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Abstract: Despite advances in cytotoxic chemotherapy and targeted therapies, 5-year  survival 

rates remain low for patients with advanced breast cancer at diagnosis. This highlights the lim-

ited effectiveness of current treatment options. An improved understanding of cellular functions 

associated with the development and progression of breast cancer has resulted in the creation 

of a number of novel targeted molecular therapies. However, more work is needed to improve 

outcomes, particularly in the first-line recurrent or metastatic hormone receptor–positive breast 

cancer setting. The phosphatidylinositol 3-kinase/protein kinase B/mammalian target of rapamy-

cin (mTOR) pathway is a major intracellular signaling pathway that is often upregulated in 

breast cancer, and overactivation of this pathway has been associated with primary or developed 

resistance to endocrine treatment. Clinical data from the Phase III Breast Cancer Trials of Oral 

Everolimus-2 (BOLERO-2) study of the mTOR inhibitor everolimus combined with exemestane in  

hormone receptor–positive advanced breast cancer were very promising, highlighting the potential 

role of mTOR inhibitors in combination with endocrine therapies as a first-line treatment option 

for these patients. It is hoped that the use of mTOR inhibitors combined with current standard-

of-care endocrine therapies, such as aromatase inhibitors, in the first-line advanced breast cancer 

setting may result in greater antitumor effects and also delay or reverse treatment resistance.

Keywords: mammalian target of rapamycin, everolimus, hormone receptor–positive breast 

cancer, first-line

Introduction
In the US, breast cancer is the most common type of cancer and the second leading 

cause of cancer mortality among women.1,2 Approximately one in eight women will be 

diagnosed with breast cancer during her lifetime.3,4 In 2015, there will be an estimated 

231,840 new cases of breast cancer diagnosed in women in the US, and it is predicted 

that 40,290 women will die of their disease.1 Unfortunately, most breast cancers are 

invasive at diagnosis,3 and approximately 5% to 10% of women have metastatic disease 

at the time of diagnosis.5 Additionally, up to 30% of those with lymph node–negative 

(ie, node-negative) and up to 70% of those with node-positive early-stage breast cancer 

can be expected to relapse.5

Despite advances in cytotoxic chemotherapy and targeted therapies, 5-year survival 

rates remain low (25% for patients with distant disease at diagnosis),4 highlighting the 

limited effectiveness of current treatment options, particularly in those with advanced 

breast cancer. The majority of advanced breast cancers are considered incurable.5 

Tumor stage, tumor grade, hormone receptor (HR; ie, estrogen receptor [ER] or 

progesterone receptor), and human epidermal growth factor receptor 2 (HER2) status 

Correspondence: J Thaddeus Beck
Highlands Oncology Group, 
3232 N North Hills Blvd, 
Fayetteville, AR 72703, USA
Tel +1 479 587 1700
email tbeck@hogonc.com 

Journal name: OncoTargets and Therapy
Article Designation: Review
Year: 2015
Volume: 8
Running head verso: Beck
Running head recto: mTOR inhibitors as first-line therapy in advanced breast cancer
DOI: http://dx.doi.org/10.2147/OTT.S88037

O
nc

oT
ar

ge
ts

 a
nd

 T
he

ra
py

 d
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.dovepress.com/permissions.php
http://creativecommons.org/licenses/by-nc/3.0/
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/OTT.S88037
mailto:tbeck@hogonc.com


OncoTargets and Therapy 2015:8submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

3630

Beck

are important factors that guide treatment decisions.6 A better 

understanding of the underlying mechanisms involved in 

breast cancer growth and metastasis (eg, cell signaling 

pathways, DNA repair, angiogenesis) has led to the develop-

ment of targeted therapies such as endocrine and biologic 

therapies, which include tamoxifen, aromatase inhibitors 

(AIs), trastuzumab, pertuzumab, trastuzumab emtansine, 

phosphatidylinositol 3-kinase (PI3K)/mammalian target of 

rapamycin (mTOR) dual inhibitor, and cyclin-dependent 

kinase (CDK) inhibitors;7–9 the increased use of these 

therapies in recent years has resulted in improvements in 

treatment outcomes. This review will discuss the current 

role of targeted therapies in the management of postmeno-

pausal women with HR-positive advanced breast cancer 

and focus on the potential role of mTOR inhibitors in the 

first-line setting.

