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Abstract
Combined targeting of the MAPK and PI3K signalling pathways in cancer may be necessary for optimal therapeutic activity.
To support clinical studies of combination therapy, 39-deoxy-39-[18F]-fluorothymidine ([18F]-FLT) uptake measured by
Positron Emission Tomography (PET) was evaluated as a non-invasive surrogate response biomarker in pre-clinical models.
The in vivo anti-tumour efficacy and PK-PD properties of the MEK inhibitor PD 0325901 and the PI3K inhibitor GDC-0941,
alone and in combination, were evaluated in HCT116 and HT29 human colorectal cancer xenograft tumour-bearing mice,
and [18F]-FLT PET investigated in mice bearing HCT116 xenografts. Dual targeting of PI3K and MEK induced marked tumour
growth inhibition in vivo, and enhanced anti-tumour activity was predicted by [18F]-FLT PET scanning after 2 days of
treatment. Pharmacodynamic analyses using the combination of the PI3K inhibitor GDC-0941 and the MEK inhibitor PD
0325901 revealed that increased efficacy is associated with an enhanced inhibition of the phosphorylation of ERK1/2, S6 and
4EBP1, compared to that observed with either single agent, and maintained inhibition of AKT phosphorylation.
Pharmacokinetic studies indicated that there was no marked PK interaction between the two drugs. Together these results
indicate that the combination of PI3K and MEK inhibitors can result in significant efficacy, and demonstrate for the first time
that [18F]-FLT PET can be correlated to the improved efficacy of combined PI3K and MEK inhibitor treatment.
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GDC-0941 displayed promising preclinical pharmacokinetics with
good oral bioavailability (78% in mice), and on the basis of these
data and the predicted pharmacokinetics in humans [2,7], is now
undergoing Phase I and II clinical trials as a single agent or in
combination with chemotherapeutic agents [8,9].
The allosteric MEK inhibitor PD 0325901 also exhibited
promising selective pre-clinical anti-cancer efficacy in vivo as a
single agent, doses of 10–25 mg/kg causing significant tumour
growth inhibition and in many cases regression, in a range of
murine and human tumour xenograft models, including those
which were BRAF or KRAS wild type or mutant
[6,10,11,12,13,14]. Growth inhibition achieved with high doses
of PD 0325901 was accompanied by a decrease in ERK1/2
phosphorylation, which was maintained even when lower doses of
1.5–3 mg/kg PD 0325901 were used; however, these lower doses
were only able to cause a modest tumour growth delay
[6,10,11,12]. Oral and i.v. doses of PD 0325901 were shown to
have comparable bioavailability, were non-toxic at ,100 mg/kg,

Introduction
Numerous small molecule inhibitors of specific signal transduction pathways have been developed; in particular, the PI3K
pathway, a major survival pathway, and the MAPK pathway, a
major mitogenic pathway, have been targeted in cancer. However,
single agent clinical activity with these inhibitors has in general
been modest, and hence combinations are being evaluated [1].
Many combinations of PI3K and MAPK inhibitors have exhibited
promising activity in vitro but some of the most impressive results
have been seen in vivo.
As a single agent, the pan PI3K inhibitor GDC-0941 has
modest preclinical in vivo efficacy, with dose-dependent activity
over the range 25-150 mg/kg/day in the U87MG glioblastoma
xenograft model [2]. Subsequently, doses of 75-150 mg/kg have
been shown to result in tumour growth inhibition in a range of
human tumour xenograft models including tumours that are
PIK3CA mutant, PTEN null, EGFR mutant or wild type, with an
associated decrease in AKT and S6 phosphorylation [2,3,4,5,6].
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biomarker for combined MEK and PI3K inhibitor therapy, as a
prelude to clinical trials.

and resulted in a dose-dependent inhibition of ERK1/2
phosphorylation in rat liver and lungs due to inhibition of MEK
[15]. However, clinical trials revealed that single agent PD
0325901 was associated with ocular and neurological toxicity, such
as retinal vein occlusion [16], and thus clinical trials using single
agent PD 0325901 have been terminated [8].
As the MEK inhibitor PD 0325901 appeared promising as a
single agent but showed toxicity in clinical trials, and tumour
growth inhibition was modest with the PI3K inhibitor GDC-0941
even at high doses, these and other PI3K and MEK inhibitors are
now being investigated clinically in combination studies [8]. To
this end, PD 0325901 is being studied in combination with the
PI3K/mTOR inhibitor PF-04691502, and GDC-0941 is in a
clinical trial in combination with the MEK inhibitor GDC-0973
[8].
In vivo pre-clinical studies have shown that combinations of
PI3K and MEK inhibitors consistently result in improved tumour
growth inhibition compared to either single agent, and in many
cases cause regression in a variety of human tumour xenograft and
mouse tumour models with a range of genetic backgrounds,
including those with KRAS, BRAF and/or PIK3CA mutations, and/
or PTEN deletions [6,12,17,18,19]. Furthermore, the responses
observed with combination treatment were often durable, despite
relatively low doses of both inhibitors being used in many studies.
Combination of PI3K and MEK inhibitors have been shown to
decrease the phosphorylation of S6, AKT and ERK1/2 [12,19],
and intermittent dosing studies have revealed prolonged effects on
downstream markers of proliferation and apoptosis, such as a
sustained decrease in cyclin D1 and an increase in Bim levels,
which may be responsible in part for the improved response seen
with the combination therapy [6,19].
Pharmacodynamic biomarkers of MAPK and PI3K pathway
modulation, such as those mentioned above, require repeated
invasive biopsies and hence may not be clinically feasible.
Furthermore, changes in tumour size or disease stabilisation, as
measured by volumetric imaging methods such as CT and MRI,
may not become apparent until after many weeks of therapy,
which can delay clinical decision making and potentially result in
patients inappropriately remaining on ineffective and toxic
treatments for prolonged periods of time. To address the
limitations of conventional volumetric imaging, positron emission
tomography (PET) is being used in pre-clinical studies and clinical
trials as a functional surrogate response imaging biomarker
[13,14].
The fluorine-modified thymidine analogue, 39-deoxy-39-[18F]fluorothymidine ([18F]-FLT) is a PET radiotracer that is used for
detecting anti-proliferative effects, as 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
[13,14,20,21,22,23]. Furthermore, the uptake of [18F]-FLT has
been shown to correlate with standard proliferation markers, such
as Ki67, TK1 and BrdU uptake [24,25,26,27,28,29]. Using [18F]FLT PET, changes in proliferation compared to baseline have
been demonstrated in a variety of human tumour xenografts as
early as 18, 24 and 120 hours using either single agent GDC-0941
or PD 0325901 [13,14,30,31]. Additionally, [18F]-FLT PET has
already been used to predict the efficacy of chemotherapy and
radiotherapy [32,33,34] and recently 2 clinical trials have begun
with the MEK inhibitor AZD6244 as a single agent incorporating
[18F]-FLT PET [8,35].
The aim of the studies described in this report was to determine
whether [18F]-FLT PET can be used as a surrogate response
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Methods
Ethics Statement
All experiments were reviewed and approved by the Newcastle
University (UK) animal welfare committee, and were performed
according to the guidelines for the welfare and use of animals in
cancer research [36] and national law, under project license
(PPL60/4442) issued by the UK Government Home Office under
the animals (scientific procedure) act 1986.

