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achieve cancer eradication might not be tolerated owing 

to mechanism-based on-target toxicities. Yet the pathway 

itself might not be as essential to cancer cells as originally 

proposed, at least at an advanced stage of tumorigen-

esis. Indeed, blockade of the pathway generally fails to 

induce cancer cell death and leads to selection for com-

pensatory pathways that maintain survival and restore 

tumour growth26–29. Furthermore, refinement of geneti-

cally engineered mouse models suggests that PIK3CA 

mutants expressed at endogenous levels do not strongly 

drive tumour development in the same way as some 

other oncogenes30,31. In essence, oncogene addiction to 

PI3K–AKT–mTOR signalling is not absolute. Therefore, 

unleashing the full potential of PI3K–AKT–mTOR inhibi-

tors in oncology will require earlier treatment, dose and 

schedule optimization as well as rational combinations 

with other therapeutic approaches.

It will also be important to identify biomarkers that 

can guide patient selection and to determine which 

tumour types or genetic profiles benefit from the block-

ade of single nodes and isoforms compared to multiple 

targets. Encouragingly, the p110δ-selective inhibitor 

GS-1101 (formerly known as CAL-101 and currently in 

Phase III development) produces dramatic responses in 

some B cell malignancies32,33. This proves the principle 

that a potent and selective PI3K inhibitor can improve 

the survival of selected patient populations in cancer. 

However, GS-1101 has an unusual mechanism of action: 

the drug is not directly cytotoxic to malignant B lym-

phoma cells and its efficacy arises in part from modulating 

the immune environment of the tumour32–34. This illus-

trates the importance of understanding the biology of 

the PI3K pathway in immune cells and in physiological 

models of tumour immunity (or immunology). The suc-

cess of antibody therapies targeting immune checkpoints 

(such as cytotoxic T lymphocyte antigen 4 (CTLA4) and 

programmed cell death protein 1 (PD1))35,36 emphasizes 

the potential of targeting immune-inhibitory pathways 

in cancer and the importance of evaluating the immune 

effects of small-molecule kinase inhibitors.

The goal of this Review is to reset both expectations 

and directions. Our understanding of the complexity of 

the PI3K–AKT–mTOR signalling network and its role 

in cancer has substantially increased, establishing the 

pathway as a challenging yet viable target in oncology. 

Much can be learned from clinical failures and the lim-

ited successes so far to chart a course for next-generation 

strategies. In our opinion, the enthusiasm and commit-

ment towards targeting such an important pathway in 

cancer should not be dampened.

The PI3K–AKT–mTOR signalling network

Key features of the PI3K–AKT–mTOR signalling  

network that illustrate both the promise of this pathway 

and the challenges for targeting it in cancer have been 

previously discussed11,21,37,38. Below, we provide a brief 

overview of the functions and signalling mechanisms of 

members of the PI3K family of enzymes, highlighting 

their roles in cancer and issues faced in therapeutically 

targeting them.

There are eight mammalian PI3K enzymes, which 

are grouped into three classes38. The most important in  

cancer are the four class I enzymes, termed PI3Kα, PI3Kβ, 

PI3Kγ and PI3Kδ. These are heterodimers of a 110 kDa 

catalytic subunit (p110α, p110β, p110γ or p110δ) and a 

regulatory subunit. The catalytic isoforms share consider-

able sequence homology and produce the same lipid 

product (PtdIns(3,4,5)P
3
), and each can receive activation 

inputs from both tyrosine kinases and GTPase signal-

ling38,39. However, the details of these inputs differ (BOX 1). 

Figure 1 | Targets in the signalling network and their role in tumour biology. This diagram shows a highly simplified 

scheme of the signalling pathway leading from phosphoinositide 3-kinase (PI3K), to AKT, to mammalian target of 

isoforms are illustrated above: the PI3K catalytic isoform p110α (encoded by PIK3CA) is a frequent genetic driver (PIK3CA 

mutations); basal activity of p110β is implicated in tumours with loss of phosphatase and tensin homolog (PTEN); and 

p110δ

mTOR drive tumour metastasis by promoting cell motility and epithelial–mesenchymal transition (EMT). The bold arrows 

represent cell-extrinsic functions of various components in the network. p110α drives angiogenesis; p110γ, p110δ and 

p110β have important functions in inflammatory cells; and p110δ and mTOR control key aspects of adaptive immunity, 

including lymphocyte activation, differentiation and tolerance. Drugs in clinical development that target the nodes in 

this network are listed in Supplementary information S1 (table).
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PI3K pathway has a prominent role in cancer cell metabolism, 

growth, migration, survival and angiogenesis  

PI3K pathway and relevance in breast cancer 



 