Adjuvant versus first-line therapy
Adjuvant therapy refers to the use of radiation therapy or sys-

temic drug therapy (ie, chemotherapy, endocrine, and targeted 

therapy) following surgery to prevent disease recurrence.1,3,6 

The use of systemic therapy in the adjuvant setting is primar-

ily based on tumor stage and histopathological characteristics 

such as HR and HER2 status.6 Systemic therapy may also 

be considered as neoadjuvant therapy to shrink the primary 

tumor sufficiently to allow for surgical removal.3 Patients 

who present with metastatic disease may be unlikely to ben-

efit from surgery or radiation therapy of the primary tumor.6 

As a result, first-line (ie, initial) systemic therapy is often the 

preferred treatment option for women with advanced breast 

cancer.3 Given that most cases of advanced breast cancer 

are considered to be incurable, the management goals are 

usually to prolong survival and enhance quality of life.6 

Therefore, first-line treatment options with minimal toxicity, 

such as endocrine therapies, are preferred over cytotoxic 

therapies.6

The National Comprehensive Cancer Network (NCCN) 

has indicated that the identification of contributing factors 

to therapeutic response (eg, HR, HER2) is a central com-

ponent of the management of advanced breast cancer.6 It is 

important to note that subsequent therapy in patients whose 

disease has recurred or metastasized following adjuvant 

therapy is still considered first-line therapy (ie, first-line 

therapy in the recurrent or metastatic setting). Indeed, 

many clinical trials of first-line therapy in the recur-

rent or metastatic setting have allowed the inclusion of 

patients who have received previous adjuvant endocrine 

therapy.10–12

Current first-line treatment options 
in advanced breast cancer
The NCCN has established first-line treatment options for 

advanced metastatic or recurrent breast cancer.6 Women with 

ER-positive and/or progesterone receptor-positive advanced 

metastatic or recurrent breast cancer are good candidates for 

endocrine therapy, which is associated with relatively low 

toxicity profiles.6 However, a recent study of adherence to 

guidelines by the NCCN found that almost two-thirds of 

patients with advanced HR-positive, HER2-negative breast 

cancer had chemotherapy initiated without any prior endo-

crine treatment.13

Selection of first-line agents is based on numerous factors, 

including menopausal status, time since original diagnosis, 

and the prior use of adjuvant therapy for the primary tumor.6 

For premenopausal women, available endocrine therapies 

include selective ER modulators (tamoxifen or toremifene), 

luteinizing hormone-releasing hormone agonists (goserelin 

or leuprolide), high-dose estrogen (ethinyl estradiol), andro-

gens (fluoxymesterone), or progestin (megestrol acetate). 

In most premenopausal women who have received prior 

treatment with tamoxifen, additional endocrine therapy with 

or without ovarian suppression or ablation is appropriate.6 

In postmenopausal women, endocrine therapies may include 

third-generation nonsteroidal (anastrazole and letrozole) and 

steroidal (exemestane) AIs, selective ER modulators, ER 

downregulators (fulvestrant), high-dose estrogen, andro-

gens, or progestin.6 AIs have demonstrated superiority over 

tamoxifen in terms of response rate, clinical benefit rate, and 

progression-free survival (PFS), although the difference in 

survival benefit does not appear to be significant.14 However, 

tamoxifen is still an acceptable first-line option.6

According to NCCN guidelines, the selected endocrine 

therapy should be continued until disease progression or 

unacceptable toxicity, after which a new endocrine therapy 

can be selected for patients who derive clinical benefit after 

three sequential endocrine regimens or for those with no 

symptomatic visceral disease.6 Chemotherapy should be 

considered in patients who have HR-negative tumors that 

are not localized only to the bone or soft tissue and who have 

evidence of visceral crisis, or for those who have HR-positive 

tumors that are refractory to endocrine therapy.6 For patients 

with bone disease, denosumab or zoledronic acid should be 

added to the treatment course recommended for patients 

without bone disease.6

Resistance to endocrine therapy and cytotoxic therapy 

in breast cancer has been associated with activation of the 

PI3K/protein kinase B (Akt)/mTOR signaling pathway.15–17 
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The activation of cell signaling pathways (eg, the PI3K/

Akt/mTOR pathway) may mediate endocrine resistance.17 

As a result, targeting therapeutics to this pathway may 

improve response in patients receiving an AI. Three mTOR 

inhibitors – temsirolimus, everolimus, and sirolimus – have 

been evaluated in breast cancer, but only everolimus has 

demonstrated favorable results.12,18,19 The Phase III Breast 

Cancer Trials of Oral Everolimus-2 (BOLERO-2) trial 

indicated that everolimus plus exemestane significantly pro-

longed PFS compared with exemestane alone in women with 

HR-positive, HER2-negative advanced breast cancer who 

had disease progression or recurrence on prior nonsteroidal 

AI (NSAI) therapy.12,18 Based on this evidence, the NCCN 

panel unanimously agreed that the addition of everolimus 

to exemestane may be considered in women who fulfill the 

entry criteria for BOLERO-2.6

Molecular targeted therapy: role 
of the PI3K/Akt/mTOR pathway in 
advanced breast cancer
PI3K/Akt/mTOR is a major intracellular signaling pathway 