Cell Lines & Reagents
HCT116 and HT29 human colorectal cancer cells were
obtained from the ATCC (American Type Culture Collection).
All cell lines were grown in RPMI-1640 medium (supplemented
with 10% (v/v) foetal bovine serum, 1% (v/v) penicillin (50 U/ml)
– streptomycin (50 mg/ml) and 2 mM L-glutamine) and were
confirmed free of mycoplasma contamination by regular testing
with Mycoalert (Cambrex, Iowa, USA).

Inhibitors
The MEK inhibitor PD 0325901 was kindly supplied by UCB
Celltech, Slough, Berkshire, UK. The PI3K inhibitor GDC-0941
was either synthesised in house [37] or purchased from Stratech
Scientific Ltd, Newmarket, Suffolk, UK. All batches of GDC-0941
were fully characterised using conventional chemical analyses,
shown to be .99% pure, and generated biological results
consistent with the authenticity of the compound. Both drugs
were suspended in 0.5% hydroxypropyl-methylcellulose (w/v) and
0.2% Tween 80 (v/v) in sterile distilled water (MCT).

Animals
Animal studies were all carried out using female athymic CD1
nude mice (Charles River, Kent, UK), implanted with HCT116 or
HT29 xenografts (16107 cells in 50 ml media injected subcutaneously into the right flank), maintained and handled in isolators
under specific pathogen-free conditions.

Pharmacokinetic (PK) and Pharmacodynamic (PD) Studies
Mice bearing HCT116 human tumour xenografts were treated
with either 1 mg/kg PD 0325901, 100 mg/kg GDC-0941 or the
combination of 1 mg/kg PD 0325901 and 100 mg/kg GDC0941, and were bled by cardiac puncture under terminal
anaesthesia at selected time points post-treatment (0.25–24 hours,
3 mice/time point). Blood was collected into heparinised tubes,
and plasma was separated and stored at 220uC until analysed.
Tumours were removed, snap frozen in liquid nitrogen and stored
at 280uC prior to PK and PD analyses, as described below.
For PK analyses, drug was extracted from 60 ml aliquots of
samples by protein precipitation with 9 volumes of acetonitrile
(MeCN). Samples were centrifuged at 3000g for 5 minutes at 4uC,
and 500 ml of the supernatant evaporated to dryness under
nitrogen gas at 30uC using a Zymark Evaporator (Caliper Life
Sciences Limited, Cheshire, UK). Samples were reconstituted in
100 ml HPLC mobile phase consisting of 40% acetonitrile and
60% (v/v) 0.1% formic acid pH 4.0 (v/v), and 50 ml of the
supernatant applied to a 10 cm Xterra Waters 186000436 C18
3.5 mm column (Waters, Hertfordshire, UK) fitted with an in line
filter. Compounds were eluted with the above mobile phase at
1 ml/min using a Waters Millennium Chromatography system
(Waters, Hertfordshire, UK). Analytes were detected by UV
absorbance at 275 and 315 nm, at retention times of 6.8–7.3 and
2
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3.9–4.3 minutes for PD 0325901 and GDC-0941, respectively. For
analysis of drug in tumour tissue, tumours were homogenised in 3
volumes of PBS (w/v) and 50 ml aliquots extracted with 9 volumes
of MeCN, and centrifuged, evaporated and analysed as described
above. Total (free and protein bound) drug concentrations were
determined using standard curves (0.1–10 mg/ml, r2.0.98 in all
cases) generated by extracting compounds from the appropriate
matrix, the extraction efficiency being .97% for all matrices.
Paired t tests were used to compare the different treatment groups
and differences with a p value ,0.05 were considered statistically
significant.
For PD analyses, tumours (2 to 4,2.5 mm3 pieces) were
disaggregated in 1 ml PhosphoSafeTM extraction reagent (Merck
Chemicals Ltd, Nottingham, Nottinghamshire, UK) containing a
protease inhibitor cocktail (Pierce, Thermo Scientific, Rockford,
Illinois, USA) at the manufacturer’s recommended dilution using a
MedimachineTM (BD Biosciences, Oxford, UK), centrifuged, and
the supernatant removed and analysed by Western blotting.
Proteins were resolved on NovexH 4–12% (w/w) Tris-glycine gels
(Invitrogen Ltd, Renfrew, Paisley, UK) and electrotransferred onto
Hybond C nitrocellulose membrane (GE Healthcare Life Sciences,
Hatfield, Hertfordshire, UK). Membranes were incubated with
phospho-4EBP1 (Thr37/46) (#2855), phospho-p44/42 MAPK
(Thr202/Tyr204) (#4370), phospho-Akt (Ser473) (#4060) or
phospho-S6 ribosomal protein (Ser235/236) (#4858) monoclonal
antibodies obtained from Cell Signalling Technology (New
England BioLabs (UK) Ltd, Hitchin, Hertfordshire, UK). Antibody binding was detected by incubation with a HRP-conjugated
goat anti-rabbit polyclonal antibody (Dako, Glastrop, Denmark).
Blots were developed using Pierce ECL (enhanced chemiluminescence) western blotting substrate (Thermo Scientific, Rockford,
Illinois, USA), or SuperSignalH West Dura extended duration
substrate (Thermo Scientific, Rockford, Illinois, USA), and Kodak
X-ray film (Genetic Research Instrumentation Ltd, Braintree,
Essex, UK) on a MediPhot 937 film developer (Colenta, Weiner
Neustadt, Austria), then digitally scanned.

(PETNET, Nottingham, UK), and radioactivity levels were
measured using a Capintec well counter (Capintec, NJ, USA).
Approximately 10 MBq of [18F]-FLT was administered intravenously and a 1 hour dynamic PET scan was performed, consisting
of ten 1 minute, six 5 minute and two 10 minute time frames. Mice
were recovered after scanning and continued to receive treatment
for the remainder of the study. Data were analysed using Imalytics
software (Philips, Aachen, Germany); a 3D region of interest was
drawn around the tumour and the standardised uptake value
(SUV) was calculated by dividing the tissue concentration (MBq/
ml) by the injected dose (MBq)/g body weight. Mean SUV values
were then plotted against time, and the area under the curve
(AUC) and the percentage change in the area under the curve
relative to the baseline scan was calculated. Paired t tests were used
to compare the day 2 versus the baseline SUV AUC values for each
individual mouse within each treatment group and differences
with a p value ,0.05 were considered statistically significant.

