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 Abnormalities in the PI3K/Akt/mTOR intracellular signalling pathway have 

been implicated in several forms of human cancer. The central component of the 

pathway is the phosphatidylinositol 3-kinase (PI3K) heterodimer which comprises the 

p85 regulatory and p110 catalytic subunit, and mutations in the catalytic domain of 

PI3K have been identified in 20-25% of breast cancers [1, 2].  A further 15-35% of 

breast cancer patients demonstrate reduced expression of PTEN (phosphatase and 

tensin homolog deleted on chromosome ten), an endogenous inhibitor of the 

PI3K/AKT pathway [3]. Akt is the ultimate effector of the pathway and directs a 

multitude of intracellular effects related to growth, glucose metabolism, protein 

synthesis and cell survival. Activation of the PI3K/Akt pathway provides a cell with 

unrestricted growth and survival signals, and one important downstream consequence 

is the alleviation of the suppression by the tuberous sclerosis protein complex 

(TSC1/2) of the mammalian target of rapamycin (mTOR) [4]. There are at least two 

groups of mTOR proteins, and the key protein involved in transmitting signals from 

PI3K-Akt is the mTORC1 complex. Within cells mTORC1 plays a critical role in the 

transduction of proliferative signals through phosphorylation of the translational 

regulator 4E-BP1 (eukaryotic initiation factor 4E-binding protein) and the ribosomal 

protein p70
s6k

 (the 70-kDa S6 kinase) that facilitate translation of mRNAs into 

proteins [5, 6]. In recent years our understanding of this pathway in breast cancer has 

been exploited by the development of a number of targeted anti-cancer therapeutics, 

with mTOR inhibitors being the most clinically developed to date.  

 

Rapamycin is the original inhibitor of mTOR that was found to be a potent 

fungicide with immunosuppressive properties, and therapeutics were developed for 

clinical use in transplantation to prevent graft rejection. Subsequently rapamycin was 

found to have anti-proliferative effects in a range of experimental tumours [7], and 

rapamycin analogues with a more favourable pharmacological profile were 

synthesised including CCI-779 (temsirolimus), RAD-001 (everolimus), and AP23573 

(ridaforolimus). In various breast cancer cell lines with constitutive activation of the 

PI3K-Akt pathway due to either HER2 amplification, ER activation or PTEN 

deletions temsirolimus showed specific sensitivity [8], while everolimus (an oral 

hydroxyethyl ether of rapamycin) demonstrated impressive anti-proliferative activity 

against a wide variety of tumour models in vivo [9]. In the clinic mTOR antagonists 

were found to be relatively well tolerated in early phase I/II trials [10, 11], and 
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development programmes were established in various solid malignancies, in particular 

renal cell cancer and breast cancer. 

 

But has the development of mTOR antagonists for breast cancer moved ahead 

too fast before it was really appreciated how best to utilise these drugs as targeted 

therapeutics? As a single agent temsirolimus showed only modest activity in the 

advanced breast cancer setting [12], and subsequently both temsirolimus and 

everolimus were developed in combination with endocrine therapy following 

encouraging evidence for additive or synergistic effects from several pre-clinical 

models of endocrine resistant breast cancer [13, 14]. However, results from 

randomised clinical trials of mTOR antagonists in combination with endocrine 

therapy were mixed and failed to show substantial clinical benefit for the combination 

[15-17]. It became clear that as a targeted therapeutic, mTOR antagonists were being 

developed in unselected patients without understanding whether mTOR activation 

was indeed critical for all breast cancers, or indeed what the molecular consequence 

of mTOR inhibition would be. As such, it is now imperative that we refine the clinical 

development programme for mTOR antagonists by developing biomarkers that might 

select breast cancers most likely to respond to mTOR inhibition, and by 

understanding the evolving complexity of the PI3K/AkT/mTOR signalling pathway 

and applying that knowledge to design better therapeutic strategies.   

 

In this month’s edition of Breast Cancer Research and Treatment, three 

articles are published that contribute to a better understanding of mTOR as a target in 

breast cancer. In particular they relate to an evaluation of downstream mTOR targets 

and biomarkers for clinical response [18, 19], and review how best we might combine 

mTOR antagonists either with conventional cytotoxics, endocrine agents or other 

biological therapies for breast cancer [20]. Neo-adjuvant or short-term pre-operative 

studies can provide predictive biomarker data that may help select appropriate 

patients for future clinical trials. Macaskill et al evaluated the effects of just 14 days 

exposure to everolimus (5mg once daily) in 31 post-menopausal women with 

unselected early stage breast cancer [18]. Paired biopsies taken at diagnosis and at 

surgery after drug exposure allowed an immuno-histochemical (IHC) assessment of 

changes in cell proliferation (Ki67), apoptosis (active caspase-3), ER and PgR, in 

addition to key activated components of the pathway (pAkt, p-S6 kinase, p-mTOR). 
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Increasingly, these type of studies are using Ki-67 as the primary endpoint and key 

biological readout for drug exposure in this setting [21]. Furthermore, short-term 

changes in Ki-67 can be correlated with both the tumour’s molecular profile and 

changes in downstream signalling that in turn might identify predictive biomarkers for 

clinical benefit from the drug. The authors showed that reduction in proliferation was 

greatest in HER2+ tumours and/or those tumours with the highest pre-treatment Ki67 

scores, and that this also correlated with inhibition of signalling demonstrated by 

associated reduction in p-Akt levels. In addition, a number of tumours showed no 

biological response to mTOR antagonism suggesting that some harbour innate de-

novo resistance. As such these data would suggest tumour profiles can be selected 

which may be more or less likely to benefit from mTOR inhibition, and in turn this 

could form key selection criteria for future clinical trials.  