that regulates the proliferation, metabolism, motility, angio-

genesis, and survival of normal cells and cancer cells.16,20–22 

The PI3K heterodimer plays a central role in this pathway 

and is activated by a variety of receptor tyrosine kinases, 

including epidermal growth factor receptor, insulin-like 

growth factor 1 receptor (IGF1R), insulin receptor, and 

HER2.16,20–22 The activation of PI3K results in the downstream 

phosphorylation of Akt, a serine/threonine kinase, which in 

turn activates additional key downstream effectors, includ-

ing mTOR.22 mTOR is a serine/threonine protein kinase 

that regulates cell proliferation, apoptosis, angiogenesis, 

and cellular metabolism through two multiprotein com-

plexes: mTOR complex 1 (mTORC1), which is sensitive to 

rapamycin inhibition, and mTORC2.23 mTORC1 enhances 

mRNA translation and cell proliferation, growth, and survival 

through phosphorylation of the eukaryotic initiation factor 

4E-binding protein 1 and the p70 ribosomal S6 kinase 1.23,24 

The function of mTORC2 is not as well understood but 

may be associated with cytoskeleton organization and cell 

proliferation, survival, and metabolism.23,24

Dysregulation of the PI3K/Akt/mTOR pathway occurs 

in many tumor types, including breast cancer, and is associ-

ated with cancer pathogenesis, progression, and treatment 

resistance.17,25–27 Mutations in the PI3K catalytic alpha subunit 

and the loss of the tumor suppressor phosphatase and tensin 

homolog are frequently encountered in breast cancer.28 PI3K/

Akt activation in breast cancer cells and high levels of Akt 

or mTOR activity are associated with the development of 

resistance to endocrine therapy;17,25–27 PI3K activation has 

also been associated with trastuzumab resistance.29–31 Taken 

together, this knowledge provides the rationale for the use of 

inhibitors of the PI3K/Akt/mTOR pathway in the treatment 

of patients with advanced breast cancer, thereby potentially 

delaying or reversing resistance to endocrine therapies.

Current clinical data available for 
inhibitors of the Pi3K/Akt/mTOR 
pathway
The clinical data available to date indicate that mTOR 

inhibition may play a significant role in the treatment of 

HR-positive tumors.12,18 Several clinical trials have evalu-

ated mTOR inhibitors as first-line therapy in HR-positive 

advanced breast cancer,12 but so far everolimus remains the 

only mTOR inhibitor that has been approved by the US Food 

and Drug Administration (FDA). Everolimus, in combination 

with exemestane, has been indicated for the treatment of post-

menopausal women with HR-positive advanced breast cancer 

who have progressed after NSAI therapy.32 This approval, in 

2012, was based on the findings of the randomized Phase III 

BOLERO-2 trial, which evaluated the addition of everolimus 

to exemestane in postmenopausal women with ER-positive, 

HER2-negative advanced breast cancer who had relapsed or 

progressed on NSAIs in the adjuvant or metastatic setting.12 A 

significant improvement in median PFS (central assessment) 

was seen with everolimus plus exemestane versus exemestane 

alone (11.0 vs 4.1 months; hazard ratio, 0.38; 95% confidence 

interval [CI], 0.31–0.48; P,0.001).12 A final PFS analysis of 

the study confirmed this benefit in the overall population and 

prospectively defined subgroups.18 Everolimus plus exemes-

tane was, however, associated with a higher incidence of 

adverse events (AEs) and toxicity-related treatment discontinu-

ation (26.3% for the everolimus and exemestane combination 

and 5% for exemestane alone). The most commonly reported 

AEs (.25% patients) were stomatitis, rash, and fatigue.18

A recent exploratory analysis of the BOLERO-2 trial 

was conducted in the subgroup of patients who had disease 

recurrence during or after neoadjuvant and adjuvant NSAI 

therapy or adjuvant AI therapy only.33 Based on local inves-

tigator assessment, the improvement in PFS with everoli-

mus plus exemestane versus placebo plus exemestane was 

nearly tripled (11.5 vs 4.1 months; hazard ratio, 0.39; 95% 

CI, 0.25–0.62).33 This was confirmed by central assessment 

(15.2 vs 4.2 months; hazard ratio, 0.32; 95% CI, 0.18–0.57).33 

A retrospective, exploratory biomarker analysis indicates no 

predictive marker for everolimus efficacy within the four 
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most frequently altered genes/pathways (PI3K, CCND1, 

phosphatase and tensin homolog [PTEN], and fibroblast 

growth factor receptor 1/2) in the BOLERO-2 patient popu-

lation.34 In this analysis, patients with wild-type genes or 

a single genetic alteration in PIK3CA, PTEN, CCND1, or 

fibroblast growth factor receptor 1/2 genes derived greater 

benefit with everolimus compared with the overall popula-

tion, whereas patients with genetic alterations in at least two 

of these genes still benefited from the addition of everolimus 

but to a lesser degree compared with the single/no mutation 

group. Elsewhere, in an exploratory analysis of the Phase II, 

open-label Tamoxifen Plus Everolimus (TAMRAD) study 

in patients with advanced breast cancer, there was a positive 

correlation between late effectors of mTORC1 activation 

and Akt-independent mTORC1 activation and everolimus 

efficacy, and an inverse correlation between canonical PI3K/

Akt/mTOR pathway and everolimus efficacy.35 Further 

prospective study is required to validate the clinical implica-

tions of these observations. These findings further support 

the use of everolimus in the first-line setting and highlight 

the potential benefit of early introduction of everolimus plus 

exemestane in the treatment of ER-positive, HER2-negative 

advanced breast cancer.33

The results of the BOLERO-2 exploratory analysis are 

supported by an earlier Phase II, randomized, placebo-

controlled study that assessed neoadjuvant everolimus plus 

letrozole versus letrozole alone in patients with ER-positive 

breast cancer.36 After 4 months of neoadjuvant treatment, 

response rate by clinical palpation (primary end point) was 

higher with everolimus plus letrozole versus letrozole plus 

placebo (68.1% vs 59.1%; P=0.0616 [significance threshold, 

P#0.10]).36 The response rate by ultrasound was significantly 

improved with everolimus plus letrozole (58.0% vs 47.0%; 

