: influence of hormonal status and HER-2 
in breast cancer – a study from the impact trialists. J 
Clin Oncol 23: 2477–2492.

Dowsett, M., Smith, I., Ebbs, S., Dixon, J., Skene, 
A., A’Hern, R. et al. (2007) Prognostic value of KI67 
expression after short-term presurgical endocrine 
therapy for primary breast cancer. J Natl Cancer Inst 
99: 167–170.

Elkabets, M., Vora, S., Juric, D., Morse, N., 
Mino-Kenudson, M., Muranen, T. et al. (2013) 
Mtorc1 Inhibition Is Required for Sensitivity to 
Pi3k P110alpha Inhibitors in Pik3ca-Mutant Breast 
Cancer. Sci Transl Med 5: 196ra99.

Ellard, S., Clemons, M., Gelmon, K., Norris, B., 
Kennecke, H., Chia, S. et al. (2009) Randomized 
phase II study comparing two schedules of everolimus 
in patients with recurrent/metastatic breast cancer: 
NCIC Clinical Trials Group IND.163. J Clin Oncol 
27: 4536–4541.

Engelman, J., Luo, J. and Cantley, L. (2006) The 
evolution of phosphatidylinositol 3-kinases as 
regulators of growth and metabolism. Nat Rev Genet 
7: 606–619.

Hoeflich, K., O’Brien, C., Boyd, Z., Cavet, G., 
Guerrero, S., Jung, K. et al. (2009) In vivo antitumor 
activity of mek and phosphatidylinositol 3-kinase 
inhibitors in basal-like breast cancer models. Clin 
Cancer Res 15: 4649–4664.

Holz, M. (2012) The role of S6K1 in ER-positive 
breast cancer. Cell Cycle 11: 3159–3165.

Hong, D., Bowles, D., Falchook, G., Messersmith, 
W., George, G., O’Bryant, C. et al. (2012) A 
multicenter phase I trial of PX-866, an oral 
irreversible phosphatidylinositol 3-kinase inhibitor, in 



Therapeutic Advances in Medical Oncology 6(4)

164 http://tam.sagepub.com

patients with advanced solid tumors. Clin Cancer Res 
18: 4173–4182.

Hortobagyi, G., Piccart-Gebhart, M., Rugo, H., 
Burris, H., Campone, M., Noguchi, S. et al. (2013) 
Correlation of molecular alterations with efficacy of 
everolimus in hormone receptor–positive, HER2-
negative advanced breast cancer: results from 
BOLERO-2. J Clin Oncol 31(Suppl.): abstract LBA509.

Hu, L., Hofmann, J., Lu, Y., Mills, G. and Jaffe, R. 
(2002) Inhibition of phosphatidylinositol 3’-kinase 
increases efficacy of paclitaxel in in vitro and in vivo 
ovarian cancer models. Cancer Res 62: 1087–1092.

Hurvitz, S., Dalenc, F., Campone, M., O’Regan, R., 
Tjan-Heijnen, V., Gligorov, J. et al. (2013) A phase 
2 study of everolimus combined with trastuzumab 
and paclitaxel in patients with HER2-overexpressing 
advanced breast cancer that progressed during prior 
trastuzumab and taxane therapy. Breast Cancer Res 
Treat 141: 437–446.

Ihle, N., Lemos, R., Jr, Wipf, P., Yacoub, A., 
Mitchell, C., Siwak, D. et al. (2009) Mutations in 
the phosphatidylinositol-3-kinase pathway predict for 
antitumor activity of the inhibitor PX-866 whereas 
oncogenic Ras is a dominant predictor for resistance. 
Cancer Res 69: 143–150.

Ihle, N., Williams, R., Chow, S., Chew, W., Berggren, 
M., Paine-Murrieta, G. et al. (2004) Molecular 
pharmacology and antitumor activity of PX-866, a 
novel inhibitor of phosphoinositide-3-kinase signaling. 
Mol Cancer Ther 3: 763–772.

Janku, F., Tsimberidou, A., Garrido-Laguna, 
I., Wang, X., Luthra, R., Hong, D. et al. (2011) 
PIK3CA mutations in patients with advanced cancers 
treated with PI3K/AKT/mTOR axis inhibitors. Mol 
Cancer Ther 10: 558–565.

Janku, F., Wheler, J., Naing, A., Falchook, G., Hong, 
D., Stepanek, V. et al. (2013) PIK3CA mutation 
H1047R is associated with response to PI3K/AKT/
mTOR signaling pathway inhibitors in early-phase 
clinical trials. Cancer Res 73: 276–284.

