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Introduction
Phosphatidylinositol 3-kinases (PI3Ks) are lipid kinases that 
act as intermediate signaling molecules, translating signals 
from extracellular stimuli into intracellular signals that regu-
late multiple signal transduction pathways.1 These pathways 
regulate many essential cell processes, including cell growth, 
differentiation, proliferation, motility, and metabolism.2–5 
Somatic mutations that result in the activation of PI3K are 
frequently detected in cancer. Indeed, reports suggest that 
deregulation of the PI3K signaling pathway is associated with 
tumor development in .30% of cancers.6–9 As a result, a large 
body of research has focused on developing potent, selective, 
and efficacious PI3K pathway inhibitors, which are currently 
at different stages of development.5,10,11

With the advent of rationally designed molecular cancer 
therapeutics, our understanding of drug discovery in cancer 
has undertaken a paradigm shift.12 The goal of drug develop-
ment strategies is to obtain maximal biological effect on the 
target, which will translate into therapeutic efficacy. Therefore, 
a significant need has emerged for molecular biomarkers that 
can accurately assess the underlying mechanisms of action and 
pharmacodynamic (PD) effects of the drug. These so-called 

PD biomarkers provide confirmation of the pharmacologic 
effects of a novel antitumor compound on its intended tar-
get, pathway, and downstream biological processes and often 
assess whether a compound is engaging its molecular target in 
the expected manner. In clinical trials, PD biomarkers may 
allow (i) proof of mechanism (ie, evidence that the drug hits 
its intended target), (ii) proof of concept (evidence that hitting 
the drug target alters the biology of the tumor), (iii) selec-
tion of optimal biological dosing, and (iv) understanding of 
response/resistance mechanisms. In addition, PD biomar kers, 
in association with pharmacokinetic (PK) parameters of drug 
exposure, can be linked to therapeutic effects in what is known 
as a pharmacological audit trail.12

Other biomarkers that are also applied in clinical drug 
development include (i) predictive biomarkers, which can 
guide the selection of patients likely to respond to a particular 
therapy, (ii) prognostic biomarkers, which estimate the likely 
disease course and, hence, the most appropriate management 
strategy, and (iii) surrogate response biomarkers, which moni-
tor a patient’s response to treatment.

Here, we review the biomarkers that have been applied 
in early-phase clinical trials of PI3K pathway inhibitors. We 
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focus primarily on PD endpoints that demonstrate target 
modulation, including invasive molecular assays, circulating 
biomarkers, and functional imaging technology.

The PI3K/AKt/mtor signaling Pathway
The PI3K family consists of three distinct classes (I–III), each 
with different structures and substrate specificities. Class I 
PI3Ks are further divided into subclasses IA and IB, and it is 
the IA subclass that is most frequently activated in cancer.13,14 
Class IA molecules are heterodimers consisting of a p110 
catalytic subunit complexed with a p85 regulatory subunit.15 
There are three isoforms of the p110 catalytic subunit (α, β, 
and δ), encoded by PIK3CA, PIK3CB, and PIK3CD genes, 
respectively. In addition, the p85 regulatory subunit consists 
of five isoforms, encoded by three PIK3R genes (Fig. 1).16,17

In the absence of an extracellular activating signal, 
p85 interacts with p110, which results in inhibition of p110 
kinase activity. Following receptor tyrosine kinase (RTK) or 

G-protein-coupled receptor activation, the p85–p110 heterodi-
mer is recruited to the plasma membrane, together with interac-
tion between RTK phosphotyrosine residues and SH2 domains 
on p85, resulting in release of the basal p85 inhibition of the 
p110 catalytic subunit and activation of class IA PI3K. Acti-
vated PI3K phosphorylates phosphatidylinositol 4,5-biphos-
phate (PIP2) to phosphatidylinositol 3,4,5- triphosphate (PIP3), 
which then acts as a second messenger leading to the recruit-
ment of AKT and its subsequent phosphorylation by PDK1 
and mammalian target of rapamycin complex 2 (mTORC2).18 
AKT stimulates glycolysis by activating glycolytic enzymes 
and regulating glucose transporters.19 This mechanism drives 
tumor cells to avidly consume glucose as a source of ATP.20 
In addition, activated AKT promotes cell growth and sur-
vival by a number of mechanisms, including (1) inhibition 
of proapoptotic proteins of the B-cell leukemia/lymphoma-2 
(BCL-2) family; (2) transcription of antiapoptotic genes, 
BCL2-Like 11 (BIM) and Fas Ligand (FASLG), via transcription  
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figure 1. The Pi3K/aKT/mTor signaling pathway and examples of drugs targeting each of its components. 
Note: rsK, 90 kDa ribosomal protein s6 kinase. adapted by permission from macmillan Publishers ltd: nature reviews clinical oncology, rodon et al.28, 
copyright 2013.
abbreviations: 4e-BP1, eukaryotic translation initiation factor 4e-binding protein 1; BaD, Bcl-2 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 homolog; rPs6, 40s ribosomal protein s6.
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factors forkhead box O (FoxO) and nuclear factor-kappaB;  
(3) enhanced degradation of proapoptotic p53 via increased 
cytoplasmic availability of mdm218,21,22 regulation of the  
cyclin-dependent kinase inhibitors such as CDKN1A and 
CDKN1B (also known as p21 and p27) through activation 
of cyclin D1 and cyclin E1 and transcription factors such as  
Jun proto-oncogene (JUN) and V-Myc avian myelocytoma-
tosis viral oncogene homolog (MYC).

The mammalian target of rapamycin complex 1 (mTORC1)/
S6 kinase (S6K) axis and downstream effectors, such as 
eukaryote translation initiation factor 4E-binding protein 1 
(4E-BP1) and 40S ribosomal protein S6 (RPS6), regulate some 
of these downstream functions of AKT.23 mTORC1 is a com-
plex consisting of raptor, mLST8, and proline-rich Akt sub-
strate 40 (PRAS40). mTORC1 is activated by AKT via the 
inhibition of tuberous sclerosis 1/2 (TSC1/2). AKT phospho-
rylates TSC2, thus inhibiting TSC1/2; it also phosphorylates 
PRAS40, thus stimulating mTORC1.

Finally, the tumor suppressor molecules phosphatase and 
tensin homolog protein (PTEN) and inositol polyphosphate, 
4-phosphatase type II, a protein encoded by INPP4B, are the 
most important downregulators of the PI3K pathway.24,25 
PTEN dephosphorylates PIP3 to PIP2, whereas INPP4B 
dephosphorylates PIP2 to PIP.21 Since both these products 
inhibit PI3K-dependent AKT activation,26 the loss of PTEN 
or INPP4B results in activation of AKT.

PI3K/AKt/mtor Pathway Aberrations in cancer
The PI3K signaling pathway is frequently deregulated in 
human cancer.17,27 The comprehensive review by Rodon et al.28 
provides a full list of mutations and the frequency of each 
alteration in different tumors. Aberrant activation of PI3K sig-
naling occurs by a number of mechanisms, the most important 
of which are (i) loss of function of PTEN through mutation, 
microRNA expression, or epigenetic silencing, (ii) mutation 
or amplification of PIK3CA, (iii) amplification or mutation of 
AKT isoforms, or (iv) pathway activation by RTKs and Ras.1,2

There are several mechanisms through which decreased 
PTEN expression can occur, including loss of heterozygos-
ity on chromosome 10q and PTEN mutation.29 Unlike other 
tumor suppressor genes, such as p53, biallelic inactivation is 
not required for the suppression of PTEN activity; rather, 
haploinsufficiency may suffice in promoting tumorigenesis. 
Alternative mechanisms of somatic loss of PTEN activ-
ity include homozygous deletion and epigenetic silencing 
via promoter methylation. Functional PTEN loss has been 
found in a number of cancers, including endometrial cancer, 
melanoma, prostate cancer, and glioblastoma, and appears to 
be important in cancer progression.29–34

Mutations or amplifications of PIK3CA, encoding the 
catalytic p110α subunit of class IA PI3K, are common in sev-
eral human cancers including cervical cancer and squamous 
lung cancer, providing cells with a growth advantage and 
promoting tumor progression.1,16,34,35 Although mutations 

affecting the p85a regulatory subunit are less frequent, they 
have been found in up to 10% of human glioblastomas and 
,5% of colon and ovarian carcinomas.36,37

A single amino acid substitution, E17K, in the lipid-
binding PH domain of AKT1 has been observed in seven 
human cancers, including breast, colorectal, lung, and ovarian 
cancers.38 In addition, AKT2 overexpression has been identi-
fied in colorectal cancers. It is proposed that AKT2 promotes 
cellular survival and growth and that loss of AKT1 promotes 
cellular invasion and metastasis, possibly by shifting the bal-
ance of signaling through AKT2.39,40

In addition to somatic mutations of PTEN, PIK3CA, 
PIK3R1, and AKT, some cancers have amplifications of AKT1, 
AKT2, and PIK3CA; however, it is not clear if these amplifi-
cations have a significant impact on clinical outcome.

Inhibitors of the PI3K/AKt/mtor signaling 
Pathway
Numerous compounds have been developed to inhibit differ-
ent nodes in the PI3K/AKT/mTOR signaling pathway. These 
include PI3K inhibitors (subdivided into pan-PI3K inhibitors, 
isoform-selective PI3K inhibitors, and dual PI3K/mTOR 
inhibitors), mTOR inhibitors (divided into allosteric inhibi-
tors [rapalogues] and ATP-competitive inhibitors), and AKT 
inhibitors (including allosteric inhibitors and ATP-competi-
tive AKT inhibitors). A description of each of these classes of 
inhibitor and a discussion of some of the PD biomarkers used 
in THEIR evaluation IN phase I trials are explained later. 
Table 1 provides a comprehensive summary of PD biomarker 
evaluations reported in phase I studies of all PI3K/AKT/
mTOR signaling pathway inhibitors in current development.

Inhibitors of the PI3K/AKT/mTOR signaling pathway 
have similar toxicity profiles, which include rash, hyperglyce-
mia, gastrointestinal disturbances (eg, nausea, vomiting, diar-
rhea, anorexia, and dysgeusia), alopecia, mucositis, fatigue, 
thromboembolism, cytopenias, and liver enzyme elevations.