P=0.0352).36 Everolimus plus letrozole was associated with 

an acceptable safety profile with stomatitis being the mostly 

reported common side effect (36.5%). Everolimus toxicity in 

this study was consistent with historical data.36 Based on these 

results, everolimus appears to have the potential to enhance 

the efficacy of letrozole when initiated early (ie, in the neoad-

juvant setting) in patients with ER-positive breast cancer.

The TAMRAD trial assessed everolimus plus tamoxifen 

in postmenopausal women with HR-positive, HER2-negative 

advanced breast cancer who had progressed on previous AI 

therapy in the adjuvant or metastatic setting.37 In the overall 

study population, 41% of patients in the adjuvant setting and 

67% in the first-line metastatic setting had received previous 

AI therapy.37 However, because some of the patients had 

received both adjuvant and first-line systemic therapy, only 

some of them could be considered first-line for the purposes of 

this study. A significant improvement in clinical benefit rate 

(primary end point) was seen with everolimus plus tamoxifen 

versus tamoxifen alone (61% vs 42%; P=0.045); in addition, 

there was an improvement in time to progression (8.6 vs 4.5 

months; P=0.002) and a 55% reduction in the risk of death 

with combination therapy (P=0.007).37 The most commonly 

reported nonhematologic toxicities were pain (86%), fatigue 

(53%), stomatitis (7%), rash (7%), anorexia (18%), and diar-

rhea (11%); 35% of patients required an everolimus dose 

reduction or discontinued therapy because of side effects.37

Recently, a Phase II trial investigated the effects of com-

bination therapy comprising everolimus and fulvestrant (an 

ER downregulator) in patients with ER-positive metastatic 

breast cancer who had progressed or relapsed on an AI within 

6 months of enrollment.38 At study entry, 26% of patients had 

received prior AI therapy in the adjuvant setting and 74% had 

received it in the metastatic setting.38 Time to progression (pri-

mary end point) was 7.4 months; the objective response and 

clinical benefit rates were 13% and 55%, respectively, follow-

ing treatment with this combination therapy.38 The most com-

mon AEs were elevated aspartate aminotransferase (87%), 

elevated alanine aminotransferase (77%), anemia (74%), 

hyperglycemia (71%), and hyper cholesteremia (68%).38 AEs 

were mostly mild to moderate and reversible and everolimus 

dose reductions were not frequently required.38

In contrast to the findings of BOLERO-2, the random-

ized Phase III trial of first-line oral temsirolimus plus 

letrozole in patients with locally advanced or metastatic, 

AI inhibitor-naïve, ER-positive breast cancer did not dem-

onstrate improvements in response rates or PFS versus 

letrozole alone.19 No overall improvement in median PFS 

(primary end point) was seen between temsirolimus plus 

letrozole and letrozole alone (8.9 vs 9.0 months; hazard ratio, 

0.90; P=0.25).19 Grade 3 to 4 AEs were more frequently 

reported with temsirolimus plus letrozole (37% vs 24%).19 

An exploratory analysis showed that PFS was longer with 

letrozole plus temsirolimus versus letrozole alone in younger 

patients aged #65 years (9.0 vs 5.6 months; hazard ratio, 

0.75; 95% CI, 0.60–0.93; P=0.009).19 However, the lack 

of overall PFS benefit with the letrozole plus temsirolimus 

combination was surprising and is difficult to explain. It is 

possible that the difference in PFS outcomes between the 

temsiroliums plus letrozole trial and BOLERO-2 reflects key 

differences in patient characteristics between the two trials. 

For example, the temsirolimus plus letrozole trial excluded 

patients with prior exposure to AIs,19 whereas a selection 

criterion in BOLERO-2 was progression on an NSAI  during 

or within 12 months of adjuvant therapy, or progression 

within 1 month in the metastatic setting.12,18
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There are currently no FDA-approved PI3K or Akt inhibi-

tors, although various clinical trials evaluating inhibitors 

of the PI3K/Akt/mTOR pathway in HR-positive advanced 

breast cancer are ongoing (Table 1). There are also a number 

of agents in development that may offer dual PI3K-mTOR 

inhibition. Dual inhibition is being investigated because inhi-

bition of mTORC1 activity alone may lead to the enhanced 

activation of the PI3K axis, and it is thought that dual inhi-

bition of PI3K–mTOR or mTORC1–mTORC2 may be suf-

ficient to avoid PI3K reactivation.7 In theory, dual inhibition 

targets PI3K, mTORC1, and mTORC2, efficiently shutting 

down the PI3K/Akt/mTOR pathway.7 However, targeting 

multiple points in this pathway also has the potential to result 

in enhanced toxicity.