Janku, F., Wheler, J., Westin, S., Moulder, S., Naing, 
A., Tsimberidou, A. et al. (2012) PI3K/AKT/mTOR 
inhibitors in patients with breast and gynecologic 
malignancies harboring PIK3CA mutations. J Clin 
Oncol 30: 777–782.

Jerusalem, G., Fasolo, A., Dieras, V., Cardoso, F., 
Bergh, J., Vittori, L. et al. (2011) Phase I trial of oral 
mTOR inhibitor everolimus in combination with 
trastuzumab and vinorelbine in pre-treated patients 
with HER2-overexpressing metastatic breast cancer. 
Breast Cancer Res Treat 125: 447–455.

Juric, D. and Baselga, J. (2012) Tumor genetic testing 
for patient selection in phase I clinical trials: the case 
of PI3K inhibitors. J Clin Oncol 30: 765–766.

Kenerson, H., Aicher, L., True, L. and Yeung, R. 
(2002) Activated mammalian target of rapamycin 
pathway in the pathogenesis of tuberous sclerosis 
complex renal tumors. Cancer Res 62: 5645–5650.

Kittaneh, M., Montero, A. and Gluck, S. (2013) 
Molecular profiling for breast cancer: a comprehensive 
review. Biomark Cancer 5: 61–70.

Lehmann, B., Bauer, J., Chen, X., Sanders, M., 
Chakravarthy, A., Shyr, Y. et al. (2011) Identification 
of human triple-negative breast cancer subtypes and 
preclinical models for selection of targeted therapies. J 
Clin Invest 121: 2750–2767.

Liu, N., Rowley, B., Bull, C., Schneider, C., 
Haegebarth, A., Schatz, C. et al. (2013) Bay 80–6946 
is a highly selective intravenous PI3K inhibitor with 
potent P110alpha and P110delta activities in tumor 
cell lines and xenograft models. Mol Cancer Ther 12: 
2319–2330.

Maehama, T. and Dixon, J. (1998) The tumor 
suppressor, PTEN/MMAC1, dephosphorylates 
the lipid second messenger, phosphatidylinositol 
3,4,5-trisphosphate. J Biol Chem 273: 13375–13378.

Maira, S., Pecchi, S., Huang, A., Burger, M., Knapp, 
M., Sterker, D. et al. (2012) Identification and 
characterization of NVP-BKM120, an orally available 
pan-class I PI3-kinase inhibitor. Mol Cancer Ther 11: 
317–328.

Markman, B., Tabernero, J., Krop, I., Shapiro, 
G., Siu, L., Chen, L. et al. (2012) Phase I safety, 
pharmacokinetic, and pharmacodynamic study of 
the oral phosphatidylinositol-3-kinase and mTOR 
inhibitor BGT226 in patients with advanced solid 
tumors. Ann Oncol 23: 2399–2408.

McDonald, G., Sullivan, R., Pare, G. and Graham, 
C. (2010) Inhibition of phosphatidylinositol 3-kinase 
promotes tumor cell resistance to chemotherapeutic 
agents via a mechanism involving delay in cell cycle 
progression. Exp Cell Res 316: 3197–3206.

Meric-Bernstam, F., Akcakanat, A., Chen, H., Do, 
K., Sangai, T., Adkins, F. et al. (2012) PIK3CA/
PTEN mutations and AKT activation as markers of 
sensitivity to allosteric mTOR inhibitors. Clin Cancer 
Res 18: 1777–1789.

Muellner, M., Uras, I., Gapp, B., Kerzendorfer, C., 
Smida, M., Lechtermann, H. et al. (2011) A chemical-
genetic screen reveals a mechanism of resistance to 
PI3K inhibitors in cancer. Nat Chem Biol 7: 787–793.

Nahta, R. (2012) Pharmacological strategies 
to overcome HER2 cross-talk and trastuzumab 
resistance. Curr Med Chem 19: 1065–1075.

Ng, S., Tsao, M., Chow, S. and Hedley, D. (2000) 
Inhibition of phosphatidylinositide 3-kinase enhances 
gemcitabine-induced apoptosis in human pancreatic 
cancer cells. Cancer Res 60: 5451–5455.