• Activation of the PI3K pathway is commonly 

observed in human cancer and is critical for tumor 

progression and resistance to anti‐neoplastic 

drugs 

 

• PI3K pathway is the most frequently activated 

pathway in breast cancer 
 

PI3K pathway and relevance in breast cancer 



TCGA, Nature 2012: doi:10.1038/nature 11412  
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pleckstrin homology domain of AKT, thereby prevent-

ing its translocation to the plasma membrane required 

for activation.34 The potential role of AKT inhibitors is 

being investigated. Although some cancers with AKT1 

mutations and AKT1 and AKT2 amplifications might 

be expected to be among the most sensitive to AKT 

inhibitors, it seems that PIK3CA mutant cancer cell lines 

exhibit only minimal AKT activation and the role of these 

drugs in this setting should be considered carefully.35

The next wave of drugs targeting the PI3K/AKT/mTOR 

pathway soon to be tested in the clinic are isoform- specific 

PI3K inhibitors targeting PI3Kβ, inhibitors of ribosomal 

protein S6 kinase beta-1 (S6K), PDK1 inhibitors and  

isoform-selective AKT kinase inhibitors (thus far, no 

inhibitors have been developed to target protein kinase 

AKT1 versus protein kinase AKT2 independently). 

Figure 1 shows representative examples of early clini-

cal and translational data related to PAM inhibi tors and 

Figure 2 shows the status of their development.

Safety of PAM inhibitors
Overall, the profile of PI3K inhibitors regarding adverse 

events has been acceptable, with no unexpected toxic 

effects. Toxic effects have been primarily mild to moder-

ate and manageable with supportive medication.7,13 

Dose-limiting toxic effects reported with multiple 

agents include hyperglycaemia, maculopapular rash, 

gastro intestinal intolerance (anorexia, nausea, vomit-

ing, dyspepsia, diarrhoea), and stomatitis.8,36 Although 

some of these toxic effects are ‘off-target’ effects, others 

may be related to target engagement and directly related 

to mechanisms of action.37 These mechanism-based 

toxic effects could be used as pharmacodynamic bio-

markers and for clinical decision-making, including dose 

titration in cases in which there are no side effects; for 

example, dose es calation until the outbreak of rash in the  

development of EGFR inhibitors.38

Treatment with PAM inhibitors has resulted in hypergly-

caemia, which has been manageable with metformin and, 

PTEN

Biomarker (pathway readout)

Mutated in cancer

FoxO
BAD

RPS6 4EBP1

PIP3 PIP2

INPP4B

GFR (EGFR, HER2, MET, FGFR)

AKT inhibitors
Perifosine
MK-2206
GDC-0068

GSK690693

GSK3α/ β

Rapalogues
(mTORC1 inhibitors)

Sirolimus
Everolimus

Temsirolimus
Ridaforolimus

mTORC1/ 2 inhibitors
INK128

AZD8055
OSI-027

p85

p110

RAS

RAF

ERK

RSK

Rheb

PDK1

Tuberin

S6K

mTORC1

Apoptosis
Cell cycle

Metabolism

Protein synthesis
Cell growth

Cell proliferation

AKT

mTORC2

Phosphorylation

PRAS40 MEK

Tyrosine kinase inhibito rs
Erlotinib (EGFR)

Lapatinib (EGFR/ HER2)

Monoclonal antibodies
Cetuximab (EGFR)

Trastuzumab (HER2)

Pan-PI3K inhibitors
XL147

BKM120
GDC-0941

PI3K–mTOR inhibitors
BEZ235
XL765

GDC-0890
GSK1059615

Isoform-specif c PI3K inhibitors
CAL-101 (p110δ)
INK1117 (p110α)
BYL719 (p110α)

Figure 1 | Signalling of the PI3K/ AKT/ mTOR pathway and relevant drugs that target each of the components of the pathway. 