Of particular note among the trials targeting the PI3K/Akt/

mTOR pathway is the multicenter, open-label, single-arm, 

Phase II BOLERO-4 trial that is currently being conducted 

at sites across Europe, Asia, and the Americas.39 BOLERO-4 

aims to assess the safety and effectiveness of first-line therapy 

with everolimus plus letrozole in postmenopausal patients 

with locally advanced or metastatic ER-positive, HER2-

negative breast cancer.39 It is hoped that this study will provide 

insight into the efficacy of first-line combination therapy with 

everolimus plus letrozole in patients with metastatic breast 

cancer, and insight into the efficacy of continued everolimus 

following initial disease progression; patients who progress 

during treatment with everolimus plus letrozole will be permit-

ted to receive everolimus plus exemestane until further disease 

progression or unacceptable toxicity.39 The study is using PFS 

as the primary end point. It has completed enrollment (N=202) 

and has an estimated study-completion date of December 2016 

(https://clinicaltrials.gov/ct2/show/NCT01698918).

Table 1 Ongoing clinical trials investigating inhibitors of the PI3K/Akt/mTOR pathway in HR-positive advanced breast cancer

Therapeutic target Agent ClinicalTrials.gov 
identifier

Status Study details

mTOR inhibitors everolimus NCT01698918 Active, not 
recruiting

Phase ii; everolimus + letrozole, everolimus + exemestane 
(offered if patients progress); locally advanced or metastatic 
ER-positive/HER2-negative BC 

everolimus NCT01783444 Active, not 
recruiting

Phase ii; everolimus, capecitabine, or  
everolimus + exemestane; ER-positive advanced BC

Ridaforolimus NCT01605396 Active, not 
recruiting

Phase ii; ridaforolimus + exemestane or ridaforolimus + 
dalotuzumab + exemestane; ER-positive/HER2-negative locally 
advanced or metastatic BC 

Pan-PI3K inhibitors BKM120 NCT01633060 Recruiting Phase iii; BKM120 + fulvestrant or BKM120 + placebo; 
AI-treated, locally advanced or metastatic BC progressing on 
or after prior treatment with an mTOR inhibitor + endocrine 
therapy

BKM120 NCT01572727 Active, not 
recruiting

Phase ii/iii; BKM120 + paclitaxel or placebo + paclitaxel; 
HER2-negative, locally advanced or metastatic BC with or 
without Pi3K activation

BKM120 NCT01610284 Active, not 
recruiting

Phase iii; BKM120 + fulvestrant or placebo + fulvestrant; 
HR-positive/HER2-negative locally advanced or metastatic BC 
refractory to Ai therapy

GDC-0941 NCT01437566 Active, not 
recruiting

Phase II; GDC-0941 + fulvestrant or GDC-0980 + fulvestrant 
or placebo + fulvestrant; HR-positive/HER2-negative locally 
advanced or metastatic BC progressing on or after Ai therapy

GDC-0941 NCT01740336 Active, not 
recruiting

Phase II; GDC-0941 + paclitaxel or placebo + paclitaxel; 
HR-positive/HER2-negative locally recurrent or metastatic BC

GDC-0941 NCT00960960 Active, not 
recruiting

Phase I; GDC-0941 + paclitaxel ± bevacizumab or 
trastuzumab; locally recurrent or metastatic BC

Akt inhibitors MK2206 NCT01776008 Recruiting Phase ii; MK2206 + anastrozole ± goserelin acetate; 
ER-positive/HER2-negative nonmetastatic invasive BC

mTORC1/mTORC2 AZD2014 NCT01597388 Recruiting Phase i; AZD2014 + fulvestrant; ER-positive advanced MBC

AZD2014 NCT02216786 Recruiting Phase ii; AZD2014 + fulvestrant, everolimus + fulvestrant; 
ER-positive metastatic BC

Abbreviations: Ai, aromatase inhibitor; Akt, protein kinase B; BC, breast cancer; eR, estrogen receptor; HeR2, human epidermal growth factor receptor 2; HR, hormone 
receptor; MBC, metastatic breast cancer; mTOR, mammalian target of rapamycin; PI3K, phosphatidylinositol 3-kinase.
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Overview of other targets being 
investigated
There are a number of therapeutic targets other than the PI3K/

Akt/mTOR pathway that are being evaluated in the setting of 

HR-positive advanced breast cancer and include aspects of 

cell cycle control, the IGF1R, farnesyltransferase, vascular 

endothelial growth factor (VEGF), and the Src oncogene 

(Figure 1).40 Because many of these targets are in the early 

phases of clinical investigation, most studies mentioned in 

the next section (particularly those in early phases) included 

a mix of patients who had received prior therapy in the adju-

vant and/or metastatic setting; not many were conducted in a 

purely first-line metastatic setting. Table 2 summarizes clini-

cal trials evaluating select targeted therapies in HR-positive 

advanced breast cancer.