PI3K inhibitors. Pan-class I PI3K inhibitors. The earliest 
agents to enter clinical development were the pan-class I inhibi-
tors of PI3K, which directly inhibit p110 kinase activity by acting 
as ATP mimetics, binding competitively and reversibly to the 
p110 ATP-binding pocket. Of the pan-class I PI3K inhibitors 
in clinical development, BKM120 (buparlisib) is the furthest 
developed and is being extensively evaluated in hormone-
positive breast cancer, often in combination with endocrine 
therapy.41,42 Buparlisib has potent, pan-class I PI3K inhibitory 
PROPERTIES against p110-α, -β, -δ, and -γ enzymes at 
IC50 of 52, 166, 116, and 262 nM, respectively.43 Other pan-
class I PI3K inhibitors in clinical development include XL147 
(IC50 of 39, 36, 23, and 383 nM against p110-α, -β, -δ, and 
-γ, respectively), GDC-0941 (pictilisib; IC50 of 3 nM against 
p110-α and -δ enzymes), BAY80–6946 (copanlisib; IC50  
of 0.469 nM against p110-α and 3.72 nM against p110-β), 
PX-866 (sonolisib; IC50 of 0.1–88 nM), and CH5132799 (IC50 
of 14 nM against p110-α).44–49
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In the phase I dose-escalation and expansion study of 
BKM120 in patients with advanced solid tumors, there was 
clear demonstration of inhibition of phosphorylation of AKT, 
4E-BP1, and S6 in posttreatment tumor biopsies, confirm-
ing that BKM120 was capable of inhibiting the PI3K path-
way in tumor tissue. Furthermore, BKM120 induced partial 
metabolic responses by fluorodeoxyglucose positron emission 
tomography (18F-FDG PET) in 21 of 54 evaluable patients 
after 28 days of treatment, demonstrating the capability of 
18F-FDG PET as a PD biomarker; however, no association 
with progression-free survival, best response as per Response 
Evaluation Criteria in Solid Tumors (RECIST), or best per-
cent change in CT scan was identified.42 Dose-dependent 
inhibition of phosphorylation of S6 in the skin with single-
agent BKM120 has been reported.41,42,50 Indeed, the greatest 
reduction in phosphorylated S6 was associated with the best 
clinical response, highlighting phosphorylated S6 levels in the 
skin as a potentially useful surrogate biomarker of response to 
PI3K inhibition.50

In the phase I study of pictilisib, in addition to the 
decreases in AKT phosphorylation in platelet-rich plasma 
(PRP) and tumor, and the reduction in S6 phosphorylation 
observed in tumor (described earlier) following pictilisib 
treatment, other PD biomarkers also demonstrated evidence 
of target modulation.44 Following treatment, there was a sta-
tistically significant increase in plasma insulin and glucose 
levels at one hour from baseline, and 18F-FDG PET imaging 
showed a reduction from baseline of 18F-FDG-tracer uptake 
at dose levels $45 mg.44

Isoform-selective PI3K inhibitors. Novel PI3K inhibitors 
that are isoform specific have generated much enthusiasm 
owing to the hypothesized advantage that they may have 
fewer toxicities when compared with the pan-class I inhibi-
tors, allowing these agents to be tolerated at doses that may 
result in more complete inhibition of kinase activity. In addi-
tion, data suggest that the pro-tumor effects of different 
genetic alterations of the PI3K pathway may signal preferen-
tially through specific isoforms of p110. For example, HER2-
amplified breast carcinoma may depend primarily on p110α,51 
and the effects of PTEN loss largely depend on p110β in 
models of prostatic intraepithelial neoplasia.52 Therefore, there 
is interest in the activity of PI3Kα inhibitors (such as BYL719 
[alpelisib] and MLN1117) in cancers with PIK3CA mutations 
and PI3Kβ inhibitors (such as AZD8186, GSK2636771, and 
SAR26030153–57) in tumors with PTEN loss. Furthermore, 
p110δ is thought to be a dominant isoform in the lympho-
cytic lineage; indeed, PI3Kδ inhibitors (CAL-101 [Idela-
lisib] and AMG319) have shown promise in patients with 
chronic lymphocytic leukemia.57 A randomized double-blind 
placebo-controlled phase III study of CAL-101 (idelalisib) in 
combination with rituximab in patients with relapsed CLL 
demonstrated that the combination of rituximab and idelalisib 
led to greater disease-free survival, treatment response rate, 
and survival compared to rituximab plus placebo.58

In the first-in-human dose-escalation study of MLN117, 
doses of 200–900 mg suppressed phosphorylation of 4E-BP1 
and S6 in the skin by up to ∼100% and 70%–90%, respec-
tively, at ∼3 hours post single dose.59 However, evaluation of 
target inhibition in the tumor itself has not yet been reported 
for this drug.

‘For PI3Kδ inhibitors in hematological malignancies, 
reductions in plasma chemokine concentrations have been 
reported as important PD biomarkers.60,61 For example, plasma 
concentrations of CLL-derived chemokines such as CCL3, 
CCL4, CCL22, and CCL17, which were elevated at baseline, 
demonstrated significant decreases within one cycle of CAL-
101 (idelalisib) treatment.62

Dual PI3K/mTOR inhibitors. The development of dual 
PI3K/mTOR inhibitors was based on the known structural 
similarities between the ATP-binding domain of p110 and 
the catalytic domain of mTOR. Unlike rapalogue mTOR 
inhibitors, these agents are active site inhibitors of mTOR 
and have the advantage of inhibiting the kinase activity of 
mTOR regardless of whether it is in complex with TORC1 
or TORC2. Since mTOR responds to a variety of signals 
besides PI3K/AKT, these dual inhibitors are thought to have a 
broader activity in cancers in which PI3K/AKT is not the pri-
mary driver of mTOR activity. Finally, unlike the rapalogues, 
these agents might be able to inhibit TORC1 activity while 
preventing feedback activation of PI3K. Several dual PI3K/
mTOR inhibitors, such as XL765 (voxtalisib; IC50 of 157, 39, 
113, 9, and 43 nM for mTOR, p110-α, -β, -γ, and -δ, respec-
tively), GDC-0980 (apitolisib; IC50 of 17, 5, 27, 7, and 4 nM 
for mTOR, p110-α, -β, -γ, and -δ, respectively), BEZ235 
(dactolisib; IC50 of 6, 4, 5, 7, and 75 nM for mTOR, p110-α, 
-β, -γ, and -δ, respectively), and PF04691502 (IC50 of 16, 
1.8, 2.1, 1.6, and 1.9 nM for mTOR, p110-α, -β, -γ, and -δ, 
respectively), are now in clinical development.63–66 However, 
although some objective tumor responses have been observed, 
the activity of these agents thus far has been modest, and no 
clinical trial with either a pan-class I PI3K inhibitor or dual 
PI3K/mTOR inhibitor has reported robust clinical activity, 
even in tumors with known genetic alterations.67 Possible rea-
sons for this include (1) uncertainty as to the extent of down-
stream phosphoprotein biomarker modulation required to 
result in efficacy in patients; (2) insufficient target inhibition; 
(3) inappropriate biomarker selection; or (4) inappropriate 
patient selection. Furthermore, it is conceivable that continu-
ous inhibition of PI3K/mTOR may result in an adaptation 
favoring cell growth.64 For certain conditions harboring driver 
mutations, such as BCR-ABL in chronic myeloid leukemia, 
the continued inhibition of kinase activity provided by higher 
trough concentrations of targeted therapy results in more 
favorable clinical outcomes.68,69 However, in other malignan-
cies, models of drug resistance are challenging the requirement 
for continuous inhibition.70 For dual PI3K/mTOR inhibitors, 
further studies are required to determine whether selective 
pressures are in operation.
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The phase I study of PF04691502 exemplified the use 
of diverse PD biomarkers in a single study.64 The analyses 
were performed on paired tumor biopsies, paired hair fol-
licle samples, and blood. Posttreatment tumor biopsies and 
hair follicle samples demonstrated reductions in phosphory-
lation of AKTS473, AKTT308, FKHRT24/FKHRL1T32, and 
STAT3Y705or AKTS473, PRAS40T246, and STAT3Y705 on 
day 21 of treatment cycle 1. In addition, increases in blood glu-
cose, c-peptide, and insulin levels, which generally occurred 
by day 8 of the first treatment cycle, were also consistent with 
PI3K/mTOR pathway inhibition.64

AKt inhibitors. AKT inhibitors in clinical development 
are of two main classes: allosteric inhibitors such as MK2206 
and ATP-competitive AKT inhibitors such as GDC-0068, 
GSK795, and AZD5363.71–74 Thus far, these agents are all pan-
isoform inhibitors of AKT. In early-phase clinical trials, the 
clinical activity of these agents has been modest thus far, and 
questions regarding appropriate patient selection remain. For 
example, it was suggested that certain PIK3CA mutations result 
in relatively low activation of AKT in comparison to PTEN 
loss.75 Thus, these agents may be more appropriately directed to 
those cancers with AKT alterations and PTEN loss.

The first-in-man phase I trial of MK2206 incorporated 
detailed PK-PD studies in both normal and tumor tissues 
to confirm adequate drug exposure with concomitant tar-
get and pathway blockade.71 Average steady-state trough 
MK2206 concentrations at the recommended phase II dose 
(RP2D) were greater than the concentrations required for 
70% inhibition of AKTS473 phosphorylation in whole blood, 
a level identified in preclinical models as associated with 
antitumor activity. PD analyses demonstrated AKT signal-
ing blockade in both tumor and surrogate tissues. Studies 
assessing phosphorylation of AKTS473 in tumor samples pro-
vided evidence of target blockade at the RP2D. In addition, 
studies in hair follicles also indicated that the phosphory-
lated Thr246 signal on PRAS40 was effectively blocked at 
this dose level.71

mtor inhibitors. Allosteric inhibitors (rapalogues). 
Allosteric inhibitors describe rapamycin (sirolimus) and its 
analogs, temsirolimus, everolimus, and ridaforolimus (for-
merly known as deforolimus).76 They inhibit the mTORC1 
kinase by binding to an abundant intracellular protein, 
FKBP12, forming a complex that inhibits mTOR signaling. 
Rapalogues initially demonstrated efficacy as a single agent 
for the treatment of renal cell carcinoma and progressive 
advanced pancreatic neuroendocrine tumors.77,78 Other indi-
cations with significant clinical activities include mantle cell 
lymphoma, sarcoma, and ER-positive breast cancer in com-
bination with hormone therapy.79

A phase I study of everolimus used the PD effects on 
mTOR-dependent pathways (4E-BP1 pathway: phosphory-
lated 4E-BP1 and eIF4G; S6K1 pathway: phosphorylated S6) 
in paired pre- and on-therapy tumor and skin biopsies, in 
addition to the safety profile of the drug, in order to determine 

the optimal dose and schedule of everolimus.80 Tabernero et al 
demonstrated that daily dosing resulted in near complete inhi-
bition of phosphorylation of S6 at both dose levels tested, while 
inhibition of phosphorylation of eIF4G and 4E-BP1 was more 
profound at the 10 mg dose level when compared with the 
5 mg dose level. In the weekly schedule, complete inhibition 
of S6 phosphorylation was again seen at all the studied dose 
levels. However, complete and prolonged inhibition of phos-
phorylation of eIF4G was only observed at doses $50 mg. 
Based on these data, the authors recommended everolimus 
treatment at either 10 mg/day or 50 mg/week.