The heterodimer of the PI3Ks (p110 and p85) generates the lipid messenger PIP3, which mediates activation of several 

protein kinases, including AKT. AKT stimulates glycolysis by activating glycolytic enzymes (via GSK3β) and by regulating 

glucose transporters.40 This important molecular mechanism drives tumour cells to avidly consume glucose as a source of 

ATP, also known as the Warburg effect.108 AKT also promotes survival through BAD and transcription of the antiapoptotic 

genes, BIM and FASLG via FoxO. AKT also promotes cell-cycle progression by regulating the cyclin-dependent kinase 

inhibitors CDKN1A and CDKN1B (also known as p21 and p27) through activation of cyclin D1 and cyclin E1, and the 

transcription factors JUN and MYC. Protein synthesis, cell growth and proliferation, and metabolic functions downstream  

of AKT are regulated by the mTORC1/ S6K axis and downstream effectors, such as 4EBP1.47 Autocrine and paracrine 

angiogenesis is driven by mTORC1/ HIF1α/ VEGF expression. Importantly, negative regulation of this pathway is conferred by 

PTEN and inositol polyphosphate-4-phosphatase type II, a protein encoded by INPP4B, which cleave a phosphate group in 

PIP3 or PIP2, respectively.109 Numerous compounds have been developed to inhibit different nodes in the PI3K/ AKT/ mTOR 

signalling pathway. These include PI3K inhibitors (that based on their selectivity can be subdivided into dual pan-PI3K–mTOR 

inhibitors, pan-PI3K inhibitors and isoform-specific inhibitors), mTOR inhibitors (that can be divided into allosteric inhibitors 

[rapalogues] and mTOR catalytic inhibitors) and AKT inhibitors (including both allosteric inhibitors and catalytic inhibitors). 

Abbreviations: 4EBP1, eukaryotic translation initiation factor 4E-binding protein 1; BAD, BCL2 antagonist of cell death; 

CDKN1, cyclin-dependent kinase inhibitor 1; FASLG, Fas antigen ligand; FoxO, forkhead box O; GFR, growth factor receptor; 

GSK3, glycogen synthase kinase-3; HIF1, hypoxia-inducible factor 1; INPP4B, type II inositol 3,4-bisphosphate 

4-phosphatase; mTORC, mTOR complex; PDK1, 3-phosphoinositide-dependent protein kinase 1; PIP2, phosphatidylinositol 

(4,5)-biphosphate; PIP3, phosphatidylinositol (3,4,5)-triphosphate; PRAS40, proline-rich AKT1 substrate 1; PTEN, 

phosphatase and tensin homologue; RPS6, 40S ribosomal protein S6; RSK, 90 kDa ribosomal protein S6 kinase.
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Quantification of a biomarker in proximity to PI3K—such 

as levels of PIP3—by mass spectroscopy or ELISA (enzyme-

linked immunosorbent assay), does not seem feasible in the 

clinic. AKT assessment would be the next best option but, 

in our experience, measuring AKT in tissue requires very 

stringent conditions for sampling and handling to avoid 

variability in the context of multi centre clinical trials. 

Thus, assessment of phosphory lation of RPS6, 4EBP1 or 

pPRAS40 have been preferable in clinical biomarker devel-

opment.7,11,36 Nevertheless, phosphorylation of RPS6 and 

4EBP1 can also be regulated by enhanced RAS/RAF/ERK/

mTORC1 activity, thereby potentially masking biomarker 

pharmacodynamic effects.47 Other studies have inves-

tigated the potential pharmaco dynamic effects of PAM 

inhibitors on Ki-67, a marker of proliferation, and on the 

apoptotic marker TUNEL.9 Biomarker analysis from com-

pleted studies reflects a dose-dependent decrease (between  

30% and 90%) in markers such as pRPS6, pAKT and 

4EBP1 when used at the maximum tolerated dose (MTD) 

of the different compounds (Table 2), d emonstrating  

target modulation.

Biomakers of metabolic effect

On the basis of the role of the PI3K pathway in physio-

logical glucose metabolism and of Warburg’s observations 

that tumour cells have a higher rate of glucose consump-

tion, some studies with PAM inhibitors have included bio-

markers of metabolic effect.41,48 Consequently, assessment 

of the dose–response relation ship has been attempted by 

measuring fasting glucose, insulin and C-peptide levels in 

plasma, and glucose uptake using 18F-fluorodeoxyglucose 

(FDG)–PET scans.7 The assessment of plasma C-peptide 

has served as a surro gate marker to demonstrate dose-

dependent PI3K inhibition, an effect that was observed 

after only a few days of treatment.7,36 Data from early 

clinical trials demonstrate that measuring C-peptide 

can be used to delineate a biologically active dose when 

comparing differ ent dose levels, but diurnal fluctuations 

confound its use as a biomarker for decision-making for 

individual patients.36 A decrease in FDG uptake has been 

observed in several phase I trials following PAM inhibi-

tor treatment.7,11,49 Whether the cause of this decrease is 

related to a pharmaco dynamic effect of PI3K inhibition 

(the role of PI3K signalling in glucose uptake) or an anti-

tumour effect is not known yet, and in some cases, both 

can have a role, as seen with mTOR inhibitors.50,51

Signs of activity and predictive biomarkers

Signs of antitumour activity (partial responses and pro-

longed disease stabilization with minor tumour shrink-

age or tumour marker reduction) have been reported in 

the phase I trials of the first PAM inhibitors, inclu ding 

breast, non-small-cell lung, gynaecological, pancreatic, 

bladder, anal, and prostate cancer, renal cell carcinoma, 

melanoma, mesothelioma, sarcomas and lymphomas.52 

With few exceptions, the clinical efficacy of many PI3K 

pathway inhibitors as a monotherapy is modest at best. 