Loss of cell cycle control is seen in many cancers, 

including breast cancer, and cyclin activation of CDKs 

is pivotal for the control of cell cycle progression.41 In 

particular, CDK 4/6 activation mediates the phosphoryla-

tion of retinoblastoma tumor-suppressor protein resulting in 

the activation of E2F transcription factors, G1/S transition, 

and cell cycle progression.7 Palbociclib (PD-0332991), a 

first-in-class selective CDK4/6 inhibitor, has been shown to 

be an effective treatment for ER-positive, HER2-negative 

metastatic breast cancer.42 A Phase II clinical trial inves-

tigating palbociclib in heavily pretreated patients (76% 

patients $2 lines of therapy) with retinoblastoma-positive 

breast cancer showed clinical benefit in 21% of ER-positive 

patients.43 The median PFS for patients with ER-positive, 

HER2-negative and ER-positive, HER2-positive disease was 

3.8 and 5.1 months, respectively.43 None of the biomarkers 

analyzed in the study were significantly associated with 

clinical benefit or PFS.43 A randomized, Phase II study evalu-

ated first-line treatment of palbociclib in combination with 

letrozole versus letrozole alone in patients with ER-positive, 

HER2-negative advanced breast cancer.44 There was a 

significant improvement in median PFS with palbociclib 

plus letrozole versus letrozole alone (20.2 vs 10.2 months; 

hazard ratio, 0.49; 95% CI, 0.32–0.75; P=0.0004).44 How-

ever, analysis of cyclin D1 and p16 as biomarkers in this 

study revealed the benefit from palbociclib and letrozole 

was less in the biomarker-enriched cohort, suggesting 

Figure 1 Overview of select targeted agents in the treatment of advanced breast cancer. Adapted from Munagala R, Aqil F, Gupta RC. Promising molecular targeted therapies 
in breast cancer. Indian J Pharmacol. 2011;43(3):236–245.40

Abbreviations: Akt, protein kinase B; BCR-ABL, Philadelphia chromosome; BRAF, B-type RAF kinase; CDK, cyclin-dependent kinase; EGF, epidermal growth factor; 
EGFR, EGF receptor; ERK, extracellular signal-regulated kinase; FTase, farnesyltransferase; HDAC, histone deacetylase; HSP90, heat shock protein 90; IGF-1, insulin-like 
growth factor 1; IGFR-1, IGF-1 receptor; JAK/STAT, Janus kinases/signal transducers and activators of transcription; MEK, mitogen-activated protein kinase kinase; mTOR, 
mammalian target of rapamycin; PDK-1, pyruvate dehydrogenase kinase isozyme 1; PI3K, phosphatidylinositol 3-kinase; PTEN, phosphatase and tensin homolog; Ras, Rat 
sarcoma subfamily of GTPases; src, v-Src (Rous sarcoma virus) tyrosine kinase; VEGF, vascular endothelial growth factor; VEGFR, VEGF receptor.
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Table 2 Clinical trials investigating select targeted therapies other than inhibitors of the PI3K/Akt/mTOR pathway in HR-positive 
advanced breast cancer

Therapeutic target Agent ClinicalTrial.gov 
identifier

Status Study details

CDK 4/6 inhibitors Palbociclib NCT02028507 Recruiting Phase iii; palbociclib + exemestane, or single-agent capecitabine; 
HR-positive/HER2-negative metastatic BC resistant to NSAI 
therapy

Palbociclib NCT01740427 Active, not 
recruiting

Phase iii; palbociclib + letrozole or placebo + letrozole; ER-
positive/HER2-negative advanced BC

Palbociclib NCT01942135 Active, not 
recruiting

Phase iii; palbociclib + fulvestrant or placebo + fulvestrant; 
HR-positive/HER2-negative metastatic BC following endocrine 
treatment failure

Palbociclib NCT01684215 Recruiting Phase ii; palbociclib ± letrozole; Japanese patients with 
ER-positive/HER2-negative locally advanced or metastatic BC

Palbociclib NCT00721409 Active, not 
recruiting

Phase i/ii; palbociclib + letrozole or single-agent letrozole; 
ER-positive/HER2-negative ABC

LEE011 NCT01872260 Recruiting Phase I/II; LE011 + letrozole, BYL719 + letrozole, or LE011 + 
BYL719 + letrozole; ER-positive/HER2-negative, locally advanced 
or metastatic BC

LEE011 NCT02154776 Recruiting Phase I; LEE011 + buparlisib + letrozole; HR-positive/HER2-
negative locally advanced or metastatic BC

LEE011 NCT01958021 Recruiting Phase III; LEE011 + letrozole or placebo +  
letrozole; HR-positive/HER2-negative, locally advanced or 
metastatic BC with no prior treatment for metastatic disease