ATP-competitive inhibitors. mTOR catalytic site inhibi-
tors directly target the kinase domain of mTOR and, there-
fore, impede the activity of both mTORC1 and mTORC2 
kinases. The theory behind dual mTORC1/2 inhibition 
is that it may prevent compensatory feedback activation 
of AKT upon mTORC1 inhibition as occurs with rapa-
logues.81 mTORC1/2 inhibitors in clinical development 
include OSI-027, AZD2014, CC-223, MLN-0128/INK128, 
and AZD8055.82–86

In the phase I study of AZD2014, the PD profile demon-
strated target engagement in both surrogate and tumor tis-
sues.82 Proof-of-mechanism biomarkers of mTORC1 and 
mTORC2 inhibition, such as A 40%–45% reduction in levels 
of phosphorylated 4E-BP1 in peripheral blood mononuclear 
cells (PBMCs) and A 37%–62% reduction in phosphorylated 
AKT in PRP, respectively, were seen at 2 and 8 hours but 
recovered at 24 hours following a single dose of AZD2014. 
Therefore, this, together with the PK profile demonstrating 
an elimination half-life of approximately three hours sup-
ported a twice-a-day schedule. Importantly, at the maximum 
tolerated dose (MTD), the authors also demonstrated reduced 
levels of phosphorylated S6 (∼20%–100%) in all evaluable 
posttreatment biopsies and reduction of phosphorylated AKT 
levels (20%–50%) in 3/4 assessable posttreatment biopsies.82 
In addition to these proof-of-mechanism PD biomarkers, 
proof-of-concept biomarkers such as reduction of proliferation 
(Ki67) and reduction in metabolism (18F-FDG PET) also sup-
ported evidence of target inhibition in tumor.82 At the MTD, 
five of nine patients showed reduction in Ki67 expression of 
50%–100%. In addition, 8 of 11 patients showed a reduction 
of change in maximum standardized uptake value (SUVmax), 
with three patients attaining a partial response (30% reduc-
tion in SUVmax).82

In the phase I trial of OSI-027, an oral dual mTORC1/2 
inhibitor, there was inhibition of phosphorylation of 4E- 
 BP1T37/T46 by .60% in PBMCs, but no evidence of objec-
tive responses.84 In contrast, the phase I study of the dual 
mTORC1/mTORC2 inhibitor, AZD8055, used phosphory-
lation of AKT in PBMCs as a biomarker of mTORC1 and 
mTORC2 inhibition. Unfortunately, the assay in PBMCs was 
rendered challenging due to very low levels of AKT phospho-
rylation at baseline; therefore, no conclusions could be drawn 
on mTORC2 inhibition in PBMCs in this study.83
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PI3K/AKt/mtor Pathway biomarkers
Clinical trials of PI3K/AKT/mTOR pathway inhibitors have 
utilized several biomarker strategies, including PD biomark-
ers of signaling output, eg, inhibition of downstream phos-
phorylated proteins, indirect PD biomarkers of metabolic 
effect, eg, glucose metabolism markers, and functional imag-
ing monitoring biomarkers, eg, 18F-FDG PET (Table 2). In 

addition, many trials are now using predictive biomarkers, eg, 
PIK3CA or AKT mutations, and PTEN loss, for the purpose 
of identifying subpopulations of patients who are most likely 
to respond to PI3K/AKT/mTOR pathway inhibitors.

biomarkers of PI3K pathway signaling. During early- 
phase clinical trials of novel PI3K/AKT/mTOR pathway 
inhibitors, the degree and duration of PI3K pathway inhibition 

Table 2. Pi3K/aKT/mTor pathway biomarkers and their potential disadvantages.

BIoMaRKER USE PoTENTIaL DISaDvaNTagES

Biomarkers of PI3K pathway signaling 

Phosphorylation of aKT at the residues  
Thr308 and ser473;

Demonstrates target modulation Imperfect at predicting efficacy in  
patients since only modest response  
rates are observed despite achievement  
of predicted tumour target inhibition of  
phosphorylation

Phosphorylation of the aKT substrate  
Pras40 at Thr246

Demonstrates target modulation

Phosphorylation of 4eBP1 at ser65 and Thr70 Demonstrates target modulation

Phosphorylation of rPs6 at ser240 and  
ser244

Demonstrates target modulation

Biomarkers of metabolic effect

Fasting plasma glucose levels indirect determination of pathway modulation insulin and c-peptide may be superior  
to fasting glucose levels, because  
increased insulin/c-peptide release can  
effectively compensate for decreased  
glucose transport and metabolism due to  
Pi3K inhibition at lower doses

Plasma insulin levels indirect determination of pathway modulation

Plasma c-peptide levels indirect determination of pathway modulation

functional imaging biomarkers 
18F-FDg PeT (i)    indirect determination of pathway  

modulation
(ii) surrogate marker of response

Uncertain role as a predictive biomarker  
due to lack of association between  
18F-FDg-PeT changes and tumour  
response evaluated by standard cross- 
sectional imaging (eg, cT).

18F-FlT PeT (i)    indirect determination of anti-proliferative  
effects

(ii) surrogate marker of response

not yet been utilized in a trial of a Pi3K  
pathway inhibitor

magnetic resonance spectroscopy surrogate marker of response not yet been utilized in a trial of a Pi3K  
pathway inhibitor

Diffusion-Weighted- and Dynamic  
contrast enhanced-mri

surrogate marker of response not yet been utilized in a trial of a Pi3K  
pathway inhibitor

Circulating biomarkers

circulating tumour cells (i)   surrogate marker of response
(ii)  molecular characterisation for ‘real time’  

demonstration of target modulation

cells in the blood will be exposed to  
plasma drug concentrations, which may  
or may not be the same as drug levels 
achieved in solid tumours. 

cell-free Dna/circulating tumour  
Dna

(i)   surrogate marker of early response
(ii)  Predict sensitivity to Pi3K/aKT/mTor  

pathway inhibitors

low plasma Dna levels may mean  
mutations are missed, and clonal  
evolution of detected mutations

circulating markers of cell death  
and angiogenesis 

surrogate marker of cell death and  
angiogenesis

intrapatient variability is high 

Predictive biomarkers

mutations in PIK3CA Predict sensitivity to Pi3K/aKT/mTor  
pathway inhibitors

(i)   The complexities of the pathway and 
its feedback loops mean that clear 
prediction of response to genotype is 
difficult.

(ii)    Use of incorrectly standardized or 
unvalidated assays may mean that 
driver mutations are missed

(iii)  coexistence of mutations related to 
resistance

(iv)  Presence of intratumour 
heterogeneity

loss of PTen expression Predict sensitivity to Pi3K/aKT/mTor  
pathway inhibitors
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has been established by measuring PD biomarkers primarily 
through evaluating the degree of inhibition of phosphoryla-
tion in downstream proteins. Since quantification of a bio-
marker in close proximity to PI3K (eg, PIP3) has not been 
feasible in the clinical setting, and measurement of AKT in 
tissues requires stringent sampling and handling conditions 
to avoid variability (which may not be possible in the con-
text of a multicenter clinical trial), other targets have been 
preferable in biomarker development for PI3K/AKT/mTOR 
pathway inhibitors.28,41 These have included assessment of 
(i) phosphorylation of AKT at the residues Thr308 and Ser473,  
(ii) phosphorylation of the AKT substrate PRAS40 at Thr246, 
(iii) phosphorylation of 4E-BP1 at Ser65 and Thr70, and 
(iv) phosphorylation of RPS6 at Ser240 and Ser244.28 How-
ever, it is important to note that phosphorylation of 4E-BP1 
and RPS6 can also be regulated by enhanced RAS/RAF/
ERK/mTORC1 activity, thereby potentially masking PD 
effects.23 Nevertheless, biomarker analyses from phase I studies 
have consistently demonstrated a dose- and time- dependent 
decrease in phosphorylation of markers such as AKT, 4E-BP1, 
and RPS6 when PI3K/AKT/mTOR inhibitors are used at the 
MTD, thereby demonstrating target modulation.

Preclinical tumor target phosphorylation data (percent-
age inhibition of phosphorylation and duration of inhibition 
of phosphorylation) are often employed to predict the dura-
tion and magnitude to which the pathway should be inhibited 
in patients, in order to achieve meaningful efficacy. However, 
in a number of phase I studies of PI3K/AKT/mTOR path-
way inhibitors, although predicted tumor target inhibition 
of phosphorylation was achieved at the RP2D, only modest 
response rates were observed. This highlights the imperfection 
of phosphoprotein biomarker modulation at predicting efficacy 
in patients and demonstrates the need to utilize separate bio-
markers to define PD effect and predict therapeutic efficacy.44

biomarkers of metabolic effect. Given the role of the 
PI3K pathway in physiological glucose metabolism, many 
studies of PI3K/AKT/mTOR inhibitors have included 
biomarkers of metabolic effect, which are indirect PD bio-
markers.87,88 Fasting glucose, insulin, and C-peptide levels in 
plasma, and glucose uptake using 18F-FDG PET (see later), have 
all been evaluated in the determination of target engagement 
and pathway modulation.41 Inhibition of PI3K abrogates the 
actions of insulin, mainly mediated by the PI3K p110α iso-
form, resulting in hyperglycemia and a compensatory release 
of insulin and C-peptide. Hyperglycemia has, therefore, com-
monly been used as a PD biomarker of PI3K pathway inhi-
bition; however, Bendell et al suggest that reduced plasma 
C-peptide levels may provide a better, indirect biomarker, 
since in their phase I study of BKM120 in patients with 
advanced solid tumors, increases in fasting C-peptide were 
detected at doses lower than those associated with hyperg-
lycemia, suggesting that increased insulin/C-peptide release 
can effectively compensate for decreased glucose transport and 
metabolism due to PI3K inhibition at lower doses.41

In a more recent phase I study of BKM120 in patients 
with advanced solid tumors, the analysis of glucose metab-
olism biomarkers (fasting plasma glucose, insulin, and 
C-peptide) supported the observation that BKM120 inhibits 
the PI3K pathway and perturbs glucose metabolism; however, 
a clear relationship between these biomarkers and the dose of 
BKM120 administered or the degree of pathway inhibition 
was not established.42 Further work is ongoing to establish the 
utility of biomarkers such as C-peptide as indicators of PI3K 
inhibitor activity.

Functional imaging biomarkers. Given the issues 
related to acquisition of tumor tissue for evaluation of PD 
biomarkers (including the need for repeated invasive biopsies, 
sampling errors, and bias due to tumor heterogeneity) and the 
limitations of surrogate tissue (see later), functional imaging 
has emerged as a novel method for evaluating the PD effects 
of PI3K pathway drugs.89,90 Functional imaging biomark-
ers have the potential to quantify biological characteristics 
of tumors and measure on- and off-target effects and allow 
serial, noninvasive assessments of whole tumor, which is par-
ticularly important in the context of inter- and intrapatient 
tumor heterogeneity. In addition, utilization of functional 
imaging could be used to guide assessment of both optimal 
biological dose and drug schedule.

Functional surrogate response imaging biomarkers for 
PI3K pathway inhibitor drugs have included 18F-FDG PET, 
39-deoxy-39-[18F]-fluorothymidine (18F-FLT) PET, MR spec-
troscopy, and diffusion-weighted- (DW) or dynamic contrast- 
enhanced- (DCE) MRI.

18F-FDG PET. Since AKT activation disrupts transcrip-
tion of the glucose transporter GLUT1 and its translocation to 
the plasma membrane, and also promotes glucose utilization 
independent of the effects on cell proliferation, 18F-FDG PET 
has been proposed as a PD biomarker for assessing efficacy of 
on-target inhibition of the PI3K/AKT pathway.91 In addition, 
early reductions in uptake on 18F-FDG PET (SUVmax from 
baseline) have been demonstrated to be a predictor of change 
in tumor burden, and therefore 18F-FDG PET can also be 
utilized as a predictive biomarker.92 18F-FDG PET has been 
incorporated into biomarker evaluations in several preclinical 
and clinical studies of PI3K and/or MEK inhibitor therapy. 
For example, it has been shown to be a surrogate marker 
of sensitivity to PI3K inhibition by the dual PI3K/mTOR 
inhibitor NVP-BEZ235 and the pan-class I PI3K inhibitor, 
NVP-BKM120, in human head and neck squamous cell car-
cinoma and mouse mammary 3D tumor spheroids in vitro.93 
In addition, 18F-FDG PET has been shown to be a surrogate 
marker of response following treatment with the pan-isoform 
PI3K inhibitor LY294002 or the dual PI3K/mTOR inhibitors 
PF04691502 and NVP-BEZ235 in colorectal, lung, and ovar-
ian tumor xenografts and/or mouse models in vivo.94–96

Furthermore, a decrease in uptake on 18F-FDG PET has 
been observed in several phase I clinical trials following PI3K/
AKT/mTOR inhibitor treatment.41,42,46 However, whether 
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the cause of this decrease is related to a direct effect of PI3K 
inhibition on glucose uptake (therefore, acting as a PD bio-
marker), or an antitumor effect (thus, acting as a predictive 
biomarker) is not yet known, and in some cases, both can have 
a role, as seen with mTOR inhibitors.91,97

In a recent phase I study, BKM120 administration insti-
gated partial metabolic responses detected by 18F-FDG PET 
(a .25% decrease in 18F-FDG uptake) in 39% of evaluable 
patients after 28 days of treatment; however, no association 
with progression-free survival or best response was identified. 
The authors suggested that the effect of PI3K inhibitors on 
glucose metabolism, the small number of patients and responses 
observed, and the highly heterogeneous range of patients and 
tumor types treated might have explained why 18F-FDG PET 
was unable to predict response to therapy in this study, despite 
demonstrating capability as a PD biomarker.42

In the phase I study of pictilisib (GDC-0941), par-
tial metabolic responses detected by 18F-FDG PET were 
observed in 7 of 32 evaluable patients.44 18F-FDG PET imag-
ing showed a reduction from baseline of tracer uptake at dose 
levels $45 mg with an overall median change in SUVmax of 
−13%, thereby confirming some degree of pathway modu-
lation.44 However, an association between 18F-FDG PET 
changes and RECIST response was not detected in this trial, 
highlighting the uncertainties of the role of 18F-FDG as a 
predictive biomarker.