However, the selective agent, CAL-101—a highly specific 

PI3Kδ inhibitor—has shown significant clinical activity 

in several lymphoid malignancies.10

One strategy to increase monotherapy response 

rates is to improve the selection of patients with 

known aberra tions and mutations. Preclinical findings 

showing that tumours with PI3K pathway alterations 

are more sensi tive to treatment with PI3K inhibitors 

than tumours without such alterations have encouraged 

the enrichment of trials with patients whose tumours 

harbour mutations in PIK3CA and PTEN, or have lost 

expression of PTEN.53–56 However, initial clinical trials 

with PAM inhibitors have shown no clear correlation 

between molecular alterations in the PI3K pathway and 

anti tumour effect;7,13,44 although some pooled analyses 

have suggested that there is a correlation,57 others have 

suggested otherwise.58 Moreover, partial responses and 

significant tumour shrinkage were observed in KRAS 

mutant breast, ovarian and pancreatic cancer as well as 

BRAF-mutant melanoma patients following treatment 

with a PAM inhibitor,11,13,36,59 an unexpected finding 

as tumours with activating mutations in members of 

the MAPK pathway may potentially be resistant to 

PAM inhibitors.60–63

Once a recommended dose was established in some 

phase I  studies (such as those studies assessing the 

inhibitors BKM120 and BEZ235), preselected patients 

with solid tumours and with PI3K pathway alterations 

were enrolled in the expansion phase of those studies 

Class of agent

 Pan-PI3K inhibitor (27%)

 AKT inhibitor (27%)

 PI3K–mTOR inhibitor (19%)

 mTORC1–mTORC2 inhibitor (10%)

 PI3Kδ inhibitor (7%)

 Pan-PI3K or PI3K/ mTOR inhibitor (5%)

 PI3Kα inhibitor (4%)

 PI3Kβ inhibitor (1%)

Treatment strategy

 Monotherapy (35%)

 Combination with chemotherap y (15%)

 Combination with MEK inhibitor s (14%)

 Combination with chemotherap y
 and mAb (13%)

 Combination with inhibitor against
 tyrosine kinase other than MEK (10%)

 Combination with mAb (6%)

 Combination with hormonal therapy (5%)

 Others (2%)

a b

Figure 2 | Distribution of ongoing clinical trials depending on the class of agent  

or treatment strategy. More than 50 new drugs inhibiting the PI3K/ AKT/ mTOR 

pathway are at different stages of development (Supplementary Table 1 online). 

The data depicted in this figure were obtained from ClinicalTrials.gov in November 

2012. a | Most drugs in development are pan-PI3K, PI3K–mTORC1/ 2 or AKT 

inhibitors and only 12% comprise isoform-specific PI3K targeting agents. b | PI3K/

AKT/ mTOR inhibitors are being assessed as single agents mainly in histology-

driven trials, such as breast cancer, non-small-cell lung cancer, gastrointestinal 

and gynaecological malignancies, prostate cancer and glioblastomas. 

Approximately two-thirds are testing combination approaches, and of these, 

around 30% of ongoing phase Ib–II trials with PI3K/ AKT/ mTOR inhibitors are 

investigating combination regimens with chemotherapic agents. Abbreviation: 

mAB, monoclonal antibody.
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Figure 2 | Complexity, crosstalk and feedback in the PI3K–AKT–mTOR signalling network. a | The mammalian 

target of rapamycin complex 1 (mTORC1)–mTORC2 network and key feedback mechanisms. The serine/threonine 

kinase mTOR forms two multiprotein complexes whose defining subunits are Raptor (regulatory-associated protein  

of mTOR) and Rictor (rapamycin-insensitive companion of mTOR). mTORC2 activity is stimulated by association with 

ribosomes and by growth factors through a poorly defined mechanism, which may involve phosphoinositide 

3-kinase (PI3K). mTORC2 promotes the stability and activity of AKT and other kinases, including serum- and  

glucocorticoid-induced kinases (SGKs) and protein kinase C (PKC). mTORC1 is a signal integrator whose activity is 

fine-tuned by diverse inputs. Growth factors, energy sensors and cellular stress converge at the level of the tuberous 

sclerosis (TSC) complex (which includes TSC1, TSC2 and TBC1 domain family member 7 (TBC1D7)), which is a 

negative regulator of mTORC1 that has GTPase-activating protein (GAP) activity towards the RHEB GTPase.  