LEE011 NCT01857193 Recruiting Phase I/II; LEE011 + everolimus + exemestane, LEE011 + 
exemestane, or exemestane + everolimus; ER-positive/HER2-
negative, locally advanced or metastatic BC

LEE011 NCT02278120 Recruiting Phase III; LEE011 + NSAi + tamoxifen + goserelin, or placebo + 
NSAi + tamoxifen + goserelin; HR-positive/HER2-negative, 
locally advanced or metastatic BC

Abemaciclib NCT02057133 Recruiting Phase i; abemaciclib + hormone therapies (letrozole; 
anastrozole; tamoxifen; exemestane; exemestane + everolimus; 
trastuzumab); HR-positive/HER2-negative, metastatic BC

Abemaciclib NCT02246621 Recruiting Phase iii; abemaciclib + NSAi or placebo + NSAI; HR-positive/
HER2-negative, previously untreated, locally advanced or 
metastatic BC

Abemaciclib NCT02107703 Recruiting Phase iii; fulvestrant ± abemaciclib or placebo; HR-positive/
HER2-negative, locally advanced or metastatic BC

iGF1R inhibitors BMS-754807 NCT01225172 Completed Phase II; BMS-754807 ± letrozole; HR-positive/HER2-negative, 
locally advanced or metastatic BC progressing on prior NSAi 
therapy

FTase inhibitors Tipifarnib NCT00100750 Completed Phase i/ii; tipifarnib + gemcitabine; metastatic BC

veGFR inhibitors Pazopanib NCT01466972 Recruiting Phase II; pazopanib plus NSAI; ER-positive and/or PR-positive, 
locally advanced or metastatic BC progressing during prior 
hormonal therapy

Src inhibitors Dasatinib NCT00696072 Active, not 
recruiting

Phase ii; dasatinib + letrozole or single-agent letrozole; 
HR-positive/HER2-negative, locally recurrent or metastatic BC

Abbreviations: BC, breast cancer; CDK, cyclin-dependent kinase; ER, estrogen receptor; FTase, farnesyltransferase; HER2, human epidermal growth factor receptor 2;  
HR, hormone receptor; IGF1R, insulin-like growth factor 1 receptor; NSAI, nonsteroidal aromatase inhibitor; PR, progesterone receptor; VEGFR, vascular endothelial 
growth factor receptor.

these are not suitable biomarkers for palbociclib.44 The 

combination of palbociclib plus letrozole was generally 

well tolerated, and the most frequently reported treatment-

related AE was neutropenia (20%).44 These findings sug-

gest that the addition of palbociclib to letrozole provides 

clinical benefit in the first-line metastatic breast cancer 

setting. Based on these data, palbociclib was recently  

approved by the FDA for first-line use in combination 

with letrozole in postmenopausal women with HR-positive 

metastatic breast cancer.45 Phase III studies of this com-

bination are under way (Table 2) with further biomarker 

data expected to be reported. Recently, a Phase III clinical 
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trial involving palbociclib in combination with fulvestrant 

for second-line treatment for HR-positive, HER2-negative 

breast cancer (PALbociclib: Ongoing trials in the Manage-

ment of breast cAncer [PALOMA-3]) was stopped early 

because it met its efficacy end point.46 The median PFS was 

9.2 months (95% CI, 7.5–not estimable) for the palbociclib 

and fulvestrant combination and 3.8 months (95% CI,  

3.5–5.5) for the placebo and fulvestrant combination (hazard 

ratio, 0.42; 95% CI, 0.32–0.56; P,0.001).46 A similar rate 

of discontinuation was observed for the palbociclib and 

placebo groups, and the most frequently reported AE was 

neutropenia (78.8%).46 Other CDK 4/6 inhibitors, including 

abemaciclib (LY2835219) and ribociclib (LEE011), are 

also in clinical development for the first-line treatment of 

HR-positive advanced breast cancer in combination with 

NSAIs or fulvestrant (Table 2).

IGF1R is a tyrosine kinase receptor involved in the 

regulation of energy metabolism, body size, and longevity.47 

Preclinical data suggest that activation of IGF1R signaling 

has been linked to trastuzumab resistance in breast cancer 

cells.48 Published data for IGF1R inhibitors are limited in 

the first-line metastatic HR-positive breast cancer setting, 

but ongoing trials are being conducted for BMS-754807, 

a dual IGF1R/insulin receptor tyrosine kinase inhibitor 

(NCT01225172, Table 2).

Farnesyltransferase catalyzes the modification of the Ras 

protein, a process that is essential for the mediation of down-

stream signaling effects.8 The farnesyltransferase inhibitor 

tipifarnib has been assessed in a number of Phase II studies in 

patients with metastatic breast cancer with limited evidence 

that it is an effective antitumor agent.49,50

VEGF has been implicated in the transitioning of a tumor 

to a “prevascular” phase (ie, one with increased growth 

and greater metastatic potential), which is a hallmark of 

the malignant process and thought to be stimulated by the 

increased expression of proangiogenic factors.51 Therefore, 

blocking the VEGF pathway has the potential to inhibit tumor 

angiogenesis and growth. Bevacizumab is a monoclonal 

antibody therapy that has been extensively studied as an 

adjunctive therapy in patients with advanced breast cancer 

in a number of large Phase III trials.52,53 Results to date have 

been relatively disappointing with limited improvements in 

PFS and overall survival. Currently, the pan-VEGF inhibi-

tor pazopanib is being evaluated as an add-on therapy in a 

Phase II trial of patients with HR-positive, locally advanced 

or metastatic breast cancer who have progressed on NSAI 

therapy in the adjuvant or metastatic setting (NCT01466972, 

Table 2).