 

However, there are limitations to this short-term exposure in only a small 

group of patients in being able to correlate biological changes with clinical outcome, 

and to evaluating resistance mechanisms that might quickly develop and limit the 

drug’s effectiveness. Larger neo-adjuvant studies that treat patients for 3-4 months 

prior to surgery can start to correlate biomarker data with traditional clinical response 

features. A recent randomised phase II study in 270 postmenopausal women with 

ER+ primary operable breast cancer evaluated the benefit of adding everolimus 

(10mg/day) or placebo to neo-adjuvant letrozole (2.5mg/day) for 16 weeks pre-

operatively [22]. The primary endpoint of the study was clinical response, with a 

greater tumour shrinkage being observed for the combination (68.1% vs 59.1%). A 

significantly greater reduction in cell proliferation (Ki67) was seen in the 

letrozole/everolimus combination arm compared to letrozole. Associative correlative 

studies in pre- and post-treatment biopsies demonstrated expected down-regulation in 

progesterone receptor (PgR) and cyclin D1 in both treatment arms, with reductions in 

phosphorylated ribosomal protein S6 (mTOR downstream target) being observed only 

in the everolimus arm. Interestingly, in this study specific mutations in exon 9 of 

PIK3CA were found to be associated with a greater likelihood of an anti-proliferative 

response to the combination of letrozole plus everolimus compared to letrozole alone 

– this was not observed in the study of Macaskill et al (18), although they 

acknowledge that numbers in their study were too small. This particular PIK3CA 

mutation has been associated with a worse prognosis in breast cancer [23], and a 
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greater likelihood of response to the combination implicates the PI3K/Akt/mTOR 

pathway in endocrine resistance.  

 

While these pre-operative studies have helped identify some tumour profiles 

that might predict for benefit from mTOR inhibition based on activation and/or 

dependence on the pathway (ie. high proliferation rate, HER2 amplification, ER+ve 

tumours with certain PI3KCA mutations), these biomarker profiles need to be 

validated prospectively in subsequent studies. What about the molecular downstream 

consequences of mTOR antagonism that may modify or nullify target inhibition? 

Emerging evidence suggests an important negative feedback loop, whereby the 

mTOR activated kinase S6K1 phosphorylates and destabilizes the IRS1 and IRS2 

proteins in insulin-like growth factor (IGF) responsive cells [24]. In these cells, 

mTOR inhibition can lead to leads to a reduction in S6K1 activity, which in turn 

allows IRS1/2 expression to be increased with associated enhanced activation of 

IGFR1-dependent Akt activity – as such, concern has been raised that loss of this 

negative feedback loop may overcome the anti-tumour effectiveness of mTOR 

blockade and limit their effectiveness [25, 26]. This has supported by the clinical 

observation that phosphorylated Akt is upregulated in both tumour and skin biopsies 

of patients treated with everolimus [27], although again Macaskill et all observed no 

change in pAkt in their short-term exposure study [18]. While technical difference in 

detection of activated Akt can make such studies difficult, they have raised concern 

that loss of negative feedback may in time overcome the anti–tumour effectiveness of 

mTOR blockade alone, resulting in short term clinical remissions and perhaps 

rebound growth at the time of disease progression. As discussed below, this has 

driven the rationale either for better mTOR inhibitors, for drugs that provide dual 

blockade with PI3K, or indeed mTOR inhibition combined with blockade of upstream 

growth factors (HER2, IGFR) to block this compensatory feedback loop. 

 

In addition to the role that the mTOR substrate S6 kinase plays in regulating 

IRS1 and IRS2, the S6K1 and S6K2 genes which code for these substrate proteins are 

amplified in breast cancer, which in theory could abrogate the effects of mTOR 

inhibition. Perez-Tenorio et al. in this edition of BCRT have studied S6K1 and S6K2 

gene / protein expression in postmenopausal patients with early breast cancer 

followed up over many years within the previously reported Stockholm adjuvant trials 
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of adjuvant tamoxifen in low-risk patients, and of radiotherapy versus chemotherapy 

in high risk patients [19]. They report that amplification / gain of these genes occurs 

in over 20% of breast cancer, and this is perhaps not surprising given that the loci sit 

within commonly amplified regions in 17q21-23 and 11q13, which may explain the 

association of S6K1 amplification with HER2 status. They report that S6K2 

amplification correlates with ER status and Cyclin D1 amplification, and that in ER+ 

PgR-ve tumours nuclear expression of the S6K2 protein may be associated with a 

worse outcome from tamoxifen. While these data are clearly of interest, no studies to 

date have looked at amplification of these mTOR substrates in terms of 

responsiveness to mTOR inhibition – for example, amplification of a downstream 

target could make blockade of mTOR ineffective if endogenous drive to protein 

translation is already occurring via S6Kinase activation. It will now be imperative to 

include this biomarker in subsequent studies of mTOR inhibitors. 