Amino acids regulate mTORC1 through the Ragulator and GATOR (GAP activity toward RAGs) complexes.  

mTORC1 promotes anabolic programmes through many substrates, of which three classes are shown: S6 kinases 

(S6Ks), eIF4E-binding proteins (4EBPs) and autophagy regulators (such as UNC51-like kinase 1 (ULK1), and so on). 

mTORC1 activity exerts feedback control on growth factor signalling. One canonical feedback pathway is initiated  

by S6K1, an mTORC1 substrate that phosphorylates adaptor proteins of the insulin receptor substrate (IRS) family to 

attenuate growth factor receptor signalling to PI3K and RAS. In parallel, mTORC1 suppresses growth factor receptor 

signalling by phosphorylating the adaptor protein growth factor receptor-bound protein 10 (GRB10). AKT activity 

triggers a feedback mechanism that suppresses growth factor receptor expression and signalling. Through 

phosphorylation and inactivation of forkhead box O (FOXO) transcription factors, active AKT reduces the 

transcription of FOXO target genes, including several growth factor receptors. b

between the RAS–RAF–MEK (MAPK/ERK kinase)–ERK (extracellular signal-regulated kinase) and PI3K–AKT–mTOR 

signalling networks. ERK and the downstream kinase RSK (ribosomal S6 protein kinase) can compensate for AKT in  

the activation of mTORC1 via inhibitory TSC2 phosphorylation; glycogen synthase kinase (GSK3)- and AMP-activated 

protein kinase (AMPK)-induced phosphorylation of TSC2 increase its ability to suppress mTORC1 activity.  

MNK kinases phosphorylate eukaryotic translation initiation factor 4E (eIF4E) to provide a distinct signal to increase 

cap-dependent translation. ERK and mTOR independently promote the accumulation of MYC oncoproteins.  

Mutual feedback inhibition is a feature of the two pathways: MEK activity suppresses PI3K signalling by promoting 

the membrane localization of phosphatase and tensin homolog (PTEN), whereas AKT activity suppresses RAS 

activation through the mechanisms shown in FIG. 3. AKT can also phosphorylate and inhibit RAF227,228. PtdIns(3,4,5)P
3
, 

phosphatidylinositol-3,4,5-trisphosphate (also known as PIP
3
).
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Table 1 | Clinical trials of targeted agents against breast cancer cells

Agent Trial Description Patients (n)

mTORC1/ 2 inhibitors

INK128 

(Intellikine)

Phase I (NCT01351350) Dose escalation in combination with 

paclitaxel ± trastuzumab

Advanced or metastatic solid tumour s (95)

AZD2014 

(AstraZeneca)

Phase I (NCT01597388) Safety and tolerability in combination with fulvestrant ER+ advanced MBC (30)

Dual PI3K–mTOR inhibitors

XL765 (Sanof ) Phase I–II (NCT01082068) Dose escalation in combination with letrozole HR+, HER2– recurrent or MBC (99)

BEZ235 

(Novartis)

Phase I (NCT01248494) 

Phase I–II (NCT01471847)

Phase I (NCT01285466)

Safety and tolerability in combination with endocrine therap y

Dose escalation in combination with trastuzumab

Dose escalation in combination with 

paclitaxel ± trastuzumab

HR+ MBC (72) 

HER2+ locally advanced MBC (5)

HER2+ MBC (72)

GDC-0980 

(Genentech)

Phase II (NCT01437566) Safety and eff cacy in combination with fulvestrant 

versus fulvestrant

ER+ locally advanced or MBC (270)

GSK2126458 

(GlaxoSmithKline)

Phase I (NCT00972686) Dose escalation, f rst in human Solid tumours or lymphoma (150)

Pan-PI3K inhibitors

XL147  

(Sanof )

Phase I–II (NCT01042925)

Phase I–II (NCT01082068)

Study in combination with trastuzumab  ± paclitaxel

Dose escalation in combination with letrozole

HER2+ MBC with progression on trastuzumab (42)

HR+, HER2– recurrent or MBC (99)

BKM120 

(Novartis)

Phase II (NCT01572727) 

Phase III (NCT01633060)

 

 

Phase III (NCT01610284)

Study in combination with paclitaxel  

Study in combination with fulvestrant

 

 