18F-FLT PET. The fluorine-modified thymidine analog, 
18F-FLT, also represents a promising proof-of-concept anti-
proliferative PD and surrogate response biomarker for PI3K 
pathway inhibitor therapy. 18F-FLT PET is used for detect-
ing antiproliferative effects, since it is a thymidine analog, 
whose accumulation in cells is determined by the expression 
and activity of the enzyme thymidine kinase 1 and specific 
nucleoside transporters, both of which are under the control 
of S-phase cell cycle regulators.98 Furthermore, the uptake of 
18F-FLT PET has been shown to correlate with standard pro-
liferation markers, such as Ki67, TK1, and BrdU uptake.99–102 
Using 18F-FLT PET, changes in proliferation compared to 
baseline have been demonstrated in a variety of human tumor 
xenografts as early as 18, 24, and 120 hours after using either 
single-agent class I selective PI3K inhibitor GDC-0941 (pic-
tilisib) or MEK inhibitor PD0325901.89,90,103,104 Furthermore, 
in human xenograft tumor-bearing mice, the combination of 
the class I selective PI3K inhibitor pictilisib with the MEK 
inhibitor PD0325901 resulted in superior efficacy when com-
pared with controls, and this correlated with a subsequent 
decrease in tumor 18F-FLT uptake measured by PET just two 
days after treatment.98 18F-FLT PET has not yet been uti-
lized in a trial of a PI3K pathway inhibitor; however, it has 
been incorporated into a clinical trial of the MEK inhibi-
tor AZD6244 (selumetinib) as a single agent.105 In this pilot 
study, 18F-FLT PET scans were performed in four patients at 
baseline and after two weeks of treatment with selumetinib. 
FLT uptake in tumor was compared to CT scans at baseline 

and eight weeks to evaluate the utility of 18F-FLT PET as an 
early predictor of response. In two patients, changes in FLT 
uptake as early as after two weeks of treatment were consistent 
with CT results after eight weeks.105

Magnetic resonance spectroscopy. Cancer cells are known to 
reprogram their metabolism to facilitate tumor growth and 
survival by alteration of signaling pathways, which lead to 
alterations in glucose, glutamine, and lipid metabolism.20,106 
As discussed earlier, the PI3K/AKT/mTOR signaling path-
way is a master regulator of enzymes involved in glucose, glu-
tamine, and lipid metabolism.107,108 Therefore, inhibition of the 
PI3K signaling pathway impacts on the levels and/or activities 
of these enzymes.109 Magnetic resonance spectroscopy (MRS) 
is a technique that has recently been used in the clinical set-
ting to study cancer metabolism. It offers the opportunity to 
investigate metabolic components of cells and tissues in physi-
ological environments, noninvasively and without the use of 
radioactive reagents. In addition, since it produces spatial 
mapping of metabolites, MRS can overcome the challenges 
of tumor heterogeneity. These data are represented by a spec-
trum, in which the peaks correspond to different metabolites 
wherein peak areas can be measured and metabolite concen-
trations quantified. MRS is now being increasingly used for 
monitoring tumor cell metabolism and alterations in response 
to therapy in cultured cells, animal models, and patients.

Metabolic effects of PI3K inhibition in cancer have been 
studied in vitro and in vivo.110 Using nuclear magnetic reso-
nance (NMR), altered choline metabolism has been demon-
strated in response to inhibition of the PI3K signaling pathway 
with LY294002, wortmannin, and the selective dual pan-class I 
PI3K/mTOR inhibitor PI-103 in adult human cancer cell mod-
els.111,112 Distinct metabolic changes have been demonstrated 
using in vitro 1H- and phosphorus (31P)-NMR following PI3K 
pathway inhibition by PI-103 and pan-class I PI3K inhibitor 
GDC-0941 in pediatric glioblastoma cell lines. These included 
a decrease in the levels of lactate, phosphocholine (PC), and 
total choline.109 Moestue et al demonstrated, using ex vivo 
high-resolution magic angle spinning MRS, that response to 
PI3K inhibition in a breast cancer basal-like xenograft was 
associated with reduced lactate concentration and increased 
concentration of PC, glycerophosphocholine (GPC), and glu-
cose.113 The magnitude of the metabolic response was reflected 
by the inhibition of cancer cell proliferation and the reduction 
in phosphorylation of AKT ser473 level.113 Lactate, PC, and 
GPC can potentially be imaged noninvasively in vivo using 
MRS and may, therefore, be valuable biomarkers for early 
monitoring of response to PI3K inhibition. However, to date, 
the authors are not aware of any utilization of MRS in early-
phase clinical trials for PI3K pathway inhibitors.

Diffusion-weighted- and dynamic contrast-enhanced-MRI. 
DW-MRI can be used to measure the apparent diffusion 
coefficient (ADC) of water molecules and has been proposed 
as a marker for tissue cellularity.114 Treatment-induced cell 
death can be reflected by increased ADC values even before 
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significant tumor volume changes occur,114,115 and DW-MRI 
is, therefore, suggested as a method for measuring early treat-
ment response.116 DCE-MRI investigates the vascularization 
of a tissue by measuring signal enhancement curves after intra-
venous administration of a contrast agent and can be used to 
measure the changes in tumor blood flow, vascular permeabil-
ity, and extracellular extravascular and vascular volumes.117,118 
Both DW-MRI and DCE-MRI have been proposed as tools 
for measuring response to PI3K pathway inhibitors and have 
been evaluated in preclinical in vivo models.119–121

In a recent study, ADC was found to be a useful bio-
marker for response to the dual PI3K-mTOR inhibitor 
BEZ235 in an ovarian cancer xenograft model.119 In the same 
study, DCE-MRI, which provides information on tumor 
perfusion and vascular permeability also proved to be a use-
ful biomarker for response. The parameter ve is a measure of 
the extravascular extracellular space and, similar to ADC, 
may be related to the cellular density of the tumor tissue. In 
another recent study, Sampath et al.122 showed that response 
to the PI3K/mTOR inhibitor GDC-0980 was associated 
with increased ve.122 Despite these promising data, this func-
tional imaging modality has not yet been used in clinical tri-
als in this setting.

tumor versus surrogate biomarkers. Assessments of PD 
biomarkers of signaling output have classically required the 
collection of serial tumor biopsies; however, for solid tumors, 
this can be challenging. Therefore, researchers have explored 
using normal tissues, such as the skin, PBMCs, PRP, and 
plucked hair follicles, as POTENTIAL SURROGATES for 
tumor tissues. These minimally invasive sampling methods 
may reduce the risks associated with repeated tumor biopsies 
and enable serial determinations of drug effects, thus mini-
mizing the impact of inter- and intrapatient variability on 
such results. However, such surrogate methods are hampered 
by (i) requirement of the therapeutic target of interest to be 
highly expressed in normal tissues; (ii) differences in drug 
penetration and concentrations between normal and tumor 
tissues due to likely differences in tissue architecture; (iii) 
possible differences in gene expression between tissues; (iv) 
normal tissues lacking somatic mutations in the oncogenic 
target; (v) mutant enzymes in tumor tissue leading to sig-
nificant differences in drug sensitivity when compared with 
wild-type enzymes in normal tissues; and (vi) possible differ-
ences in signal transduction pathway regulation in tumors to 
normal cells.123–125

For example, in the phase I study of the pan-PI3K inhibi-
tor pictilisib (GDC-0941), a 90% decrease in AKT phospho-
rylation was detected in PRP at up to three hours postdose at 
the RP2D.44 In patient tumors, although at the highest level 
of drug exposure a .75% decrease in S6 phosphorylation and 
100% reduction in AKT phosphorylation were detected, a 
direct correlation between pictilisib exposure and decrease in 
S6 and AKT phosphorylation in tumors was less clear.44 In 
contrast to the consistent dose–response relationship in PRP, 

this lack of consistent target modulation in tumor at lower drug 
exposures was thought to be possibly related to different assay 
conditions, together with disparities in drug concentrations 
between normal and tumor tissues due to likely differences in 
tissue architecture and hemodynamics.

In a phase I study of the dual PI3K-mTOR inhibitor 
BGT226, the observed PD effects were also inconsistent 
between tumor tissue and skin.126 At BGT226 doses .80 mg, 
PI3K pathway inhibition was evident in skin biopsies as deter-
mined by a reduction in phosphorylation of S6 (Ser240/244) 
by 37%–64%. However, reductions in phosphorylation of S6/
AKT in tumors were not seen in all samples, and no biopsies 
were performed at doses .80 mg, making further interpreta-
tion difficult.126 This example illustrates that as collection of 
solid tumor biopsies is challenging, it is imperative to ensure 
that tumor tissue samples are always obtained at the MTD.

These differences also highlight both the importance 
of evaluating multiple PD biomarkers to comprehensively 
evaluate the overall pharmacological effects of the drug, and 
the danger of overinterpretation results from a single PD 
marker evaluation.

circulating biomarkers. Alternative methods for the 
evaluation of PD biomarkers of PI3K/AKT/mTOR path-
way inhibition include circulating tumor cells (CTCs), cell-
free DNA/circulating tumor DNA (ctDNA), and circulating 
markers of cell death and angiogenesis.

Circulating tumor cells. A promising development in trans-
lational cancer medicine has been the emergence of CTCs as 
a minimally invasive multifunctional biomarker. CTCs in 
peripheral blood originate from solid tumors and are involved 
in the process of hematogenous metastatic spread to distant 
sites to establish metastases. The potential use of CTCs as bio-
markers is not only confined to their enumeration (and there-
fore as a surrogate of response) but also includes their routine 
molecular characterization. The assessment of CTC-based PD 
biomarkers has the potential for rapidly demonstrating proof 
of mechanism during the clinical development of molecularly 
targeted anticancer therapeutics in real time.

However, one potential challenge in using CTCs for PD 
studies is that, similar to other surrogate tissue biomarkers, 
cells in the blood will be exposed to plasma drug concentra-
tions, which may or may not be the same as the drug levels 
achieved in solid tumors. Therefore, when interpreting PD 
data from CTCs, the PK data are critical and must be used 
in conjunction.