E Paplomata and R O’Regan 

http://tam.sagepub.com 165

Nguyen, D., Chen, G., Reddy, R., Tsai, W., Schrump, 
W., Cole, G., Jr  et al. (2004) Potentiation of paclitaxel 
cytotoxicity in lung and esophageal cancer cells by 
pharmacologic inhibition of the phosphoinositide 
3-kinase/protein kinase B (Akt)-mediated signaling 
pathway. J Thorac Cardiovasc Surg 127: 365–375.

Noh, W., Kim, Y., Kim, M., Koh, J., Kim, H., Moon, 
N. et al. (2008) Activation of the mTOR signaling 
pathway in breast cancer and its correlation with the 
clinicopathologic variables. Breast Cancer Res Treat 
110: 477–483.

Noh, W., Mondesire, W., Peng, J., Jian, W., Zhang, 
H., Dong, J. et al. (2004) Determinants of rapamycin 
sensitivity in breast cancer cells. Clin Cancer Res 10: 
1013–1023.

O’Brien, C., Wallin, J., Sampath, D., Guhathakurta, 
D., Savage, H., Punnoose, E. et al. (2010) Predictive 
biomarkers of sensitivity to the phosphatidylinositol 
3’ kinase inhibitor GDC-0941 in breast cancer 
preclinical models. Clin Cancer Res 16: 3670–3683.

Oda, K., Stokoe, D., Taketani, Y. and McCormick, 
F. (2005) High frequency of coexistent mutations of 
PIK3CA and PTEN genes in endometrial carcinoma. 
Cancer Res 65: 10669–10673.

Oliveira, M., Navarro, A., De Mattos-Arruda, L., 
Sánchez-Ollé, G., Bellet, M., Balmaña, J. et al. (2012) 
PI3K pathway (PI3KP) dysregulation and response to 
PAN-PI3K/AKT/mTOR/dual PI3K-mTOR inhibitors 
(PI3KPI) in metastatic breast cancer (MBC) patients 
(Pts). J Clin Oncol 30(Suppl.): abstract 509.

O’Regan, R.,   Ozguroglu, M., Andre, F., Toi, M., 
Jerusalem, G., Wilks, S. (2013) Phase III, randomized, 
double-blind, placebo-controlled multicenter trial of daily 
everolimus plus weekly trastuzumab and vinorelbine 
in trastuzumab- resistant, advanced breast cancer 
(BOLERO-3). J Clin Oncol 31(Suppl.): abstract 505.

O’Reilly, T. and McSheehy, P. (2010) Biomarker 
development for the clinical activity of the mTOR 
inhibitor everolimus (Rad001): processes, limitations, 
and further proposals. Transl Oncol 3: 65–79.

Paplomata, E. and O’Regan, R. (2013) New and 
emerging treatments for estrogen receptor-positive 
Breast cancer: focus on everolimus. Ther Clin Risk 
Manag 9: 27–36.

Paplomata, E., Zelnak, A. and O’Regan, R. (2013) 
Everolimus: side effect profile and management of 
toxicities in breast cancer. Breast Cancer Res Treat 140: 
453–462.

Peddi, P. and Hurvitz, S. (2014)  PI3K pathway inhibitors 
for the treatment of brain metastases with a focus on 
HER2+ breast cancer. J Neurooncol 117(1): 7–13.

Perou, C., Sorlie, T., Eisen, M., Van De, Rijn, M., 
Jeffrey, S., Rees, C. et al. (2000) Molecular portraits 
of human breast tumours. Nature 406: 747–752.

Piccart-Gebhart, M., Noguchi, S., Pritchard, 
K., Burris, H., Rugo, H. and Gnant, M. (2012) 
Everolimus for postmenopausal women with advanced 
breast cancer: updated results of the BOLERO-2 
phase IIII trial. J Clin Oncol 30(Suppl.): abstract 559.

Powis, G., Hill, S., Frew, T. and Sherrill, K. (1995) 
Inhibitors of phospholipid intracellular signaling as 
antiproliferative agents. Med Res Rev 15: 121–138.

Rivera, V., Squillace, R., Miller, D., Berk, L., 
Wardwell, S., Ning, Y. et al. (2011) Ridaforolimus 
(AP23573; MK-8669), a potent mTOR inhibitor, 
has broad antitumor activity and can be optimally 
administered using intermittent dosing regimens. Mol 
Cancer Ther 10: 1059–1071.

Samuels, Y. and Velculescu, V. (2004) Oncogenic 
mutations of PIK3Ca in human cancers. Cell Cycle 3: 
1221–1224.

Sangai, T., Akcakanat, A., Chen, H., Tarco, E., Wu, 
Y., Do, K. et al. (2012) Biomarkers of response to 
AKT inhibitor MK-2206 in breast cancer. Clin Cancer 
Res 18: 5816–5828.