Study in combination with fulvestrant

HER2– locally advanced or MBC with or without 

PI3K activation (200)

HR+, HER2–, AI treated, locally advanced or MBC 

that progressed on or after mTOR inhibitor 

therapy (615)

HR+, HER2– locally advanced or MBC refractory 

to AI (842)

GDC-0941 

(Genentech)

Phase II (NCT01437566) Safety and eff cacy in combination with fulvestrant 

versus fulvestrant

ER+ locally advanced or MBC (270)

PI3Kα inhibitors

BYL719 (Novartis) Phase I (NCT01219699) Dose escalation ± fulvestrant Advanced solid malignancies (140)

GDC-0032 

(Genentech)

Phase I (NCT01296555) Dose escalation ± fulvestrant and letrozole Locally advanced or metastatic solid tumour s 

(122)

PI3Kβ inhibitor

GSK2636771 

(GlaxoSmithKline)

Phase I–IIa (NCT01458067) Dose escalation Advanced solid tumours with PTEN def ciency 

(150)

AKT inhibitors

MK-2206  

(Merck)

Phase I (NCT01344031)

Phase II (NCT01277757)

Dose escalation + anastrozole, letrozole, exemestane,  

or fulvestrant

Eff cacy

ER+ MBC (54)

Advanced BC with a PIK3CA mutation and/ or 

PTEN loss (40)

AZD5363 

(AstraZeneca)

Phase I (NCT01625286) Safety, tolerability and eff cacy in combination with 

paclitaxel

Advanced ER+ BC (110)

IGF-1R inhibitors

Cixutumumab Phase I–II (NCT00699491)

Phase II (NCT00684983)

Safety and eff cacy in combination with temsirolimus

Study in combination with capecitabine and lapatinib

Locally recurrent or MBC (68)

HER2+ previously treated BC (154)

Dalotuzumab Phase II (NCT01234857)

Phase II (NCT01605396)

Safety and eff cacy in combination with ridaforolimus

Eff cacy in combination with ridaforolimus and exemestane

ER+ BC (352)

ER+ BC (150)

Dual IGF-1R–insulin receptor inhibitor

BMS-754807 

(Bristol-Myers 

Squibb)

Phase I–II (NCT00788333)

Phase II (NCT01225172)

Safety and eff cacy in combination with trastuzumab

Safety and eff cacy ± letrozole

HER2+ locally advanced or MBC (40)

HR+ BC with resistance to AI (59)

Anti-IGF monoclonal antibody

MEDI-573 

(MedImmune)

Phase I (NCT01446159) Safety and eff cacy in combination with an AI HR+, HER2– BC (193)

Multitargeted FGFR inhibitors

Dovitinib Phase I–II (NCT01484041)

Phase II (NCT01528345)

Safety and eff cacy in combination with an AI

Eff cacy in combination with fulvestrant

HR+, HER2– BC with progression on an AI (36)

HR+, HER2– locally advanced or MBC (150)

E-3810 (EOS) Phase I (NCT01283945) Dose escalation Locally advanced or metastatic solid tumours (60)

REVIEWS

© 2013 Macmillan Publishers Limited. All rights reserved

Zardavas & Baselga & Piccart, Nat Rev Clin Oncol 2013: 191-210 

PI3K pathway inhibitors against breast cancer 



What limits or enhances the development  
of a PI3Ki? 

Toxicity profile: manageable?  

Hyperglycemia 

Rash 

Gastrointestinal tolerance: anorexia, nausea, vomiting, 

dyspepsia, diarrhea 

Stomatitis 

 

Preliminary signs of activity 

 

Strategic decisions of the company that owns the drug 

 



 

 

 

 

OUTLINE 

PI3K/mTOR pathway as a target in breast cancer 

 

Lessons learned from early drug development of 

PI3K inhibitors 

 

Trials in progress  

 

Outstanding questions and next steps 



 
 
 
 

Baselga et al, NEJM 2012 366, 36:  520-529 



 
 
 
 

Baselga et al, NEJM 2012 366, 36:  520-529 
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Ongoing Clinical Trials ….HR+ disease 

22 PI3K in BC | Seoul 2013 | Massacesi 

First-in-human study of BYL719: Study design 
(CBYL719X2101) 

Key inclusion criteria: 

• Patients with advanced solid malignancies - tumors must have mutation or 
amplification of the PIK3CA gene 

• PIK3CA mutant and PIK3CA wild type ER+ breast cancer 

MTD QD: 400 mg 

• Explored 350 mg QD and BID schedule  

>140 patients enrolled 

Oral, once-daily BYL719,  

28-d cycle 

Dose: 30 mg – 450 mg/d QD  

400 mg QD BYL719 

in PIK3CA mut/amp solid tumors, including 

PIK3CA mut/amp ER+ BC;  