Western blot analyses of S6K1, phosphorylated-S6K1, 
and mTOR in CTCs were used as PD biomarkers in a recent 
phase II trial of the mTOR inhibitor sirolimus given in combi-
nation with trastuzumab for HER2-positive metastatic breast 
cancer.127 Unfortunately, no statistically significant correlation 
between response and posttreatment change in levels of the 
mTOR pathway biomarkers was detected in CTCs.127 CTC 
analyses have otherwise not yet been used in clinical trials in 
this setting.
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Cell-free DNA/ctDNA. Cell-free fragments of DNA are 
shed into the bloodstream by cells undergoing apoptosis or 
necrosis, and in patients, a small proportion (,1%) of the 
fragmented DNA in the circulation is derived directly from 
the tumor.128 Recent advances in sequencing technologies 
have enhanced the sensitivity and accuracy of DNA analysis, 
allowing for the genotyping of somatic genomic alterations in 
circulating cell-free DNA. Cell-free ctDNA contains genetic 
defects identical to those of the tumors themselves, enabling 
the detection of cancer-associated genetic alterations, includ-
ing point mutations, chromosomal rearrangements, ampli-
fications, and aneuploidy. Indeed, ctDNA can be identified 
and distinguished from normal cell-free DNA by testing 
for genetic mutations that are tumor specific. Furthermore, 
ctDNA levels have correlated with changes in tumor burden 
in a number of different malignancies.128,129 Thus, ctDNA has 
the potential to serve as a noninvasive tool, as a biomarker of 
early response, and as a predictive biomarker.

Potential drawbacks with this method include low plasma 
DNA levels, which may mean that mutations are missed, and 
also clonal evolution of detected mutations. As yet, in the con-
text of PD biomarkers of PI3K/AKT/mTOR pathway inhi-
bition, both CTC and ctDNA approaches have been more 
exploratory. However, these biomarker strategies are likely to 
be increasingly utilized in the future.

Circulating markers of cell death and angiogenesis. 
Circulating full-length and caspase-cleaved cytokeratin 
18 (CK18) are considered biomarkers of anticancer therapy-
induced cell death, measured using a combination of M30 
and M65 enzyme-linked immunosorbent assays (ELISAs).130 
M30 measures caspase-cleaved CK18 produced during apop-
tosis, and M65 measures the levels of both caspase-cleaved 
and intact CK18, the latter of which is released from cells 
undergoing necrosis. Circulating M30 and M65 and mark-
ers of angiogenesis (BFGF, PLGF, SVEGFR1, SVEGFR2, 
and VEGF) have been evaluated in early-phase clinical trials 
of PI3K pathway inhibitors.42,126 In general, intrapatient vari-
ability in these markers has been found to be high, and there-
fore, statistical relationships between pre- and post-treatment 
levels have not been confirmed.42

Predictive biomarkers. Preclinical data of PI3K path-
way inhibitors have supported the hypothesis that tumors 
with PIK3CA mutations or PTEN loss are more sensitive 
to PI3K/AKT inhibitors.131–133 However, the complexities 
of the pathway and its feedback loops mean that clear pre-
diction of response to genotype is difficult. For example, 
for the pan-class I PI3K inhibitor BKM120, studies dem-
onstrated that inhibition of PI3K had significant effects 
on cells carrying mutations of PIK3CA, whereas cells 
with PTEN or KRAS aberrations were not as sensitive.134 
Although triple- negative breast cancer subtypes with 
PIK3CA mutations were found to be sensitive to the dual 
PI3K/mTOR inhibitor, BEZ235, again the loss of PTEN 
did not predict response.135

Nevertheless, these preclinical studies have encouraged 
the enrichment of clinical trials with patients whose tumors 
harbor mutations in PIK3CA and PTEN or have loss 
of PTEN expression.131,136–138 Some pooled analyses of 
these clinical studies have suggested a correlation between 
molecular alterations in the PI3K pathway and antitumor 
effect,41,47,71 whereas others have suggested no such correla-
tion.139 The inconclusive predictive value of PIK3CA, PTEN, 
KRAS, or BRAF mutations for delineating the clinical value 
of PI3K/AKT/mTOR pathway inhibitors may be due to sev-
eral reasons. First, tumors without PI3K alterations might 
have responded because early detection methods were based 
on a limited number of assays and were unable to detect other 
alterations that could be driving sensitivity, such as alterations 
in AKT1/2, PIK3R1, LKB1, or NF1, or were using improper 
assays or thresholds. Second, tumors described as having 
PI3K alterations may not have responded because of the 
coexistence of mutations related to resistance, such as muta-
tions in KRAS,51,140 intratumor heterogeneity,75 or the use of 
incorrectly standardized or unvalidated assays. Finally, an 
important recent study designed to decipher whether action-
able driver mutations are found in all, or a subset of tumor 
cells found that 15% of mutations in genes of the PI3K/AKT/
mTOR signaling axis across all tumor types were subclonal, 
rather than truncal.141 This frequent presence of subclonal 
driver mutations in the PI3K/AKT/mTOR signaling axis 
may explain the inconclusive predictive value of these muta-
tions and suggests the need to stratify PI3K-directed therapy 
response according to the proportion of tumor cells in which 
the driver mutation is identified.141

In a study of .1600 patients with diverse advanced can-
cers enrolling onto phase I trials, PIK3CA mutations and/or 
PTEN aberrations were detected in ∼20% of patients.142 PTEN 
aberrations were mostly determined by loss of staining on 
immunohistochemistry (95% of patients with PTEN aberra-
tion), as only 5% of patients were tested for PTEN mutations. 
They also demonstrated that, in colorectal and gynecological 
cancers, PIK3CA mutations often coexisted with mutations 
in the MAPK pathway such as KRAS and BRAF muta-
tions, which can abrogate response to PI3K/AKT/mTOR  
pathway inhibitors.95,142–145

Levels of phosphorylated S6K and AKT may be pre-
dictive biomarkers for inhibitors of the mTOR pathway. 
Indeed a high level of phosphorylated S6K has been asso-
ciated with poor prognosis, and the levels of phosphory-
lated S6K and AKT have been shown to predict a favorable 
response to rapamycin or rapamycin analogs in breast cancer 
cells lines and other tumors.146–148 Furthermore, high lev-
els of phosphorylated AKT, GSK3β, and TSC2 have also 
been demonstrated to correlate with increased sensitivity to 
RAD001 (everolimus).149

Another potential predictive biomarker is INPP4B, 
a tumor suppressor that regulates PI3K/AKT. Its deletion may 
be seen with PTEN loss and it correlates with poor prognosis. 

http://www.la-press.com
http://www.la-press.com/journal-translational-oncogenomics-j19


Josephs and Sarker

46 TranslaTional oncogenomics 2015:7(s1)

Tumors with INPP4B loss may also be candidates for targeting 
with PI3K inhibitors.150

It must be remembered that in addition to their direct 
therapeutic action on cancer cells, PI3K inhibitors can have 
effects on tumor angiogenesis, immune cells, and other 
tumor microenvironmental interactions; hence, it is con-
ceivable that there may not be a single biomarker of sensi-
tivity but rather a predictive molecular signature. Critical 
information will come from molecular profiling of clinical 
tumor material, including global cancer genome sequencing 
and gene expression analysis, followed by the correlation of 
such data with therapeutic response and outcome to various 
PI3K inhibitors.

conclusions
The PI3K pathway is one of the most commonly deregulated 
in cancer and is currently a major focus for anticancer drug 
development. As cancer medicine moves toward an increas-
ingly personalized paradigm, PI3K pathway inhibitors are 
likely to form a critical part of the therapeutic strategy for 
many cancers. For these drugs to be optimally used, it is of 
critical importance that early-phase trials include compre-
hensive PD evaluation as part of a broader strategy incorpo-
rating PK, predictive, and pharmacogenetic biomarkers. It 
is clear from the studies conducted to date that a multimo-
dality PD approach is optimal, evaluating both inhibition of 
phosphorylation of downstream proteins and also the meta-
bolic and immunological effects of the drug. Increasingly, 
technological advances in functional imaging and circulat-
ing biomarkers (eg, ctDNA) will allow for more detailed 
PD evaluation.

As the studies described in this review have largely 
demonstrated, use of single-agent PI3K pathway inhibi-
tors is usually associated with modest therapeutic eff icacy. 
These drugs are more likely to be optimally used in com-
bination with other molecularly targeted THERAPIES, 
cytotoxics, or hormonal therapies. Preclinical modeling 
and molecular profiling strategies will help determine 
the most effective combinations, with increasing use of 
patient-derived tissue to allow a more personalized thera-
peutic strategy. PD biomarkers will be critical in helping 
to determine optimal dosing by allowing assessment of 
differing dosing regimens, including pulsatile schedules, 
which could potentially offset the toxicity concerns around 
many PI3K combination regimens.

In conclusion, comprehensive PD evaluation together 
with robust predictive biomarkers is likely to be critical to the 
successful development of PI3K pathway inhibitors and for 
their integration into personalized treatment strategies.

Author contributions
Wrote the first draft of the manuscript: DJ, DS. Contributed 
to the writing of the manuscript: DJ, DS. Jointly developed 
the structure and arguments for the paper: DJ, DS. Made 

critical revisions and approved final version: DJ, DS. Both 
authors reviewed and approved of the final manuscript. 

reFerences
 1. Samuels Y, Wang Z, Bardelli A, et al. High frequency of mutations of the 

PIK3CA gene in human cancers. Science. 2004;304(5670):554.
 2. Engelman JA. Targeting PI3K signalling in cancer: opportunities, challenges 

and limitations. Nat Rev Cancer. 2009;9(8):550–62.
 3. Vivanco I, Sawyers CL. The phosphatidylinositol 3-kinase AKT pathway in 

human cancer. Nat Rev Cancer. 2002;2(7):489–501.
 4. Bader AG, Kang S, Zhao L, Vogt PK. Oncogenic PI3K deregulates transcrip-

tion and translation. Nat Rev Cancer. 2005;5(12):921–9.
 5. Thorpe LM, Yuzugullu H, Zhao JJ. PI3K in cancer: divergent roles of isoforms, 

modes of activation and therapeutic targeting. Nat Rev Cancer. 2015;15(1):7–24.
 6. Arteaga CL. Clinical development of phosphatidylinositol-3 kinase pathway 

inhibitors. Curr Top Microbiol Immunol. 2010;347:189–208.
 7. Sawyers CL. Will kinase inhibitors have a dark side? N Engl J Med. 2006;355(3):313–5.
 8. Shaw RJ, Cantley LC. Ras, PI(3)K and mTOR signalling controls tumour cell 

growth. Nature. 2006;441(7092):424–30.
 9. Zitzmann K, De Toni EN, Brand S, et al. The novel mTOR inhibitor RAD001 

(everolimus) induces antiproliferative effects in human pancreatic neuroendo-
crine tumor cells. Neuroendocrinology. 2007;85(1):54–60.

 10. Akinleye A, Avvaru P, Furqan M, Song Y, Liu D. Phosphatidylinositol 3-kinase 
(PI3K) inhibitors as cancer therapeutics. J Hematol Oncol. 2013;6(1):88.

 11. Khan KH, Yap TA, Yan L, Cunningham D. Targeting the PI3K-AKT-mTOR 
signaling network in cancer. Chin J Cancer. 2013;32(5):253–65.

 12. Yap TA, Sandhu SK, Workman P, de Bono JS. Envisioning the future of early 
anticancer drug development. Nat Rev Cancer. 2010;10(7):514–23.

 13. Courtney KD, Corcoran RB, Engelman JA. The PI3K pathway as drug target in 
human cancer. J Clin Oncol. 2010;28(6):1075–83.

 14. Vanhaesebroeck B, Leevers SJ, Panayotou G, Waterfield MD. Phosphoinositide 
3-kinases: a conserved family of signal transducers. Trends Biochem Sci. 1997; 
22(7):267–72.