The Src oncogene, which regulates cell proliferation, 

differentiation, survival, motility, and angiogenesis, is a key 

messenger in many cellular pathways.8,54 Src plays a role in 

signaling and crosstalk between growth-promoting pathways, 

such as the ER and epidermal growth factor receptor family 

signaling pathways.8 A Phase II study of first- and second-

line dasatinib plus letrozole is currently being conducted in 

patients with HR-positive, HER2-negative locally advanced 

or metastatic breast cancer (NCT00696072, Table 2).

Further directions
Increased understanding of the molecular pathology of breast 

cancer and the various cell signaling pathways involved has 

led to a dramatic increase in the list of potential targets for 

drug treatment. This has resulted in the development of many 

novel targeted molecular therapies that may eventually lead 

to improvements in clinical outcomes. However, there is an 

urgent need for novel treatment strategies in the metastatic 

setting because there are currently few options available to 

treat these patients.

There is also an unmet need for effective first-line treatment 

options in patients with HR-positive recurrent or metastatic 

breast cancer who have progressed on endocrine therapy 

(particularly AIs). Results from the Phase III BOLERO-2 

trial demonstrated a clinically meaningful improvement in 

PFS with the addition of the mTOR inhibitor everolimus 

in this treatment setting. However, a number of questions 

remain unanswered. A statistically significant improvement 

in median overall survival was not observed with everolimus 

plus exemestane versus placebo plus exemestane (31.0 vs 26.6 

months; hazard ratio, 0.89; 95% CI, 0.73–1.10; P=0.1426).50 

Therefore, it has not yet been demonstrated that the improve-

ments in PFS will translate to an overall survival benefit. It is 

also not clear whether everolimus could be used as a first-line 

treatment in patients with HR-positive advanced breast cancer 

who have not been previously exposed to endocrine therapy.

Similar to endocrine resistance, the prolonged use of 

mTOR inhibitors may also result in feedback activation of 

PI3K, and this may lead to mTOR-independent cell cycle pro-

gression. To address this issue, focus should be placed on the 

clinical development of second-generation mTOR inhibitors, 

such as dual PI3K–mTOR or mTORC1–mTORC2 inhibi-

tors. These agents have the potential to provide efficient and 

comprehensive inhibition of the PI3K/Akt/mTOR pathway. 

However, enhanced toxicity may be an issue. It remains to be 

seen whether these second-generation mTOR inhibitors will 

provide improved outcomes when compared with everolimus-

based therapy in the first-line recurrent or metastatic setting.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


OncoTargets and Therapy 2015:8 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

3637

mTOR inhibitors as first-line therapy in advanced breast cancer

Additional research is also required to gain a better 

understanding of which patients will gain the most benefit 

from targeted molecular therapies in the first-line setting. The 

determination of patients who will gain optimal benefit from 

targeted therapy in the first-line setting remains a challenge. 

Therefore, the development of robust biomarkers to help pre-

dict therapeutic response will form an important component 

of the management of advanced breast cancer.

Conclusion
A better understanding of the underlying mechanisms involved 

in breast cancer development and progression has led to the 

development of many novel targeted molecular therapies. This 

in turn has led to improvements in PFS and other measures 

of antitumor activity for many patients. However, improving 

overall survival rates remains a significant challenge, and 

there remains an urgent need for effective targeted treatment 

strategies, particularly in the first-line recurrent or metastatic 

setting. Recent advances, such as the approval of palbociclib 

as a new first-line treatment option, will extend the therapeutic 

options available to patients with ER-positive breast cancer. 

The PI3K/Akt/mTOR pathway is a major intracellular signal-

ing pathway that is often upregulated in breast cancer, and 

activation of this pathway is also associated with endocrine 

treatment resistance. Currently available Phase III clinical 

data (BOLERO-2) of the mTOR inhibitor everolimus in HR-

positive advanced breast cancer are encouraging, highlighting 

the potential role of mTOR inhibitors (in combination with 

endocrine therapies) as a first-line treatment option in patients 

with advanced breast cancer. The use of mTOR inhibitors in 

combination with standard-of-care endocrine therapies (eg, AI 

therapy) in the first-line advanced breast cancer setting may 

not only enhance the antitumor efficacy of these treatments 

but may also delay or reverse treatment resistance. Further 

clinical experience with everolimus and other agents, such 

as palbociclib, will provide greater insight into the relative 

benefits of every agent and their optimal clinical utility.
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