Results
Pharmacokinetics and pharmacodynamics of PI3K and
MEK inhibitors, as single agents and in combination, in
HCT116 human tumour xenografts
A single dose PK/PD study was performed using the PI3K
inhibitor GDC-0941 and the MEK inhibitor PD 0325901, as
single agents and in combination, in HCT116 human tumour
xenograft-bearing mice, over a time course of 0.25–24 hours. The
concentrations of the drugs in the plasma and the tumour tissue
were measured using HPLC (Figure 1 and Table 1). Concentrations of GDC-0941 and PD 0325901 in the plasma decreased over
24 hours after a single dose of inhibitor (Figure 1). A 10-fold
increment in GDC-0941 dose, i.e. 100 versus 10 mg/kg, achieved
plasma AUC values that were 7-fold higher. In the case of PD
0325901, a comparable dose increase, i.e. 10 versus 1 mg/kg,
resulted in a 15-fold increase in plasma AUC (Table 1).
Concentrations of GDC-0941 and PD 0325901 in the tumour
were more variable, and levels of PD 0325901 were undetectable
in the plasma at 24 hours (limit of detection: ,100 nM) after
treatment with 1 mg/kg and in tumour tissue at all time points
(limit of detection: ,0.4 nmoles/g of tumour material or
,100 nM in tumour homogenate diluted four-fold). Tumour
GDC-0941 AUC values (Table 1), indicate that there was a 15fold increase in AUC following a 10-fold increase in dose.
Interestingly, the plasma AUC data suggests that there can be a
modest increase in the concentrations of PD 0325901 in the
plasma following concomitant dosing with GDC-0941 (Table 1),
and although this difference was limited (2–3 fold), there was a
consistent and statistically significant difference between the AUC
of PD 0325901 when dosed alone at 1 or 10 mg/kg PD 0325901,
or concomitantly with 100 mg/kg GDC-0941 (p ,0.01). GDC0941 administration also appeared to have an effect on the tumour
retention of PD 0325901, where it could be measured (i.e. after
10 mg/kg PD 0325901), as there was again a statistically
significant difference between the tumour AUC following dosing
with 10 mg/kg PD 0325901 alone or concomitantly with 100 mg/
kg GDC-0941 (p = 0.01). However, in contrast to the plasma data,
following combination treatment tumour concentrations of both
PD 0325901 and GDC-0941 were lower than those following
single agent treatment, when a significant difference was observed.
Thus the enhanced anti-tumour activity observed with the
combination of the MEK and PI3K inhibitors (see below) was
not due to a pharmacokinetic interaction resulting in increased
tumour drug levels. Overall, the PK data demonstrate that there
were no marked pharmacokinetic interactions (i.e. .3-fold change

Determination of Anti-Tumour Activity
Mice bearing HCT116 or HT29 human tumour xenografts
were randomised into treatment groups to avoid any bias and
ensure inter-group consistency, and then treated by oral gavage
with either the MCT vehicle (10 ml/kg), 1 mg/kg PD 0325901,
100 mg/kg GDC-0941 or the combination of 1 mg/kg PD
0325901 and 100 mg/kg GDC-0941 once daily for 14 days.
Tumour volume was monitored by calliper measurement using the
equation a26b/2, where a is the smallest measurement and b the
largest. Data are presented as median relative tumour volumes
(RTV), where the tumour volume in each mouse on the initial day
of treatment (day 0) is assigned an RTV value of 1. The time to
RTV3 and RTV4 for each individual tumour was calculated
based on a standard point to point curve with 1000 segments using
GraphPad Prism software (CA, USA). Mann Whitney U tests were
used to compare the different groups, i.e. the control versus each
treatment group, the single agents versus each other, and each
agent versus their combination. Differences with a p value ,0.05
were considered statistically significant.

[18F]-FLT PET Studies
Before treatment and after 2 days of treatment as described
above, mice bearing HCT116 human tumour xenografts (7–
9 mice/group) were anaesthetised, cannulated via their tail vein
and placed in the prone position on a custom-made heated bed,
which held three mice at once, within a MOSAIC PET scanner
(Philips, Eindhoven, NL). [18F]-FLT was obtained from PETNET
PLOS ONE | www.plosone.org
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Figure 1. Plasma and tumour concentrations of GDC-0941 and PD 0325901 from mice bearing human tumour xenografts. Plasma
and tumour concentrations of the PI3K inhibitor GDC-0941 (GDC) (A) and the MEK inhibitor PD 0325901 (PD) (B) measured by HPLC in samples from
HCT116 tumour xenograft-bearing mice at the indicated time points after a single p.o. dose of either 100 mg/kg GDC-0941 alone, 1 mg/kg PD
0325901 alone or the combination of 1 mg/kg PD 0325901 and 100 mg/kg GDC-0941. Data are presented as the mean concentration from 3 mice in
each group 6 standard error. The horizontal dashed line indicates the in vitro GI50 concentration (previously determined in [38]).
doi:10.1371/journal.pone.0081763.g001

was greater than the in vitro GI50 value (21 nM), the PK data do
not necessarily indicate that pharmacologically active drug
concentrations were not achieved.
Although, following 1 mg/kg PD 0325901, concentrations were
below the limit of detection in the tumour (,0.4 nmoles/g), this
dose was able to reduce (1 hour) and completely ablate (3 and
6 hours) the phosphorylation of ERK1/2, with very little recovery
by 24 hours. As expected, there was no marked effect of PD
0325901 on AKT, S6 or 4EBP1 phosphorylation (Figure 2A).
GDC-0941 at 100 mg/kg was sufficient to cause a reduction in the
phosphorylation of AKT, S6 and 4EBP1 over the time course
studied, although the reduction was incomplete and the extent of
inhibition varied within groups (Figure 2B). Interestingly, there
was also a reduction in the phosphorylation of ERK1/2 following

in AUC) when GDC-0941 and PD 0325901 were given in
combination.
After a single dose of 100 mg/kg GDC-0941, alone or in
combination with 1 mg/kg PD 0325901, concentrations of GDC0941 in the plasma and the tumour tissue consistently exceeded
that of the in vitro GI50 value of 1081 nM (previously determined in
[38]) over 6 hours (Figure 1A). Similarly, after a single dose of
1 mg/kg PD 0325901, alone or in combination with 100 mg/kg
GDC-0941, concentrations of PD 0325901 in the plasma
consistently exceeded that of the in vitro GI50 value of 21 nM
[38] over the first six hours; however, levels were undetectable in
the plasma at 24 hours and in the tumour tissue at all time points
(Figure 1B). Nevertheless, as the limit of detection for PD 0325901
in both plasma (,100 nM) and tumour tissue (,0.4 nmoles/g)

Table 1 Plasma and tumour tissue concentration AUC values following GDC-0941 and PD 0325901 administration.