 15. Yuan TL, Cantley LC. PI3K pathway alterations in cancer: variations on a 
theme. Oncogene. 2008;27(41):5497–510.

 16. Engelman JA, Luo J, Cantley LC. The evolution of phosphatidylinositol 3-kinases 
as regulators of growth and metabolism. Nat Rev Genet. 2006;7(8):606–19.

 17. Katso R, Okkenhaug K, Ahmadi K, White S, Timms J, Waterfield MD. Cel-
lular function of phosphoinositide 3-kinases: implications for development, 
homeostasis, and cancer. Annu Rev Cell Dev Biol. 2001;17:615–75.

 18. Alessi DR, James SR, Downes CP, et al. Characterization of a 3-phosphoinositide-
 dependent protein kinase which phosphorylates and activates protein kinase Bal-
pha. Curr Biol. 1997;7(4):261–9.

 19. Foukas LC, Claret M, Pearce W, et al. Critical role for the p110alpha 
phosphoinositide- 3-OH kinase in growth and metabolic regulation. Nature. 
2006;441(7091):366–70.

 20. Cairns RA, Harris IS, Mak TW. Regulation of cancer cell metabolism. Nat Rev 
Cancer. 2011;11(2):85–95.

 21. Cantley LC. The phosphoinositide 3-kinase pathway. Science. 2002;296(5573): 
1655–7.

 22. Duronio V. The life of a cell: apoptosis regulation by the PI3K/PKB pathway. 
Biochem J. 2008;415(3):333–44.

 23. Manning BD, Cantley LC. AKT/PKB signaling: navigating downstream. Cell. 
2007;129(7):1261–74.

 24. Li J, Yen C, Liaw D, et al. PTEN, a putative protein tyrosine phosphatase gene 
mutated in human brain, breast, and prostate cancer. Science. 1997;275(5308): 
1943–7.

 25. Haas-Kogan D, Shalev N, Wong M, Mills G, Yount G, Stokoe D. Protein kinase B  
(PKB/Akt) activity is elevated in glioblastoma cells due to mutation of the tumor 
suppressor PTEN/MMAC. Curr Biol. 1998;8(21):1195–8.

 26. Gewinner C, Wang ZC, Richardson A, et al. Evidence that inositol polyphos-
phate 4-phosphatase type II is a tumor suppressor that inhibits PI3K signaling. 
Cancer Cell. 2009;16(2):115–25.

 27. Osaki M, Oshimura M, Ito H. PI3K-Akt pathway: its functions and alterations 
in human cancer. Apoptosis. 2004;9(6):667–76.

 28. Rodon J, Dienstmann R, Serra V, Tabernero J. Development of PI3K inhibi-
tors: lessons learned from early clinical trials. Nat Rev Clin Oncol. 2013;10(3): 
143–53.

 29. Bandapalli OR, Zimmermann M, Kox C, et al. NOTCH1 activation clini-
cally antagonizes the unfavorable effect of PTEN inactivation in BFM-treated 
children with precursor T-cell acute lymphoblastic leukemia. Haematologica. 
2013;98(6):928–36.

 30. Bose S, Wang SI, Terry MB, Hibshoosh H, Parsons R. Allelic loss of chromo-
some 10q23 is associated with tumor progression in breast carcinomas. Oncogene. 
1998;17(1):123–7.

http://www.la-press.com
http://www.la-press.com/journal-translational-oncogenomics-j19


Pharmacodynamic biomarkers for PI3K pathway therapeutics

47TranslaTional oncogenomics 2015:7(s1)

 31. Celebi JT, Shendrik I, Silvers DN, Peacocke M. Identification of PTEN muta-
tions in metastatic melanoma specimens. J Med Genet. 2000;37(9):653–7.

 32. Rasheed BK, Stenzel TT, McLendon RE, et al. PTEN gene mutations are seen 
in high-grade but not in low-grade gliomas. Cancer Res. 1997;57(19):4187–90.

 33. Sun X, Huang J, Homma T, et al. Genetic alterations in the PI3K pathway in 
prostate cancer. Anticancer Res. 2009;29(5):1739–43.

 34. Liu P, Cheng H, Roberts TM, Zhao JJ. Targeting the phosphoinositide 3-kinase 
pathway in cancer. Nat Rev Drug Discov. 2009;8(8):627–44.

 35. Campbell IG, Russell SE, Choong DY, et al. Mutation of the PIK3CA gene in 
ovarian and breast cancer. Cancer Res. 2004;64(21):7678–81.

 36. Parsons DW, Jones S, Zhang X, et al. An integrated genomic analysis of human 
glioblastoma multiforme. Science. 2008;321(5897):1807–12.

 37. Philp AJ, Campbell IG, Leet C, et al. The phosphatidylinositol 3’-kinase 
p85alpha gene is an oncogene in human ovarian and colon tumors. Cancer Res. 
2001;61(20):7426–9.

 38. Bleeker FE, Felicioni L, Buttitta F, et al. AKT1(E17K) in human solid tumours. 
Oncogene. 2008;27(42):5648–50.

 39. Rychahou PG, Kang J, Gulhati P, et al. Akt2 overexpression plays a critical role 
in the establishment of colorectal cancer metastasis. Proc Natl Acad Sci U S A. 
2008;105(51):20315–20.

 40. Irie HY, Pearline RV, Grueneberg D, et al. Distinct roles of Akt1 and Akt2 in 
regulating cell migration and epithelial-mesenchymal transition. J Cell Biol. 
2005;171(6):1023–34.

 41. Bendell JC, Rodon J, Burris HA, et al. Phase I, dose-escalation study of 
BKM120, an oral pan-Class I PI3K inhibitor, in patients with advanced solid 
tumors. J Clin Oncol. 2012;30(3):282–90.

 42. Rodon J, Brana I, Siu LL, et al. Phase I dose-escalation and -expansion study 
of buparlisib (BKM120), an oral pan-class I PI3K inhibitor, in patients with 
advanced solid tumors. Invest New Drugs. 2014;32(4):670–81.

 43. Burger MT, Pecchi S, Wagman A, et al. Identification of NVP-BKM120 as 
a potent, selective, orally bioavailable class I PI3 kinase inhibitor for treating 
cancer. ACS Med Chem Lett. 2011;2(10):774–9.

 44. Sarker D, Ang JE, Baird R, et al. First-in-human phase I study of pictilisib 
(GDC-0941), a potent pan-class I phosphatidylinositol-3-kinase (PI3K) inhibi-
tor, in patients with advanced solid tumors. Clin Cancer Res. 2015;21(1):77–86.

 45. Blagden S, Omlin A, Josephs D, et al. First-in-human study of CH5132799, an oral 
class I PI3K inhibitor, studying toxicity, pharmacokinetics, and pharmacodynam-
ics, in patients with metastatic cancer. Clin Cancer Res. 2014;20(23):5908–17.

 46. Patnaik A, Appleman LJ, Mountz JM, et al. A first-in-human phase I study 
of intravenous PI3K inhibitor BAY 80–6946 in patients with advanced solid 
tumors: results of dose-escalation phase. J Clin Oncol. 2011;29(15 suppl):3035.

 47. Jimeno A, Herbst RS, Falchook GS, et al. Final results from a phase I, dose-
escalation study of PX-866, an irreversible, pan-isoform inhibitor of PI3 kinase 
[Abstract]. J Clin Oncol. 2010;28(15 suppl):3089.

 48. Shapiro GI, Rodon J, Bedell C, et al. Phase I safety, pharmacokinetic, and phar-
macodynamic study of SAR245408 (XL147), an oral pan-class I PI3K inhibitor, 
in patients with advanced solid tumors. Clin Cancer Res. 2014;20(1):233–45.

 49. Juric D, Krop I, Ramanathan RK, et al. GDC-0032, a beta isoform sparing PI3K 
inhibitor: results of a first-in-human phase Ia dose escalation study [Abstract]. 
Cancer Res. 2013;73:LB-64.

 50. Saura C, Bendell J, Jerusalem G, et al. Phase Ib study of buparlisib plus tras-
tuzumab in patients with HER2-positive advanced or metastatic breast 
cancer that has progressed on trastuzumab-based therapy. Clin Cancer Res. 
2014;20(7):1935–45.

 51. Torbett NE, Luna-Moran A, Knight ZA, et al. A chemical screen in diverse 
breast cancer cell lines reveals genetic enhancers and suppressors of sensitivity to 
PI3K isoform-selective inhibition. Biochem J. 2008;415(1):97–110.

 52. Jia S, Liu Z, Zhang S, et al. Essential roles of PI(3)K-p110beta in cell growth, 
metabolism and tumorigenesis. Nature. 2008;454(7205):776–9.

 53. Siu LL, de Bono J, Wisinki KB, et al. Phase I study of the PI3Kβ/δ inhibitor 
AZD8186 in patients with advanced castration resistant prostate cancer, triple 
negative breast cancer, squamous non-small cell lung cancer or PTEN defi-
cient solid tumors: update from dose-finding [Abstract]. Cancer Res. 2015;75: 
CT329.

 54. Arkenau HT, Mateo J, Lemech CR, et al. A phase I/II, first-in-human dose-
escalation study of GSK2636771 in patients (pts) with PTEN-deficient advanced 
tumors [Abstract]. J Clin Oncol. 2014;32(5 s):2514.

 55. Bedard PL, Davies MA, Kopetz S, et al. First-in-human phase I trial of the 
PI3Kb-selective inhibitor SAR260301 in patients with advanced solid tumors 
(NCT01673737) [Abstract]. J Clin Oncol. 2015;33(suppl):2564.

 56. Flinn I, Oki Y, Patel M, et al. Phase 1 evaluation of duvelisib (IPI-145), a PI3K-
δ,γ inhibitor, in patients with relapsed/refractory iNHL [Abstract]. Am Soc 
Hematol. 2014;124:624.

 57. Lanasa MC, Glenn MJ, Mato AR, et al. First-in-human study of AMG 319, a 
highly selective, small molecule inhibitor of PI3Kδ, in adult patients with relapsed or 
refractory lymphoid malignancies [Abstract]. Am Soc Hematol. 2013;122:295–6.

 58. Furman RR, Sharman JP, Coutre SE, et al. Idelalisib and rituximab in relapsed 
chronic lymphocytic leukemia. N Engl J Med. 2014;370(11):997–1007.

 59. Juric D, de Bono J, LoRusso P, et al. First-in-human, phase I, dose-escalation 
study of selective PI3 Kα isoform inhibitor MLN1117 in patients (pts) with 
advanced solid malignancies [Abstract]. J Clin Oncol. 2015;33(suppl):2501.

 60. Kahl BS, Byrd JC, Flinn I, et al. Clinical safety and activity in a phase 1 study of 
CAL-101, an isoform-selective inhibitor of phosphatidylinositol 3-kinase P110δ, 
in patients with relapsed or refractory non-Hodgkin lymphoma [Abstract]. Am 
Soc Hematol. 2010;116:1757.

 61. Coutre SE, Byrd JC, Furman JR, et al. Phase I study of CAL-101, an isoform-
selective inhibitor of phosphatidylinositol 3-kinase P110d, in patients with 
previously treated chronic lymphocytic leukemia [Abstract]. J Clin Oncol. 
2011;29(suppl):6631.

 62. Brown JR, Byrd JC, Coutre SE, et al. Idelalisib, an inhibitor of phosphati-
dylinositol 3-kinase p110delta, for relapsed/refractory chronic lymphocytic leu-
kemia. Blood. 2014;123(22):3390–7.