 

So how can we improve upon the current mTOR antagonists that we have in 

the clinic, and should we be exploring a different strategy to utilise these drugs, 

namely combining them with other inhibitors to provide more effective blockade of 

the key components of intra-cellular signalling networks? In the third article in this 

edition of BCRT Margariti et al review the current progress that we have made with 

mTOR inhibition, in particular the attempts to reverse resistance to current clinical 

therapeutics including cytotoxics, endocrine therapy, and HER2 blockade with 

trastuzumab [20]. They conclude that while the pathway is a logical one to target and 

pre-clinical data have been especially encouraging, clinical progress with these drugs 

has been very modest to date. Heterogeneity of breast cancer and inability to target 

the right tumours may explain some of these results, although the most promising 

areas to develop further remain HER2+ tumours that may be resistant to trastuzumab, 

and endocrine resistant tumours – several key studied with existing mTOR 

antagonists in combination with trastuzumab and endocrine therapies are ongoing.  

 

Ultimately we need to develop more complete mTOR antagonists, as well 

understand how best to use them in smarter targeted combinations. The current 

rapamycin analogues in development only block the mTORC1 complex, with no 

effect on the mTORC2 complex that independently activates Akt, thus potentially 

limiting their ability to totally block this pathway [28, 29]. Several novel targeted 
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agents are in development against various components of the PI3K/Akt/mTOR 

pathway including mTOR inhibitors that target both mTORC1 and mTORC2, Akt 

inhibitors, PI3K inhibitors and dual mTOR/PI3K inhibitors (Table 1). For example 

the dual mTOR/PI3K inhibitor NVP-BEZ235 has previously demonstrated superior 

anti-proliferative activity to everolimus in cell lines [30], suggesting that greater 

blockade of the pathway can be achieved that just targeting mTOR alone. Likewise, a 

greater understanding of the pathway’s molecular biology will allow partnering of key 

signal transduction inhibitors together to provide maximal “vertical” or “horizontal” 

blockade. For example dual vertical inhibition of IGF-1R signalling using either 

monoclonal antibodies or tyrosine kinase inhibitors could be used to overcome the 

rapamycin induced Akt activation loop. Preliminary evidence to support has come 

form some promising results in neuroendocrine tumours where octreotide (which 

targets IGF-IR signalling) was combined with everolimus [31]. More recently the 

mTOR inhibitor ridaforolimus has been combination with the IGF-1R antibody 

dalotozamab in patients with advanced solid tumours [32].  The most frequent adverse 

events were stomatitis, fatigue and hyperglycaemia which were mostly grade 1-2. 

Interestingly there were signs of activity in 5 heavily pre-treated breast cancer patients 

with 2 achieving partial responses, 1 stable disease and a further 2 demonstrating 

partial metabolic responses on PET scan. All 5 of these patients were ER+ and 4 had 

high expression of Ki67, consistent with data above relating to tumour profiles most 

likely to respond to mTOR inhibition. 

    

So in conclusion, have we missed the mTOR target in breast cancer? Probably 

not completely is the answer, but we can certainly do better – perhaps the key lesson 

to remember is that development of a targeted agent in breast cancer requires a full 

understanding of the signalling pathway, and recognition that not all cancers will 

respond. Predictive biomarkers and understanding the consequences of target 

inhibition in-vivo allow identification of who best to treat, and how best to use the 

drug. Signalling networks are complex and sophisticated, and elucidating which ones 

are key oncogenic drivers and moreover what regulates them is central to getting the 

best out of modern targeted therapeutics. We should consider the current mTOR 

antagonists as first generation probes, and exploit the emerging science and clinical 

data to develop superior drugs against this pathway in smarter, better designed clinical 

trials. 
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Table 1: Novel PI3K and mTOR inhibitors in development (adapted from ref 33) (33). 

Agent Company Molecular targets Disease

AZD8055 AstraZeneca
mTORC1 and 

mTORC2

Phase I –

solid cancers

SF1126
Semaphore 

Pharmaceuticals

PI3K, mTOR, 

DNA-PK

Phase I – solid 

tumours, myeloma

XL-147 Exelixis PI3K
Phase I – solid 

tumours, NSCLC

XL-765 Exelixis PI3K / mTOR

Phase I – solid 

tumours, NSCLC, 

glioma

NVP-BEZ-235 Novartis PI3K / mTOR
Phase I – solid 

tumours, Breast Ca

NVP-BGT-226 Novartis PI3K / mTOR
Phase I – solid 

tumours, Breast Ca

GDC-0941
Genentech / Piramed

Pharmaceuticals
PI3K / mTOR (weak)

Phase I – solid 

tumours

GSK1059615 GlaxoSmithKline PI3K
Phase I – solid 

tumours, Breast Ca
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