Drug dose

PD 0325901 AUC (mM.min)

GDC-0941 AUC (mM.min)

Plasma

Plasma

Tumour

a

Tumour

1 mg/kg PD 0325901

83624

-

-

-

10 mg/kg PD 0325901

12966125b,c

10826232d,e

-

-

10 mg/kg GDC-0941

-

-

3246178

3646130g

100 mg/kg GDC-0941

-

-

23616677

54226962h,i

1 mg/kg PD 0325901+10 mg/kg GDC-0941

164651

-

3936162

3966144j

189612

-

1356646

31966183h

10 mg/kg PD 0325901+10 mg/kg GDC-0941

23996641b

399672d,f

380688

124651g,j

10 mg/kg PD 0325901+100 mg/kg GDC-0941

32486666c

1638627e,f

352961929

26496861i

1 mg/kg PD 0325901+100 mg/kg GDC-0941

a

Plasma and tumour tissue concentrations of the PI3K inhibitor GDC-0941 and the MEK inhibitor PD 0325901 were measured by HPLC in samples from HCT116 tumour
xenograft-bearing mice over 24 hours after a single p.o. dose of 10 or 100 mg/kg GDC-0941 or 1 or 10 mg/kg PD 0325901, alone and in combination (Figure 1). The area
under the curve (AUC) was calculated and data are presented are the mean AUC 6 standard deviation. Significant differences between groups are denoted by
superscript letters; a,c,d,f p,0.01, b,g,j p = 0.04, e,h p = 0.01, i p = 0.02.
doi:10.1371/journal.pone.0081763.t001
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Figure 2. Pharmacodynamic analysis of the in vivo effect of PD 0325901 and GDC-0941 on signal transduction. Effects on the MAPK
and PI3K/AKT signal transduction pathways after HCT116 tumour xenograft-bearing mice were treated with a single p.o. dose of either 1 mg/kg of
the MEK inhibitor PD 0325901 alone (A), 100 mg/kg of the PI3K inhibitor GDC-0941 alone (B) or the combination of 1 mg/kg of the MEK inhibitor PD
0325901 and 100 mg/kg of the PI3K inhibitor GDC-0941 (C). After 0.25–24 hours, tumours were removed and lysates subjected to electrophoresis,
followed by Western blotting using the indicated phospho-specific antibody. Blots were then stripped and re-probed with the corresponding total
protein antibody to confirm equal protein loading. A–C represents samples from the three mice in each treatment group.
doi:10.1371/journal.pone.0081763.g002

C show that there were no differences after 2 days in [18F]-FLT
tumour uptake after treatment with control vehicle, 1 mg/kg PD
0325901 alone or 100 mg/kg GDC-0941 alone, compared to
baseline. However, there was a significant decrease in [18F]-FLT
HCT116 tumour uptake after 2 days of PI3K/MEK inhibitor
combination treatment (Figure 4D).
Based on the data in Figures 4A–D, the percentage change in
the area under the [18F]-FLT SUV versus time curve (AUC) in
HCT116 tumours was calculated for each individual mouse.
Figure 4E shows that there was no significant difference (p = 0.95)
between [18F]-FLT uptake at baseline and after 2 days of
treatment in the control or single agent PD 0325901- or GDC0941-treated mice. In contrast, there was a statistically significant
decrease of 18% in the tumour [18F]-FLT uptake after 2 days in
the PI3K/MEK inhibitor combination treated mice (p,0.005).
These data demonstrate that changes in [18F]-FLT uptake precede
effects on tumour volume, and that [18F]-FLT PET is a valid early
surrogate response biomarker for detecting the improved efficacy
of combined PI3K and MEK inhibitor treatment.

a dose of 100 mg/kg GDC-0941. The combination of 1 mg/kg
PD 0325901 and 100 mg/kg GDC-0941 caused earlier complete
inhibition of ERK1/2 phosphorylation, compared to treatment
with the single agent MEK inhibitor, and greater inhibition of S6
and 4EBP1 phosphorylation compared to treatment with the
single agent PI3K inhibitor (Figure 2C). However, there was no
marked difference between the inhibition of AKT phosphorylation
with combination compared to the single agent PI3K inhibitor
treatment.

Efficacy of PI3K and MEK inhibitors, as single agents and
in combination, in HCT116 and HT29 human tumour
xenografts
Based on the results of the PK/PD study, the efficacy of
100 mg/kg of the PI3K inhibitor GDC-0941 and 1 mg/kg of the
MEK inhibitor PD 0325901 given orally, as single agents and in
combination, was assessed in HCT116 and HT29 human tumour
xenograft-bearing mice (Figure 3). The individual doses of the
PI3K and MEK inhibitors were chosen to be equi-active, in order
to mirror the in vitro conditions under which synergy had been
demonstrated previously in these cell lines [38]. In this study, mice
were treated daily for 14 days and tumour volumes were measured
three times a week. Figures 3A and 3B demonstrate that treatment
with 100 mg/kg GDC-0941 and 1 mg/kg PD 0325901, alone and
in combination, caused tumour growth delay compared to vehicletreated control tumours, and that growth delay was greater with
the combination. Additionally, body weight was monitored daily
to assess the tolerability of the therapy, and both single agent and
combination treatments were found to be non-toxic, i.e. body
weights did not drop below 90% of the starting weight (Figures 3C
and 3D).
The time for the tumours to quadruple in size (time to RTV4)
was calculated (Figures 3E and 3F and Table 2), and statistical
analyses using a Mann-Whitney test revealed that there was a
significant difference between vehicle-treated control tumours and
the combination group (p,0.01), and between the single agent
inhibitor and the combination groups (p#0.01), in both HCT116
and HT29 tumour xenograft models. Additionally, there was a
significant difference between vehicle-treated control tumours and
the single agent inhibitors in the HCT116 tumour xenografts
(p,0.01), but not in the HT29 tumour xenografts at the 5% level
(p = 0.06).

Discussion
With some notable exceptions, e.g. imatinib in the treatment of
chronic myeloid leukaemia and vemurafenib BRAF-mutant
melanoma, single agent clinical activity with targeted therapies is
modest, presumably due to the presence of multiple driver genetic
lesions and the rapid development of resistance mechanisms.
Combinations of targeted therapies are therefore being widely
investigated. However, in developing optimal combinations,
conventional clinical trial methodology has significant limitations
as the large number of drugs, patient numbers required and the
time taken for response and survival endpoints to be reached
precludes the timely evaluation of all potential combinations.
Consequently, surrogate response biomarkers, such as [18F]-FLT
PET, are being investigated in an attempt to generate early proofof-concept data for the activity of specific combinations. The
studies described here have shown that the combination of the
PI3K inhibitor GDC-0941 with the MEK inhibitor PD 0325901 is
more efficacious in vivo than either single agent given at the same
doses, and importantly that the increased efficacy of the
combination treatment correlates with a subsequent decrease in
tumour [18F]-FLT uptake measured by PET after just 2 days of
treatment.
As reported elsewhere [2,3,4,5,6] and confirmed here, single
agent GDC-0941 was non-toxic and induced tumour growth delay
at 100 mg/kg in both the HCT116 and HT29 colorectal tumour
xenograft models. However, both HCT116 and HT29 tumours
re-grew upon termination of dosing, indicating that GDC-0941 is
cytostatic rather than cytotoxic, which is consistent with previous
in vitro growth inhibition and cytotoxicity studies [38].
The efficacy of GDC-0941 has previously been shown to be
associated with decreased AKT and S6 phosphorylation
[2,3,4,5,6,39], an association that was confirmed here, as there
was a decrease in the phosphorylation of AKT and S6 after
treatment with 100 mg/kg GDC-0941. Interestingly, in contrast
to in vitro studies in HCT116 and HT29 cells [38], there was also a
decrease in the phosphorylation of 4EBP1 and ERK1/2