 63. Papadopoulos KP, Tabernero J, Markman B, et al. Phase I safety, pharmacoki-
netic, and pharmacodynamic study of SAR245409 (XL765), a novel, orally 
administered PI3K/mTOR inhibitor in patients with advanced solid tumors. 
Clin Cancer Res. 2014;20(9):2445–56.

 64. Britten CD, Adjei AA, Millham R, et al. Phase I study of PF-04691502, a small-
molecule, oral, dual inhibitor of PI3K and mTOR, in patients with advanced 
cancer. Invest New Drugs. 2014;32(3):510–7.

 65. Wagner AJ, Bendell JC, Dolly S, et al. A first-in-human phase I study to evaluate 
GDC-0980, an oral PI3K/mTOR inhibitor, administered QD in patients with 
advanced solid tumors [Abstract]. J Clin Oncol. 2011;29(suppl):3020.

 66. Burris H, Rodon J, Sharma S, et al. First-in-human phase I study of the oral 
PI3K inhibitor BEZ235 in patients (pts) with advanced solid tumors [Abstract]. 
J Clin Oncol. 2010;28(15s suppl):3005.

 67. Brana I, Siu LL. Clinical development of phosphatidylinositol 3-kinase inhibi-
tors for cancer treatment. BMC Med. 2012;10:161.

 68. Larson RA, Druker BJ, Guilhot F, et al. IRIS (International Randomized Inter-
feron vs STI571) Study Group. Imatinib pharmacokinetics and its correlation 
with response and safety in chronic-phase chronic myeloid leukemia: a subanaly-
sis of the IRIS study. Blood. 2008;111(8):4022–8.

 69. Picard S, Titier K, Etienne G, et al. Trough imatinib plasma levels are associ-
ated with both cytogenetic and molecular responses to standard-dose imatinib in 
chronic myeloid leukemia. Blood. 2007;109(8):3496–9.

 70. Das Thakur M, Salangsang F, Landman AS, et al. Modelling vemurafenib 
resistance in melanoma reveals a strategy to forestall drug resistance. Nature. 
2013;494(7436):251–5.

 71. Yap TA, Yan L, Patnaik A, et al. First-in-man clinical trial of the oral pan-
AKT inhibitor MK-2206 in patients with advanced solid tumors. J Clin Oncol. 
2011;29(35):4688–95.

 72. Yan Y, Wagle M-C, Punnoose EA, Musib L, Budha N, Nannini M. A first-
in-human trial of GDC-0068: a novel, oral, ATP-competitive Akt inhibitor, 
demonstrates robust suppression of the Akt pathway in surrogate and tumor tis-
sues [Abstract]. In: AACR- NCI- EORTC International Conference: Molecular 
Targets and Cancer Therapeutics, San Francisco, California; November 2011; 
10 (11 Suppl):B154.

 73. Burris H, Siu LL, Infante JR, et al. Safety, pharmacokinetics (PK), pharma-
codynamics (PD), and clinical activity of the oral AKT inhibitor GSK2141795 
(GSK795) in a phase I first-in-human study [Abstract]. J Clin Oncol. 2011; 29(suppl): 
3003.

 74. Banerji U, Dean EJ, Perez-Fidalgo JA, et al. A pharmacokinetically (PK) and 
pharmacodynamically (PD) driven phase I trial of the pan-AKT inhibitor 
AZD5363 with expansion cohorts in PIK3CA mutant breast and gynecological 
cancers [Abstract]. J Clin Oncol. 2015;33(suppl):2500.

 75. Vasudevan KM, Barbie DA, Davies MA, et al. AKT-independent signaling 
downstream of oncogenic PIK3CA mutations in human cancer. Cancer Cell. 
2009;16(1):21–32.

 76. Mita MM, Mita AC, Chu QS, et al. Phase I trial of the novel mammalian target 
of rapamycin inhibitor deforolimus (AP23573; MK-8669) administered intra-
venously daily for 5 days every 2 weeks to patients with advanced malignancies.  
J Clin Oncol. 2008;26(3):361–7.

 77. Yao JC, Shah MH, Ito T, et al. RAD001 in Advanced Neuroendocrine Tumors, 
Third Trial (RADIANT-3) Study Group. Everolimus for advanced pancreatic 
neuroendocrine tumors. N Engl J Med. 2011;364(6):514–23.

 78. Motzer RJ, Escudier B, Oudard S, et al. RECORD ‐ 1 Study Group. Phase 3 
trial of everolimus for metastatic renal cell carcinoma: final results and analysis 
of prognostic factors. Cancer. 2010;116(18):4256–65.

 79. Yap TA, Garrett MD, Walton MI, Raynaud F, de Bono JS, Workman P. Target-
ing the PI3K-AKT-mTOR pathway: progress, pitfalls, and promises. Curr Opin 
Pharmacol. 2008;8(4):393–412.

 80. Tabernero J, Rojo F, Calvo E, et al. Dose- and schedule-dependent inhibition of 
the mammalian target of rapamycin pathway with everolimus: a phase I tumor 
pharmacodynamic study in patients with advanced solid tumors. J Clin Oncol. 
2008;26(10):1603–10.

 81. O’Reilly KE, Rojo F, She QB, et al. mTOR inhibition induces upstream receptor 
tyrosine kinase signaling and activates Akt. Cancer Res. 2006;66(3):1500–8.

http://www.la-press.com
http://www.la-press.com/journal-translational-oncogenomics-j19


Josephs and Sarker

48 TranslaTional oncogenomics 2015:7(s1)

 82. Basu B, Dean E, Puglisi M, et al. First-in-human pharmacokinetic and pharma-
codynamic study of the dual m-TORC 1/2 inhibitor AZD2014. Clin Cancer Res. 
2015;21(15):3412–9.

 83. Naing A, Aghajanian C, Raymond E, et al. Safety, tolerability, pharmacokinet-
ics and pharmacodynamics of AZD8055 in advanced solid tumours and lym-
phoma. Br J Cancer. 2012;107(7):1093–9.

 84. Tan DS, Dumez H, Olmos D, et al. First-in-human phase I study exploring 
three schedules of OSI-027, a novel small molecule TORC1/TORC2 inhibi-
tor, in patients with advanced solid tumors and lymphoma. J Clin Oncol. 
2010;28(15 suppl):3006.

 85. Shih K, Bendell JC, Reinert A, et al. Phase I trial of an oral TORC1/
TORC2 inhibitor (CC-223) in advanced solid and hematologic cancers 
[Abstract]. J Clin Oncol. 2012;30(suppl):3006.

 86. Infante JR, Tabernero J, Burris H, Macarulla T, Martin M, Liu Y. A phase I, 
open label, dose escalation study of an oral mammalian target of rapamycin 
inhibitor INK128 administered once daily in patients with advanced malignan-
cies [Abstract]. Cancer Res. 2012;72:5588.

 87. Knight ZA, Gonzalez B, Feldman ME, et al. A pharmacological map of 
the PI3-K family defines a role for p110alpha in insulin signaling. Cell. 
2006;125(4):733–47.

 88. Vander Heiden MG, Cantley LC, Thompson CB. Understanding the Warburg 
effect: the metabolic requirements of cell proliferation. Science. 2009;324(5930): 
1029–33.

 89. Solit DB, Santos E, Pratilas CA, et al. 3’-deoxy-3’-[18F]fluorothymidine positron 
emission tomography is a sensitive method for imaging the response of BRAF-
dependent tumors to MEK inhibition. Cancer Res. 2007;67(23):11463–9.

 90. Leyton J, Smith G, Lees M, et al. Noninvasive imaging of cell proliferation fol-
lowing mitogenic extracellular kinase inhibition by PD0325901. Mol Cancer 
Ther. 2008;7(9):3112–21.

 91. Ma WW, Jacene H, Song D, et al. [18F]fluorodeoxyglucose positron emission 
tomography correlates with Akt pathway activity but is not predictive of clinical 
outcome during mTOR inhibitor therapy. J Clin Oncol. 2009;27(16):2697–704.

 92. Chen JL, Appelbaum DE, Kocherginsky M, et al. FDG-PET as a predictive 
biomarker for therapy with everolimus in metastatic renal cell cancer. Cancer 
Med. 2013;2(4):545–52.

 93. Kelly CJ, Hussien K, Muschel RJ. 3D tumour spheroids as a model to assess the 
suitability of [18F]FDG-PET as an early indicator of response to PI3K inhibi-
tion. Nucl Med Biol. 2012;39(7):986–92.

 94. Kinross KM, Brown DV, Kleinschmidt M, et al. In vivo activity of combined 
PI3K/mTOR and MEK inhibition in a Kras(G12D); Pten deletion mouse model 
of ovarian cancer. Mol Cancer Ther. 2011;10(8):1440–9.

 95. Engelman JA, Chen L, Tan X, et al. Effective use of PI3K and MEK inhibitors 
to treat mutant Kras G12D and PIK3CA H1047R murine lung cancers. Nat 
Med. 2008;14(12):1351–6.

 96. Nguyen QD, Perumal M, Waldman TA, Aboagye EO. Glucose metabolism 
measured by [(1)(8)F]fluorodeoxyglucose positron emission tomography is inde-
pendent of PTEN/AKT status in human colon carcinoma cells. Transl Oncol. 
2011;4(4):241–8.

 97. McKinley ET, Bugaj JE, Zhao P, et al. 18FDG-PET predicts pharmacodynamic 
response to OSI-906, a dual IGF-1R/IR inhibitor, in preclinical mouse models 
of lung cancer. Clin Cancer Res. 2011;17(10):3332–40.

 98. Haagensen EJ, Thomas HD, Wilson I, et al. The enhanced in vivo activity of 
the combination of a MEK and a PI3K inhibitor correlates with [18F]-FLT 
PET in human colorectal cancer xenograft tumour-bearing mice. PLoS One. 
2013;8(12):e81763.

 99. Buck AK, Schirrmeister H, Hetzel M, et al. 3-deoxy-3-[(18)F]fluorothymidine-
positron emission tomography for noninvasive assessment of proliferation in pul-
monary nodules. Cancer Res. 2002;62(12):3331–4.

 100. Cobben DC, Elsinga PH, Suurmeijer AJ, et al. Detection and grading of soft 
tissue sarcomas of the extremities with (18)F-3’-fluoro-3’-deoxy-L-thymidine. 
Clin Cancer Res. 2004;10(5):1685–90.

 101. Pantaleo MA, Nannini M, Maleddu A, et al. Conventional and novel PET trac-
ers for imaging in oncology in the era of molecular therapy. Cancer Treat Rev. 
2008;34(2):103–21.

 102. Chalkidou A, Landau DB, Odell EW, Cornelius VR, O’Doherty MJ, Marsden PK. 
Correlation between Ki-67 immunohistochemistry and 18F-fluorothymidine 
uptake in patients with cancer: a systematic review and meta-analysis. Eur J 
Cancer. 2012;48(18):3499–513.

 103. Fuereder T, Wanek T, Pflegerl P, et al. Gastric cancer growth control by 
BEZ235 in vivo does not correlate with PI3K/mTOR target inhibition but with 
[18F]FLT uptake. Clin Cancer Res. 2011;17(16):5322–32.

 104. Cawthorne C, Burrows N, Gieling RG, et al. [18F]-FLT positron emission 
tomography can be used to image the response of sensitive tumors to PI3-kinase 
inhibition with the novel agent GDC-0941. Mol Cancer Ther. 2013;12(5):819–28.

 105. Desar IM, Gilles R, van Herpen CM, et al. (18)F-FLT-PET for response evalua-
tion of MEK inhibitor selumetinib (AZD6244, ARRY-142886) in patients with 
solid tumors. World J Nucl Med. 2012;11(2):65–9.