Explore BYL719  BID schedule 

MTD  

(QD) 

400 mg QD BYL719 

in  

in PIK3CAwt ER+ HER2- MBC 

Combination of BYL719 + 

Fulvestrant 

 (1) PIK3CAmut/amp ER+ HER2- MBC 

 (2) PIK3CA wt ER+ HER2- MBC 



Ongoing Clinical Trials ….HER+ disease 



Ongoing Clinical Trials ….chemo+PI3Ki 

Clinical Study Protocol Synopsis 

Drug Substance AZD5363  
Study Code D3610C00002 
Edition Number 1 Date 18 May 2012 

5(130) 

Patient assessments will continue up to objective disease progression as defined by RECIST 

1.1, death or withdrawal of consent.  A 28-day safety follow-up assessment should be 

conducted following cessation of all study therapy (AZD5363/placebo and paclitaxel).  

Study Design Diagram:  

 

Schedule 1: 
AZD5363: Continuous Dosing 

Paclitaxel: once weekly. 3/4 weeks 

RecommendedDose (RD)*

Dose Escalation:  AZD5363   
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Schedule 2: 
AZD5363: Intermittent Dosing 

Paclitaxel: once weekly. 3/4 weeks 

Recommended Dose (RD)*  

Dose Escalation:  AZD5363   

Randomised Expansion Regimen 
AZD5363: RD from Sched. 1 or 2 

Paclitaxel : once weekly. 3/4 weeks 

 Paclitaxel 
+ 

AZD5363  

Patient Stratification PIK3CA 
Positive 

PIK3CA Not detected 
Randomisation 

Randomisation 
Paclitaxel 

+ 
Placebo  

 Paclitaxel 
+ 

AZD5363  

 Paclitaxel 
+ 

Placebo  

Selected Schedule 

 

* Recommended dose (RD) = dose level identified by the Safety Review Committee as 

appropriate for further evaluation in the Part B randomised expansion phase. 

Part A 

Part B 
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PI3K/mTOR pathway as a target in breast cancer 

 

Lessons learned from early drug development of 

PI3K inhibitors 

 

Trials in progress  

 

Outstanding questions and next steps 



Patient selection 
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PFS events,  
n (%) 

HR (95%CI) 

EVE WT 83  44 (53%) 0.36  
(0.22 - 0.57) PBO WT 36 31 (86 %) 

EVE Alt 74 50 (68%) 0.44  
(0.27 - 0.70) PBO Alt 34 28 (82%) 
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Hortobagy G et al, ASCO 2013, Oral Abs 509 

EVE Benefit Maintained in Patients Regardless of Gene 

Alterations in PIK3CA 



Andre F et al, Lancet Oncol 2014 



Gonzalez-Angulo et al, Mol Cancer Ther 2011:10, 1093-1101 

Changes in PI3K status from primary to metastasis 



Intratumoral Heterogeneity 

Gerlinger et al, NEJM 2012, 366:10: 883-892 



Liquid biopsies  

Higgins et al, Clin Cancer Res 2012: 3462-69 
De Mattos et at, SABCS 2013, PD4-5 

 

Longitudinal Massively Parallel Sequencing Analysis of Circulating Cell-Free Tumor DNA: A Feasibility Study 
!

Leticia De Mattos-Arruda1, Javier Cortes1, Cristina Saura1, Paolo Nuciforo1, Francois-Clement Bidard2,3, Helen H Won2, Britta Weigelt2, Michael Berger2, Joan Seoane1, and Jorge S Reis-Filho2 

 
1. Vall d’Hebron Institute of Oncology, Barcelona, Spain; 2. Memorial Sloan-Kettering Cancer Center, New York, NY, USA;  3. Institut Curie, Paris, France 

!
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Massively parallel sequencing studies have revealed that cancers harbor intra-tumor 

genetic heterogeneity. In addition, differences in the mutational repertoire between 

primary tumors and their metastases have been observed. Biomarker assessment using 

single tumor biopsies of the primary or metastatic lesions therefore may not be 

representative of the entire mutational repertoire. Plasma-derived cell-free tumor DNA 

(ctDNA) has been shown to constitute a potential surrogate for tumor DNA obtained from 

tissue biopsies for the assessment of tumor markers1,2.  
 

We hypothesize that:   

1. Genetic data obtained from massively parallel sequencing analysis of ctDNA of breast 

cancer patients may be more informative than those of single tumor tissue biopsies. 