[18F]-FLT PET scanning on day 2 as a surrogate response
biomarker of PI3K and MEK inhibitor efficacy as single
agents and in combination in HCT116 human tumour
xenografts
It has been proposed that [18F]-FLT PET can be used as a
surrogate biomarker for tumour response to therapy, and dynamic
PET scans were therefore performed after two days of treatment,
at which time there were no significant differences in tumour
volume between the control or any of the treated groups.
Unfortunately, [18F]-FLT uptake by HT29 tumours was low
and this tumour could not be used for [18F]-FLT PET studies. In
contrast, HCT116 tumours were [18F]-FLT avid and Figures 4A–
PLOS ONE | www.plosone.org
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Figure 3. Efficacy and tolerability of GDC-0941 and PD 0325901 in mice bearing human colorectal tumour xenografts. HCT116 (A, C,
E) and HT29 (B, D, F) tumour xenografts were treated with either vehicle control, 1 mg/kg of the MEK inhibitor PD 0325901 and 100 mg/kg of the
PI3K inhibitor GDC-0941 alone, or 1 mg/kg of the MEK inhibitor PD 0325901 and 100 mg/kg of the PI3K inhibitor GDC-0941 in combination, p.o. once
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daily for 14 days. [A–B] Tumour growth curves: Data are presented as the median relative tumour volume (RTV), where the growth is calculated for
each tumour relative to its size on day 0. Points represent the median of the 10 mice in each group. The dashed line shows the point at which
tumours reached four times the initial volume (RTV4). [C–D] Effects on body weight: Data are presented as a percentage of starting body weight.
Points represent the mean of the 10 mice in each group 6 standard error. [E–F] Time taken for xenografts to reach four times the initial volume (time
to RTV4): Data are presented as the time taken by each individual tumour in each group to quadruple in size, and lines to represent the mean of the
mice in each group 6 standard error. P values are given where the combination is significantly different from either agent alone (p#0.05).
doi:10.1371/journal.pone.0081763.g003

phosphorylation in vivo after treatment with 100 mg/kg GDC0941. In particular, the decrease in pERK1/2 levels is in contrast
to previous reports that PI3K inhibition may cause the opposite
effect as a result of the cross-activation of the MAPK pathway
[40]. However, a previous study has demonstrated that dual
specificity phosphatase 6 (DUSP6), which dephosphorylates ERK
1/2, can be regulated by the PI3K/mTOR pathway [41], and
thus suggests a mechanism for decreased pERK in response to
PI3K inhibition. Furthermore, target inhibition does not necessarily correlate directly with efficacy, and O’Brien and colleagues
have demonstrated that there was no marked tumour growth
inhibition of KRAS mutant MDA-MB-231 breast tumour xenografts despite pronounced inhibition of AKT phosphorylation [5].
In the studies reported here, levels of GDC-0941 in the tumour
and the plasma over 6 hours were found to greatly exceed the in
vitro GI50 value of GDC-0941 (previously determined in [38]), and
drug was still detectable in the tumour 24 hours after a single dose
at 100 mg/kg. The pharmacokinetic data presented here also
show that the AUCs of GDC-0941 in the plasma and tumour were
approximately linearly dose-dependent as levels changed 7-fold
and 15-fold, respectively, following a 10-fold increase in dose from
10 to 100 mg/kg.
PD 0325901 was also non-toxic and predominantly cytostatic as
a single agent, generating tumour growth delay at 1 mg/kg in both
HCT116 and HT29 colorectal tumour xenografts. The data
presented here are consistent with previous studies where doses of
PD 0325901 ranging from 1.6 mg/kg up to the maximum
tolerated dose of 25 mg/kg caused dose-dependent tumour
growth delay, stasis and in many cases complete regression in a
variety of human and murine tumours [10,11,13,14]. In addition
to inhibition of ERK1/2 phosphorylation, one study reported a
corresponding decrease in cyclin D1, an upregulation of p27 and
decreased phosphorylation of Rb, which resulted in decreased cell
proliferation as detected by Ki67 staining [13]. These reported
effects of PD 0325901 on ERK1/2 phosphorylation are consistent

with the PD data presented in this study, where a marked decrease
in the phosphorylation of ERK1/2 was observed after treatment
with 1 mg/kg PD 0325901. There was also a small decrease in
p4EBP1 and pS6, which may due be to convergence between the
MAPK and PI3K/mTOR pathway, as a previous study has
demonstrated that MEK inhibition can inhibit S6 and 4EBP1
phosphorylation via the Erk-RSK1-mTOR pathway [42].
Pharmacokinetic analyses revealed that levels of PD 0325901 in
the tumour and the plasma greatly exceeded the in vitro GI50
concentration (previously determined in [38]) for 6 hours following a single dose of 10 mg/kg PD 0325901, and concentrations of
PD 0325901 in the plasma were linearly dose-dependent, as levels
changed 15-fold following a 10-fold increase in dose from 1 to
10 mg/kg. Furthermore, there were no major pharmacokinetic
interactions between GDC-0941 and PD 0325901 (i.e. a.3-fold
change in AUC), and the lack of any major interaction is
consistent with clinical data for the PI3K inhibitor GDC-0941 in
combination with the MEK inhibitor GDC-0973 [43].
In pre-clinical models, combinations of PI3K and MEK
inhibitors have consistently shown improved efficacy compared
to either single agent alone, causing striking regressions in some
cases, in a range of human tumour xenograft and mouse models
[6,12,17,18,19]. For example, the combination of 100 mg/kg
GDC-0941 and 6.3 mg/kg PD 0325901 caused regression of
AN3CA endometrial and H2122 NSCLC tumour xenografts,
compared to a modest tumour growth delay with either single
agent alone [6]. This improved activity is consistent with the
results presented here as the combination of 100 mg/kg GDC0941 and 1 mg/kg PD 0325901 was non-toxic, and caused
tumour stasis and marked tumour growth delay in the KRAS and
PIK3CA mutant HCT116 and the BRAF and PIK3CA mutant
HT29 colorectal tumour xenografts, respectively, an effect that
was significantly greater than either single agent at the same dose
(p#0.01).

Table 2 Efficacy of GDC-0941 and PD 0325901 in mice bearing human colorectal tumour xenografts.