 106. Dang CV. Links between metabolism and cancer. Genes Dev. 2012;26(9):877–90.

 107. Braccini L, Ciraolo E, Martini M, et al. PI3K keeps the balance between metab-
olism and cancer. Adv Biol Regul. 2012;52(3):389–405.

 108. Yecies JL, Manning BD. mTOR links oncogenic signaling to tumor cell metabo-
lism. J Mol Med (Berl). 2011;89(3):221–8.

 109. Al-Saffar NM, Marshall LV, Jackson LE, et al. Lactate and choline metabo-
lites detected in vitro by nuclear magnetic resonance spectroscopy are potential 
metabolic biomarkers for PI3K inhibition in pediatric glioblastoma. PLoS One. 
2014;9(8):e103835.

 110. Moestue SA, Engebraaten O, Gribbestad IS. Metabolic effects of signal trans-
duction inhibition in cancer assessed by magnetic resonance spectroscopy.  
Mol Oncol. 2011;5(3):224–41.

 111. Al-Saffar NM, Jackson LE, Raynaud FI, et al. The phosphoinositide 3-kinase 
inhibitor PI-103 downregulates choline kinase alpha leading to phosphocholine 
and total choline decrease detected by magnetic resonance spectroscopy. Cancer 
Res. 2010;70(13):5507–17.

 112. Beloueche-Babari M, Jackson LE, Al-Saffar NM, et al. Identification of mag-
netic resonance detectable metabolic changes associated with inhibition of phos-
phoinositide 3-kinase signaling in human breast cancer cells. Mol Cancer Ther. 
2006;5(1):187–96.

 113. Moestue SA, Dam CG, Gorad SS, et al. Metabolic biomarkers for response to 
PI3K inhibition in basal-like breast cancer. Breast Cancer Res. 2013;15(1):R16.

 114. Hamstra DA, Rehemtulla A, Ross BD. Diffusion magnetic resonance imag-
ing: a biomarker for treatment response in oncology. J Clin Oncol. 2007;25(26): 
4104–9.

 115. Kyriazi S, Collins DJ, Messiou C, et al. Metastatic ovarian and primary peri-
toneal cancer: assessing chemotherapy response with diffusion-weighted MR 
imaging –value of histogram analysis of apparent diffusion coefficients. Radiology. 
2011;261(1):182–92.

 116. Padhani AR, Liu G, Koh DM, et al. Diffusion-weighted magnetic resonance 
imaging as a cancer biomarker: consensus and recommendations. Neoplasia. 
2009;11(2):102–25.

 117. Leach MO, Brindle KM, Evelhoch JL, et al. Assessment of antiangiogenic and 
antivascular therapeutics using MRI: recommendations for appropriate method-
ology for clinical trials. Br J Radiol. 2003;76(Spec No 1):S87–91.

 118. O’Connor JP, Jackson A, Parker GJ, Roberts C, Jayson GC. Dynamic contrast-
enhanced MRI in clinical trials of antivascular therapies. Nat Rev Clin Oncol. 
2012;9(3):167–77.

 119. Cebulla J, Huuse EM, Pettersen K, et al. MRI reveals the in vivo cellular and 
vascular response to BEZ235 in ovarian cancer xenografts with different PI3-
kinase pathway activity. Br J Cancer. 2015;112(3):504–13.

 120. Schnell CR, Stauffer F, Allegrini PR, et al. Effects of the dual phosphati-
dylinositol 3-kinase/mammalian target of rapamycin inhibitor NVP-BEZ235 
on the tumor vasculature: implications for clinical imaging. Cancer Res. 2008; 
68(16):6598–607.

 121. Maira SM, Stauffer F, Brueggen J, et al. Identification and characterization 
of NVP-BEZ235, a new orally available dual phosphatidylinositol 3-kinase/
mammalian target of rapamycin inhibitor with potent in vivo antitumor activity. 
Mol Cancer Ther. 2008;7(7):1851–63.

 122. Sampath D, Oeh J, Wyatt SK, et al. Multimodal microvascular imaging reveals 
that selective inhibition of class I PI3K is sufficient to induce an antivascular 
response. Neoplasia. 2013;15(7):694–711.

 123. Williams R, Baker AF, Ihle NT, Winkler AR, Kirkpatrick L, Powis G. The 
skin and hair as surrogate tissues for measuring the target effect of inhibitors of 
phosphoinositide-3-kinase signaling. Cancer Chemother Pharmacol. 2006;58(4): 
444–50.

 124. Bandapalli OR, Dihlmann S, Helwa R, et al. Transcriptional activation of the 
beta-catenin gene at the invasion front of colorectal liver metastases. J Pathol. 
2009;218(3):370–9.

 125. Bandapalli OR, Macher-Goeppinger S, Schirmacher P, Brand K. Paracrine sig-
nalling in colorectal liver metastases involving tumor cell-derived PDGF-C and 
hepatic stellate cell-derived PAK-2. Clin Exp Metastasis. 2012;29(5):409–17.

 126. Markman B, Tabernero J, Krop I, et al. Phase I safety, pharmacokinetic, 
and pharmacodynamic study of the oral phosphatidylinositol-3-kinase and 
mTOR inhibitor BGT226 in patients with advanced solid tumors. Ann Oncol. 
2012;23(9):2399–408.

 127. Acevedo-Gadea C, Hatzis C, Chung G, et al. Sirolimus and trastuzumab com-
bination therapy for HER2-positive metastatic breast cancer after progression on 
prior trastuzumab therapy. Breast Cancer Res Treat. 2015;150(1):157–67.

 128. Diaz LA Jr, Bardelli A. Liquid biopsies: genotyping circulating tumor DNA.  
J Clin Oncol. 2014;32(6):579–86.

 129. Dawson SJ, Tsui DW, Murtaza M, et al. Analysis of circulating tumor DNA to 
monitor metastatic breast cancer. N Engl J Med. 2013;368(13):1199–209.

 130. de Haas EC, di Pietro A, Simpson KL, et al. Clinical evaluation of M30 and 
M65 ELISA cell death assays as circulating biomarkers in a drug-sensitive 
tumor, testicular cancer. Neoplasia. 2008;10(10):1041–8.

 131. O’Brien C, Wallin JJ, Sampath D, et al. Predictive biomarkers of sensitivity to 
the phosphatidylinositol 3’ kinase inhibitor GDC-0941 in breast cancer preclini-
cal models. Clin Cancer Res. 2010;16(14):3670–83.

http://www.la-press.com
http://www.la-press.com/journal-translational-oncogenomics-j19


Pharmacodynamic biomarkers for PI3K pathway therapeutics

49TranslaTional oncogenomics 2015:7(s1)

 132. Hong DS, Bowles DW, Falchook GS, et al. A multicenter phase I 
trial of PX-866, an oral irreversible phosphatidylinositol 3-kinase 
inhibitor, in patients with advanced solid tumors. Clin Cancer Res. 
2012;18(15):4173–82.

 133. Sangai T, Akcakanat A, Chen H, et al. Biomarkers of response to Akt 
inhibitor MK-2206 in breast cancer. Clin Cancer Res. 2012;18(20): 
5816–28.

 134. Maira SM, Pecchi S, Huang A, et al. Identification and characterization 
of NVP-BKM120, an orally available pan-class I PI3-kinase inhibitor. 
Mol Cancer Ther. 2012;11(2):317–28.

 135. Lehmann BD, Bauer JA, Chen X, et al. Identification of human triple-
negative breast cancer subtypes and preclinical models for selection of 
targeted therapies. J Clin Invest. 2011;121(7):2750–67.

 136. Brachmann SM, Hofmann I, Schnell C, et al. Specific apoptosis induc-
tion by the dual PI3K/mTor inhibitor NVP-BEZ235 in HER2 ampli-
fied and PIK3CA mutant breast cancer cells. Proc Natl Acad Sci U S A. 
2009;106(52):22299–304.

 137. Roper J, Richardson MP, Wang WV, et al. The dual PI3K/mTOR 
inhibitor NVP-BEZ235 induces tumor regression in a genetically engi-
neered mouse model of PIK3CA wild-type colorectal cancer. PLoS One. 
2011;6(9):e25132.

 138. Weigelt B, Warne PH, Downward J. PIK3CA mutation, but not PTEN 
loss of function, determines the sensitivity of breast cancer cells to mTOR 
inhibitory drugs. Oncogene. 2011;30(29):3222–33.

 139. Oliveira M, Navarro A, De Mattos-Arruda L, et al. PI3K pathway 
(PI3Kp) dysregulation and response to pan-PI3K/AKT/mTOR/dual 
PI3K-mTOR inhibitors (PI3Kpi) in metastatic breast cancer (MBC) 
patients (pts) [Abstract]. J Clin Oncol. 2012;30(suppl):509.

 140. Sos ML, Fischer S, Ullrich R, et al. Identifying genotype-dependent 
efficacy of single and combined PI3K- and MAPK-pathway inhibition in 
cancer. Proc Natl Acad Sci U S A. 2009;106(43):18351–6.

 141. McGranahan N, Favero F, de Bruin EC, Birkbak NJ, Szallasi Z, Swanton C.  
Clonal status of actionable driver events and the timing of mutational processes in can-
cer evolution. Sci Transl Med. 2015;7(283):283ra254.

 142. Janku F, Hong DS, Fu S, et al. Assessing PIK3CA and PTEN in early-phase trials 
with PI3K/AKT/mTOR inhibitors. Cell Rep. 2014;6(2):377–87.

 143. De Roock W, Claes B, Bernasconi D, et al. Effects of KRAS, BRAF, NRAS, and 
PIK3CA mutations on the efficacy of cetuximab plus chemotherapy in chemotherapy-
refractory metastatic colorectal cancer: a retrospective consortium analysis. Lancet 
Oncol. 2010;11(8):753–62.

 144. Di Nicolantonio F, Arena S, Tabernero J, et al. Deregulation of the PI3K and KRAS 
signaling pathways in human cancer cells determines their response to everolimus. 
J Clin Invest. 2010;120(8):2858–66.

 145. Ihle NT, Lemos R Jr, Wipf P, et al. Mutations in the phosphatidylinositol-3-kinase 
pathway predict for antitumor activity of the inhibitor PX-866 whereas oncogenic Ras 
is a dominant predictor for resistance. Cancer Res. 2009;69(1):143–50.

 146. Noh WC, Kim YH, Kim MS, et al. Activation of the mTOR signaling pathway in 
breast cancer and its correlation with the clinicopathologic variables. Breast Cancer Res 
Treat. 2008;110(3):477–83.

 147. O’Reilly T, McSheehy PM. Biomarker development for the clinical activity of the 
mTOR inhibitor everolimus (RAD001): processes, limitations, and further proposals. 
Transl Oncol. 2010;3(2):65–79.

 148. Meric-Bernstam F, Akcakanat A, Chen H, et al. PIK3CA/PTEN mutations and Akt 
activation as markers of sensitivity to allosteric mTOR inhibitors. Clin Cancer Res. 
2012;18(6):1777–89.

 149. Breuleux M, Klopfenstein M, Stephan C, et al. Increased AKT S473 phosphorylation 
after mTORC1 inhibition is rictor dependent and does not predict tumor cell response 
to PI3K/mTOR inhibition. Mol Cancer Ther. 2009;8(4):742–53.

 150. Bertucci MC, Mitchell CA. Phosphoinositide 3-kinase and INPP4B in human breast 
cancer. Ann N Y Acad Sci. 2013;1280:1–5.

http://www.la-press.com
http://www.la-press.com/journal-translational-oncogenomics-j19