Sarbassov, D., Ali, S., Sengupta, S., Sheen, J., Hsu, 
P., Bagley, A. et al. (2006) Prolonged rapamycin 
treatment inhibits mtORC2 assembly and AKT/PKB. 
Mol Cell 22: 159–168.

Saura, C., Bendell, J., Jerusalem, G., Su, S., Ru, Q., De 
Buck, S. et al. (2014) Phase Ib study of buparlisib plus 
trastuzumab in patients with HER2-positive advanced 
or metastatic breast cancer that has progressed on 
trastuzumab-based therapy. Clin Cancer Res 20(7): 1–11.

Serra, V., Eichhorn, P., Garcia-Garcia, C., Ibrahim, 
Y., Prudkin, L., Sanchez, G. et al. (2013) RSK3/4 
mediate resistance to PI3K pathway inhibitors in 
breast cancer. J Clin Invest 123: 2551–2563.

Siegel, R., Naishadham, D. and Jemal, A. (2013) 
Cancer Statistics, 2013. CA Cancer J Clin 63: 11–30.

Sorlie, T., Perou, C., Tibshirani, R., Aas, T., Geisler, 
S., Johnsen, H. et al. (2001) Gene expression patterns 
of breast carcinomas distinguish tumor subclasses 
with clinical implications. Proc Natl Acad Sci U S A 
98: 10869–10874.

Sorlie, T., Tibshirani, R., Parker, J., Hastie, T., 
Marron, J., Nobel, A. et al. (2003) Repeated 
observation of breast tumor subtypes in independent 
gene expression data sets. Proc Natl Acad Sci U S A 
100: 8418–8423.

Stemke-Hale, K., Gonzalez-Angulo, A., Lluch, 
A., Neve, R., Kuo, W., Davies, M. et al. (2008) 
An integrative genomic and proteomic analysis of 
PIK3CA, PTEN, and AKT mutations in breast 
cancer. Cancer Res 68: 6084–6091.

Treilleux, I., Arnedos, M., Cropet, C., Ferrero, J., 
Lacourtoisie, S., Spaeth, D. et al. (2013) Predictive 



Therapeutic Advances in Medical Oncology 6(4)

166 http://tam.sagepub.com

markers of everolimus efficacy in hormone receptor 
positive (HR+) metastatic breast cancer (MBC): final 
results of the TAMRAD Trial Translational Study. J 
Clin Oncol 31(Suppl.): abstract 510.

Vasudevan, K., Barbie, D., Davies, M., Rabinovsky, R., 
McNear, C., Kim, J. et al. (2009) AKT-independent 
signaling downstream of oncogenic PIK3CA 
mutations in human cancer. Cancer Cell 16: 21–32.

Wander, S., Hennessy, B. and Slingerland, J. (2011) 
Next-generation mtOR inhibitors in clinical oncology: 
how pathway complexity informs therapeutic strategy. 
J Clin Invest 121: 1231–1241.

Wee, S., Wiederschain, D., Maira, S., Loo, A., Miller, 
C., Debeaumont, R. et al. (2008) PTEN-deficient 
cancers depend on PIK3CB. Proc Natl Acad Sci U S A 
105: 13057–13062.

Weigelt, B., Warne, P. and Downward, J. (2011) 
PIK3Ca mutation, but not PTEN loss of 

function, determines the sensitivity of breast 
cancer cells to mTOR inhibitory drugs. Oncogene 
30: 3222–3233.

Wolff, A., Lazar, A., Bondarenko, I., Garin, A., 
Brincat, S., Chow, L. et al. (2013) Randomized 
phase III placebo-controlled trial of letrozole plus 
oral temsirolimus as first-line endocrine therapy 
in postmenopausal women with locally advanced 
or metastatic breast cancer. J Clin Oncol 31: 
195–202.

Zhang, W., Haines, B., Efferson, C., Zhu, J., Ware, 
C., Kunii, K. et al. (2012) Evidence of mTOR 
activation by an AKT-independent mechanism 
provides support for the combined treatment of 
PTEN-deficient prostate tumors with mTOR and 
AKT inhibitors. Transl Oncol 5: 422–429.

Zhao, L. and Vogt, P. (2008) Class I PI3K in 
oncogenic cellular transformation. Oncogene 27: 
5486–5496.

Visit SAGE journals online 
http://tam.sagepub.com

SAGE journals