Tumour xenografts

HCT116

HT29

Treatment

Calculation

Mean ± SD

Median ± IR

Mean ± SD

Median ± IR

Control

Time to RTV4

1064

965

764

762

1 mg/kg PD 0325901

100 mg/kg GDC-0941

Time to RTV3

864

865

663

562

Time to RTV4

2368

21611

1164

1163

Time to RTV3

1967

18612

1064

1064

Time to RTV4

1965

1864

1369

1065

Time to RTV3

1564

1665

1169

1066

1 mg/kg PD 0325901+100 mg/kg GDC- Time to RTV4
0941

3068

2867

30611

33618

Time to RTV3

2768

2566

27611

30618

Time taken in days for HCT116 and HT29 tumour xenografts to reach three or four times their initial volume (time to RTV3 or RTV4) when treated with either vehicle
control, 1 mg/kg PD 0325901 and 100 mg/kg GDC-0941 alone, or 1 mg/kg PD 0325901 and 100 mg/kg GDC-0941 in combination, p.o. once daily for 14 days. Data are
presented as the mean time to RTV3 or RTV4 for the mice in each group 6 standard deviation (SD) and the median RTV3 or RTV4 for each group (6 interquartile range
(IR)).
doi:10.1371/journal.pone.0081763.t002
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Figure 4. [18F]-FLT uptake in human tumour xenografts before and after treatment with GDC-0941 and PD 0325901. [A–D] HCT116
tumour xenograft [18F]-FLT uptake over the 1 hour dynamic PET scan at baseline and after treatment with either vehicle control (A) 100 mg/kg of the
PI3K inhibitor GDC-0941 alone (B), 1 mg/kg of the MEK inhibitor PD 0325901 alone (C) or the combination of 1 mg/kg of the MEK inhibitor PD
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0325901 and 100 mg/kg of the PI3K inhibitor GDC-0941 (D), p.o. once daily for 2 days. Data are presented as the mean standardised uptake value
(SUV), where the tissue concentration is calculated relative to injected dose and body weight. Points represent the mean of the 5–7 mice in each
group 6 standard deviation. [E] Percentage change HCT116 tumour xenograft [18F]-FLT uptake at 1 hour before and after treatment with either
vehicle control or the combination of 1 mg/kg PD 0325901 and 100 mg/kg GDC-0941, p.o. once daily for 2 days. Data are presented as the
percentage change in the area under the curve (AUC) relative to the corresponding baseline AUC, derived from Figures A–D, and bars represent the
mean of the 5–7 mice in each group 6 standard error. * denotes that the [18F]-FLT SUV AUC in the combination treated group were significantly
different after 2 days treatment compared to baseline (p,0.01).
doi:10.1371/journal.pone.0081763.g004

tumours was low [57,58,59], and thus tumours derived from this
cell line were unsuitable for [18F]-FLT PET studies.
The day 2 versus pre-treatment dynamic PET scans showed that
there was no significant difference in [18F]-FLT tumour uptake in
HCT116 xenograft-bearing mice treated with drug vehicle or with
either single agent, whereas there was a significant decrease in
[18F]-FLT tumour uptake after PI3K/MEK inhibitor combination treatment, which correlated with the enhanced efficacy
observed later in the study. There have been no published preclinical or clinical studies measuring [18F]-FLT uptake after PI3K
and MEK inhibitor combination treatment. There are previous
reports that the PI3K inhibitors GDC-0941 or NVP-BEZ235, or
the MEK inhibitor PD 0325901, given as single agents caused
significant decreases in [18F]-FLT uptake as early as 18, 24, 48 or
120 hours, associated with subsequent tumour growth inhibition
in a variety of human tumour xenograft models [13,14,30,39].
However, these studies used doses at or close to the single agent
MTD which would not be tolerated in combination. In the study
presented here, decreased [18F]-FLT uptake following combination
therapy preceded HCT116 tumour growth inhibition, suggesting
that [18F]-FLT PET could be used as an early surrogate response
biomarker for combined PI3K and MEK inhibitor treatment.
Clinical trials involving combinations of PI3K and MEK inhibitors
should therefore be extended to include the use of [18F]-FLT PET,
in parallel to other common proliferation markers, as a biomarker of
early response to combination treatment.
Overall, these studies confirm that dual targeting of PI3K and
MEK can induce marked tumour growth inhibition in vivo, and
that this anti-tumour effect can be predicted by measuring [18F]FLT uptake at baseline and after 2 days of treatment. Pharmacodynamic analyses following the combination of the PI3K
inhibitor GDC-0941 and the MEK inhibitor PD 0325901
revealed that increased efficacy is associated with an enhanced
inhibition of the phosphorylation of ERK1/2, S6 and 4EBP1,
compared to that observed with either single agent, and
maintained inhibition of AKT phosphorylation. Together these
results suggest that in studies of PI3K and MEK inhibitor
combinations [18F]-FLT PET can be used as an early proof of
concept PD and surrogate response biomarker for detecting
enhanced anti-proliferative and antitumour effects in a pre-clinical
setting, and therefore warrants further testing in clinical trials.

In HCT116 tumours, the combination of 100 mg/kg GDC0941 and 1 mg/kg PD 0325901 was shown to inhibit both the
MAPK and PI3K pathways, and enhance the inhibition of
ERK1/2, S6 and 4EBP1 phosphorylation, compared to either
agent alone. Previous studies have not only reported an inhibition
of ERK1/2, AKT and S6 phosphorylation, but have also observed
effects on downstream determinants of proliferation and apoptosis,
such as a decrease in cyclin D1 and Mcl-1, and an increase in
Bim1 accumulation and caspase 3 cleavage [6,12,17,18,19].
Multiple previous studies have demonstrated that these enhanced
effects upon combination treatment are due to convergence
between the MAPK and PI3K pathways thus activating common
downstream targets such as the transcription factors, FOXO
[44,45,46] and c-Myc [47,48], and the pro-apoptotic protein BAD
[49,50,51,52,53]. Furthermore, in vivo combination studies have
demonstrated that, whereas the phosphorylation of components of
the MAPK and PI3K pathways was restored within 72 hours,
effects on downstream markers of proliferation and apoptosis were
sustained for over 72 hours, suggesting that intermittent dosing of
combinations of PI3K and MEK inhibitors may be preferable
[12,19]. Indeed, it has been reported that non-continuous dosing
on every 3rd or 4th day with high doses of the PI3K inhibitor
GDC-0941, in combination with the MEK inhibitors PD 0325901
or GDC-0973, resulted in marked tumour growth inhibition, and
potentially reduced toxicity [6,19].
To investigate the potential utility of PET scanning as an early
surrogate biomarker of tumour response to PI3K and/or MEK
inhibitor therapy, PET scanning has been incorporated into
efficacy studies in a small number of pre-clinical and clinical
studies. For example, [18F]-FDG PET has been shown to be a
surrogate marker of sensitivity to PI3K inhibition by NVPBEZ235 and NVP-BKM120 in human HNSCC (FaDu) and
mouse mammary (EMT6) 3D tumour spheroids in vitro [54], and
of response following 100 mg/kg LY294002, 10 mg/kg PF04691502 or 35 mg/kg NVP-BEZ235 in colorectal, lung and
ovarian tumour xenografts and/or mouse models in vivo
[12,17,55]. Similarly, [18F]-FDG PET has been shown to be of
value in monitoring the activity of the MEK inhibitor GDC-0973
in combination with the BRaf inhibitor vemurafenib in A375 and
vemurafenib-resistant A375R1 melanoma xenografts [56].
The PET radiotracer [18F]-FLT also represents a promising
proof of concept anti-proliferative PD and surrogate response
biomarker for PI3K and/or MEK inhibitor therapy. [18F]-FLT
PET can measure anti-proliferative effects, as it is a thymidine
analogue whose accumulation in cells is determined by the
expression and activity of thymidine kinase 1 and specific
nucleoside transporters, which are under the control of S phase
cell cycle regulators [13,14,20,21,22,23], and has been shown to
correlate with other markers of proliferation [24,25,26,27,28,29].
Dynamic [18F]-FLT PET scans were therefore incorporated into
the HCT116 efficacy studies described in this paper. The tumour
uptake of [18F]-FLT was monitored over 1 hour at baseline and
on day 2 of treatment with the PI3K inhibitor GDC-0941 and the
MEK inhibitor PD 0325901, alone and in combination. As has
been reported by other studies, [18F]-FLT uptake by the HT29

PLOS ONE | www.plosone.org

Acknowledgments
The authors are very grateful to Paul Bevan, Dagmar Ewald,
Carola Mala and Wolfgang Schmalix, Wilex AG, Munich, and
Colin Stubberfield, UCB Celltech, Slough, for informative and
stimulating discussions. Also, the authors are indebted to Celine
Cano, Bernard Golding and Roger Griffin for supervising the
synthesis of GDC-0941.