2. ctDNA would constitute a tool to identify the presence of potentially actionable driver 

somatic genomic alterations, and monitor changes in the genetic landscape during 

the course of therapy. !

! One patient with estrogen receptor (ER)-positive/ HER2-negative, highly proliferative 

breast cancer (BC) and synchronous distant metastases was included in this study.  

! Analysis of the mutational repertoire of a single diagnostic biopsy of a primary tumor 

may not be representative of that of the metastases. 

! Targeted capture massively parallel sequencing analysis of plasma-derived ctDNA 

captures the mutations present in both, the primary tumor and distant metastasis, 

providing evidence to suggest that ctDNA may be a useful source of biological 

material for biomarker assessment in patients with advanced breast cancer. 

! Targeted capture massively parallel sequencing of plasma-derived ctDNA may be 

used as a quantitative marker for longitudinal follow-up and disease monitoring of 

genetic somatic alterations during the course of targeted therapy. 

Patient:  

BC and synchronous bone and liver metastases 

 

Multiple plasma samples were collected during the 4th 

line of treatment with an AKT inhibitor. 

Email to: ldmattos@ir.vhebron.net  

! DNA was extracted from archival tumor, plasma and peripheral blood leucocytes.  

! 22-250ng of DNA were subjected to targeted capture massively parallel sequencing on 

a Illumina HiSeq2000 using the IMPACT platform3, which comprises 300 cancer genes 

known to harbor actionable mutations.  

! Paired-end sequencing reads were aligned to the reference human genome hg19 

using the Burrows-Wheeler Aligner (BWA). 

! Somatic mutations were called using muTect for single base substitutions, and 

Somatic Indel Detector for insertions and deletions (indels).  

! Targeted capture massively parallel sequencing yielded average read depths ranging 

from 25x to 139x in the archival primary and metastatic tumors, from 282x and 918x in 

the ctDNA samples, and from 29-76x in the normal samples. 

Table 1. Mutant allele frequencies of somatic mutations identified in the primary breast tumor and liver metastasis. Low allele 

frequency mutations in the primary tumor, such as ESR1, were found to be enriched in the liver metastasis. The nonsense 

mutation in PAK7 and the missense mutation FLT4 in the metastasis could not be identified in the primary tumor.!

Figure 1. Venn diagram of somatic mutations identified in the primary 

tumor, liver metastasis and ctDNA using targeted capture massively 

parallel sequencing. Not all mutations identified in the metastasis were 

found in the primary tumor. Analysis of ctDNA of this patient, however, 

captured all mutations present in the primary tumor and liver metastasis.!

2. ctDNA analysis captures the heterogeneity of primary tumor and metastasis  
!

Figure 2. Longitudinal monitoring of the mutant alleles of the primary tumor and four plasma DNA samples. A, genes whose high 

confidence mutations were detected in ≥5% of the alleles of the primary tumor; B, genes whose high confidence mutations were 

detected in the plasma-derived ctDNA , but either absent or present in <5% of the alleles of the primary tumor. Arrow, initiation of 

AKT inhibitor treatment. *PET, pharmacodynamic response.  

B 

3. ctDNA for disease monitoring!

Figure 3. Longitudinal monitoring of the 
CA15.3 levels throughout the 4th line of 

systemic treatment with single agent AKT 
inhibitor. *PET, pharmacodynamic response.  

A 

Clinical assessment:  

CA15.3 levels: longitudinal monitoring 

and modulation. 

 

Best response: Stable disease as per 

RECIST1.1 (8 months) 

 

4. Clinical assessment of response to AKT inhbition 
!



 

 

 

 

Defining better biomarkers of response  

PIK3CA mut associated with gene signature of low mTORC1 signaling 
and better outcome s in ER+ BC 

Loi S. et al. PNAS 2010;107(22):10208-10213 



 

 

 

 

Neoadjuvant Model 

Balko et al, Cancer Discovery 2014: 232-245 



 

 

 

 

From bedside to bench 

Lier et al, Science 23 August 2012 / Page 1/ 10.1126/science.1226344 



 

 

 

 

CONCLUSIONS 

• PI3K is an important pathway to target to overcome resistances to 
different agents in the clinic 
 

• The combination strategy seems the most appropriate to develop in 
the clinic 
 

• PI3K mutation status alone does not seem to select patients who 
derive more benefit from treatments 
 

• Prospective well designed clinical trials will hopely define how to 
better select population to maximize the benefit of PI3Ki 
• Biopsies in metastatic disease / circulating DNA 
• Neoadjuvant clinical trials 
• Accessibility to gene signatures and deep sequencing techniques 

 
 
 