Author Contributions
Conceived and designed the experiments: DRN RJM. Performed the
experiments: EJH HDT IW. Analyzed the data: EJH HDT IW.
Contributed reagents/materials/analysis tools: SJH SLP TR KMS. Wrote
the paper: EJH DRN.

10

December 2013 | Volume 8 | Issue 12 | e81763

PET Predicts Combined MEK/PI3K Inhibitor Activity

References
1. Markman B, Tao JJ, Scaltriti M (2013) PI3K pathway inhibitors: better not left
alone. Curr Pharm Des 19: 895–906.
2. Folkes AJ, Ahmadi K, Alderton WK, Alix S, Baker SJ, et al. (2008) The
Identification of 2-(1H-Indazol-4-yl)-6-(4-methanesulfonyl-piperazin-1-ylmethyl)-4-morpholin-4-yl-thieno[3,2-d]pyrimidine (GDC-0941) as a Potent,
Selective, Orally Bioavailable Inhibitor of Class I PI3 Kinase for the Treatment
of Cancer. Journal of Medicinal Chemistry 51: 5522–5532.
3. Edgar KA, Wallin JJ, Berry M, Lee LB, Prior WW, et al. (2010) Isoform-Specific
Phosphoinositide 3-Kinase Inhibitors Exert Distinct Effects in Solid Tumors.
Cancer Research 70: 1164–1172.
4. Wallin JJ, Guan J, Prior WW, Lee LB, Berry L, et al. (2012) GDC-0941, a Novel
Class I Selective PI3K Inhibitor, Enhances the Efficacy of Docetaxel in Human
Breast Cancer Models by Increasing Cell Death In Vitro and In Vivo. Clinical
Cancer Research 18: 3901–3911.
5. O’Brien C, Wallin JJ, Sampath D, GuhaThakurta D, Savage H, et al. (2010)
Predictive Biomarkers of Sensitivity to the Phosphatidylinositol 39 Kinase
Inhibitor GDC-0941 In Breast Cancer Preclinical Models. Clinical Cancer
Research 16: 3670–3683.
6. Sos ML, Fischer S, Ullrich R, Peifer M, Heuckmann JM, et al. (2009) Identifying
genotype-dependent efficacy of single and combined PI3K- and MAPKpathway inhibition in cancer. Proc Natl Acad Sci USA 106: 18351–18356.
7. Salphati L, Pang J, Plise EG, Chou B, Halladay JS, et al. (2011) Preclinical
pharmacokinetics of the novel PI3K inhibitor GDC-0941 and prediction of its
pharmacokinetics and efficacy in human. Xenobiotica 41: 1088–1099.
8. ClinicalTrials.gov website. Available: http://www.clinicaltrials.gov. Accessed
2012 Dec 10.
9. Moreno Garcia V, Baird RD, Shah KJ, Basu B, Tunariu N, et al. (2011) A phase
I study evaluating GDC-0941, an oral phosphoinositide-3 kinase (PI3K)
inhibitor, in patients with advanced solid tumors or multiple myeloma. J Clin
Oncol 29: 3021.
10. Henderson YC, Chen Y, Frederick MJ, Lai SY, Clayman GL (2010) MEK
Inhibitor PD0325901 Significantly Reduces the Growth of Papillary Thyroid
Carcinoma Cells In vitro and In vivo. Mol Cancer Ther 9: 1968–1976.
11. Barrett SD, Bridges AJ, Dudley DT, Saltiel AR, Fergus JH, et al. (2008) The
discovery of the benzhydroxamate MEK inhibitors CI-1040 and PD 0325901.
Bioorganic & Medicinal Chemistry Letters 18: 6501–6504.
12. Kinross KM, Brown DV, Kleinschmidt M, Jackson S, Christensen J, et al. (2011)
In Vivo Activity of Combined PI3K/mTOR and MEK Inhibition in a
KrasG12D;Pten Deletion Mouse Model of Ovarian Cancer. Molecular Cancer
Therapeutics 10: 1440–1449.
13. Solit DB, Santos E, Pratilas CA, Lobo J, Moroz M, et al. (2007) 39-Deoxy-39[18F]Fluorothymidine Positron Emission Tomography Is a Sensitive Method for
Imaging the Response of BRAF-Dependent Tumors to MEK Inhibition. Cancer
Research 67: 11463–11469.
14. Leyton J, Smith G, Lees M, Perumal M, Nguyen Q-d, et al. (2008) Noninvasive
imaging of cell proliferation following mitogenic extracellular kinase inhibition
by PD0325901. Molecular Cancer Therapeutics 7: 3112–3121.
15. Brown AP, Carlson, T C., Loi, C M., Graziano, M J. (2007) Pharmacodynamic
and toxicokinetic evaluation of the novel MEK inhibitor, PD0325901, in the rat
following oral and intravenous administration. Cancer Chemother Pharmacol
59: 671–679.
16. Haura EB, Ricart AD, Larson TG, Stella PJ, Bazhenova L, et al. (2010) A Phase
II Study of PD-0325901, an Oral MEK Inhibitor, in Previously Treated Patients
with Advanced Non–Small Cell Lung Cancer. Clinical Cancer Research 16:
2450–2457.
17. Engelman JA, Chen L, Tan X, Crosby K, Guimaraes AR, et al. (2008) Effective
use of PI3K and MEK inhibitors to treat mutant Kras G12D and PIK3CA
H1047R murine lung cancers. Nat Med 14: 1351–1356.
18. Faber AC, Li D, Song Y, Liang M-C, Yeap BY, et al. (2009) Differential
induction of apoptosis in HER2 and EGFR addicted cancers following PI3K
inhibition. Proceedings of the National Academy of Sciences 106: 19503–19508.
19. Hoeflich KP, Merchant M, Orr C, Chan J, Den Otter D, et al. (2012)
Intermittent Administration of MEK Inhibitor GDC-0973 plus PI3K Inhibitor
GDC-0941 Triggers Robust Apoptosis and Tumor Growth Inhibition. Cancer
Research 72: 210–219.
20. Paproski RJ, Ng AML, Yao SYM, Graham K, Young JD, et al. (2008) The Role
of Human Nucleoside Transporters in Uptake of 39-Deoxy-39-fluorothymidine.
Molecular Pharmacology 74: 1372–1380.
21. Buck AK, Herrmann K, Shen C, Dechow T, Schwaiger M, et al. (2009)
Molecular imaging of proliferation in vivo: Positron emission tomography with
[18F]fluorothymidine. Methods 48: 205–215.
22. Sherley JL, Kelly TJ (1988) Regulation of human thymidine kinase during the
cell cycle. Journal of Biological Chemistry 263: 8350–8358.
23. Shields AF, Grierson JR, Dohmen BM, Machulla HJ, Stayanoff JC, et al. (1998)
Imaging proliferation in vivo with [F-18]FLT and positron emission tomography. Nat Med 4: 1334–1336.
24. Rasey JS, Grierson JR, Wiens LW, Kolb PD, Schwartz JL (2002) Validation of
FLT Uptake as a Measure of Thymidine Kinase-1 Activity in A549 Carcinoma
Cells. Journal of Nuclear Medicine 43: 1210–1217.
25. Barthel H, Cleij MC, Collingridge DR, Hutchinson OC, Osman S, et al. (2003)
3-Deoxy-3’[18F]Fluorothymidine as a New Marker for Monitoring Tumor

PLOS ONE | www.plosone.org

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.
46.

47.

48.

11

Response to Antiproliferative Therapy in Vivo with Positron Emission
Tomography. Cancer Research 63: 3791–3798.
Buck AK, Schirrmeister H, Hetzel M, von der Heide M, Halter G, et al. (2002)
3-Deoxy-3-[18F]Fluorothymidine-Positron Emission Tomography for Noninvasive Assessment of Proliferation in Pulmonary Nodules. Cancer Research 62:
3331–3334.
Cobben DCP, Elsinga PH, Suurmeijer AJH, Vaalburg W, Maas B, et al. (2004)
Detection and Grading of Soft Tissue Sarcomas of the Extremities with 18F3Fluoro-3-Deoxy-l-Thymidine. Clinical Cancer Research 10: 1685–1690.
Pantaleo MA, Nannini M, Maleddu A, Fanti S, Ambrosini V, et al. (2008)
Conventional and novel PET tracers for imaging in oncology in the era of
molecular therapy. Cancer Treatment Reviews 34: 103–121.
Chalkidou A, Landau DB, Odell EW, Cornelius VR, O’Doherty MJ, et al.
(2012) Correlation between Ki-67 immunohistochemistry and 18F-Fluorothymidine uptake in patients with cancer: A systematic review and meta-analysis.
European Journal of Cancer 48: 3499–3513.
Fuereder T, Wanek T, Pflegerl P, Jaeger-Lansky A, Hoeflmayer D, et al. (2011)
Gastric Cancer Growth Control by BEZ235 In Vivo Does Not Correlate with
PI3K/mTOR Target Inhibition but with [18F]FLT Uptake. Clinical Cancer
Research 17: 5322–5332.
Cawthorne C, Burrows N, Gieling RG, Morrow CJ, Forster D, et al. (2013)
[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.
Molecular Cancer Therapeutics 12: 819–828.
Pio B, Park C, Pietras R, Hsueh W-A, Satyamurthy N, et al. (2006) Usefulness of
3-[F-18]Fluoro-3-deoxythymidine with Positron Emission Tomography in
Predicting Breast Cancer Response to Therapy. Molecular Imaging and Biology
8: 36–42.
Kenny L, Coombes RC, Vigushin D, Al-Nahhas A, Shousha S, et al. (2007)
Imaging early changes in proliferation at 1 week post chemotherapy: a pilot
study in breast cancer patients with 3-deoxy-3-[18F]fluorothymidine positron
emission tomography. European Journal of Nuclear Medicine and Molecular
Imaging 34: 1339–1347.
Hoeben BAW, Troost EGC, Span PN, van Herpen CML, Bussink J, et al.
(2013) 18F-FLT PET During Radiotherapy or Chemoradiotherapy in Head and
Neck Squamous Cell Carcinoma Is an Early Predictor of Outcome. Journal of
Nuclear Medicine 54: 532–540.
Desar IM, Gilles R, van Herpen CM, Timmer-Bonte AJ, Cantarini MV, et al.
(2012) (18)F-FLT-PET for Response Evaluation of MEK Inhibitor Selumetinib
(AZD6244, ARRY-142886) in Patients with Solid Tumors. World J Nucl Med
11: 65–69.
Workman P, Aboagye EO, Balkwill F, Balmain A, Bruder G, et al. (2010)
Guidelines for the welfare and use of animals in cancer research. Br J Cancer
102: 1555–1577.
Baker SJ, Goldsmith PJ, Hancox TC, Pegg NA, Price S, et al. (2007) Preparation
of Thienopyrimidine Derivatives as PI3 Kinase Inhibitors. In: 2007:1237434 SS,
editor: F.Hoffman-La Roche AG.
Haagensen EJ, Kyle S, Beale GS, Maxwell RJ, Newell DR (2012) The
synergistic interaction of MEK and PI3K inhibitors is modulated by mTOR
inhibition. Br J Cancer 106: 1386–1394.
Cawthorne C, Burrows N, Gieling RG, Morrow CJ, Forster D, et al. (2013)
[18F]-FLT positron emission tomography can be used to image the response of
sensitive tumours to PI3-kinase inhibition with the novel agent GDC-0941. Mol
Cancer Ther 12: 819–828.
Rexer BN, Ghosh R, Arteaga CL (2009) Inhibition of PI3K and MEK: It Is All
about Combinations and Biomarkers. Clinical Cancer Research 15: 4518–4520.
Bermudez O, Marchetti S, Pages G, Gimond C (2008) Post-translational
regulation of the ERK phosphatase DUSP6/MKP3 by the mTOR pathway.
Oncogene 27: 3685–3691.
Roux PP, Ballif BA, Anjum R, Gygi SP, Blenis J (2004) Tumor-promoting
phorbol esters and activated Ras inactivate the tuberous sclerosis tumor
suppressor complex via p90 ribosomal S6 kinase. Proceedings of the National
Academy of Sciences of the United States of America 101: 13489–13494.
Duong H-Q, Kim HJ, Kang HJ, Seong Y-S, Bae I (2012) ZSTK474, a PI3K
inhibitor, suppresses proliferation and sensitizes human pancreatic adenocarcinoma cells to gemcitabine. Oncol Rep 27: 182–188.
Biggs WH, Meisenhelder J, Hunter T, Cavenee WK, Arden KC (1999) Protein
kinase B/Akt-mediated phosphorylation promotes nuclear exclusion of the
winged helix transcription factor FKHR1. Proceedings of the National Academy
of Sciences 96: 7421–7426.
Greer EL, Brunet A (2005) FOXO transcription factors at the interface between
longevity and tumor suppression. Oncogene 24: 7410–7425.
Yang J-Y, Zong CS, Xia W, Yamaguchi H, Ding Q, et al. (2008) ERK promotes
tumorigenesis by inhibiting FOXO3a via MDM2-mediated degradation. Nat
Cell Biol 10: 138–148.
Sears R, Nuckolls F, Haura E, Taya Y, Tamai K, et al. (2000) Multiple Rasdependent phosphorylation pathways regulate Myc protein stability. Genes &
Development 14: 2501–2514.
Zhu J, Blenis J, Yuan J (2008) Activation of PI3K/Akt and MAPK pathways
regulates Myc-mediated transcription by phosphorylating and promoting the

December 2013 | Volume 8 | Issue 12 | e81763

PET Predicts Combined MEK/PI3K Inhibitor Activity

49.

50.

51.

52.

53.
54.

degradation of Mad1. Proceedings of the National Academy of Sciences 105:
6584–6589.
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