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Abstract

Currently, there is no completely effective therapy available for metastatic phaeochromocytomas 

(PCCs) and paragangliomas. In this study, we explore new molecular targeted therapies for these 

tumours, using one more benign (mouse phaeochromocytoma cell (MPC)) and one more 

malignant (mouse tumour tissue (MTT)) mouse PCC cell line –both generated from heterozygous 

neurofibromin 1 knockout mice. Several PCC-promoting gene mutations have been associated 

with aberrant activation of PI3K/AKT, mTORC1 and RAS/RAF/ERK signalling. We therefore 

investigated different agents that interfere specifically with these pathways, including antagonism 

of the IGF1 receptor by NVP-AEW541. We found that NVP-AEW541 significantly reduced MPC 

and MTT cell viability at relatively high doses but led to a compensatory up-regulation of ERK 

and mTORC1 signalling at suboptimal doses while PI3K/AKT inhibition remained stable. We 

subsequently investigated the effect of the dual PI3K/mTORC1/2 inhibitor NVP-BEZ235, which 

led to a significant decrease of MPC and MTT cell viability at doses down to 50 nM but again 

increased ERK signalling. Accordingly, we next examined the combination of NVP-BEZ235 with 

the established agent lovastatin, as this has been described to inhibit ERK signalling. Lovastatin 

alone significantly reduced MPC and MTT cell viability at therapeutically relevant doses and 

inhibited both ERK and AKT signalling, but increased mTORC1/p70S6K signalling. Combination 

treatment with NVP-BEZ235 and lovastatin showed a significant additive effect in MPC and MTT 

cells and resulted in inhibition of both AKT and mTORC1/p70S6K signalling without ERK up-

regulation. Simultaneous inhibition of PI3K/AKT, mTORC1/2 and ERK signalling suggests a 

novel therapeutic approach for malignant PCCs.
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Introduction

Most of the phaeochromocytomas (PCCs) are benign neoplasms, but when malignant they 

can be difficult to treat. This equally applies to extra-adrenal PCCs, better referred to as 

paragangliomas (PGLs), as recently reviewed (Druce et al. 2009, Grogan et al. 2011). In 

such tumours, conventional chemotherapy is usually done with cyclophosphamide, 

vincristine and doxorubicin (CVD), but even with this treatment, it is difficult to 

demonstrate any effect on overall survival. If such tumours show uptake of the 

radiopharmaceutical 123I-metaiodobenzylguanidine (123I-MIBG), then therapy with 131I-

MIBG is possible and may have positive therapeutic effects, but tumour regression is not 

frequently seen. Thus, there is a considerable clinical need for new effective therapies.

One therapeutic approach is to define the aberrant molecular pathways in such tumours, 

which can then be targeted by therapy. In recent years, an increasing understanding of the 

germline mutations leading to PCC and PGL development has provided us with crucial 

insights into the molecular pathology of these tumours (Nölting & Grossman 2012). Indeed, 

a recent gene profiling study demonstrated a genetic cause, germline or somatic, in 45·5% of 

these tumours (Burnichon et al. 2011). Molecular profiling and analysis have shown that 

PCCs and PGLs can be separated into two major groups (clusters) according to their 

transcriptional pattern and underlying gene mutation(s) and appear to follow two separate 

routes to tumourigenesis, clusters 1 and 2 (Viskochil et al. 1990, Latif et al. 1993, Mulligan 

et al. 1993, Baysal et al. 2000, Niemann & Muller 2000, Astuti et al. 2003, Eisenhofer et al. 

2004, Dahia et al. 2005a,b, Powers et al. 2007, Ladroue et al. 2008, Schlisio et al. 2008, 

Yeh et al. 2008, Hao et al. 2009, Burnichon et al. 2010, 2011, Favier & Gimenez-Roqueplo 

2010, Lopez-Jimenez et al. 2010, Qin et al. 2010, Comino-Mendez et al. 2011). Cluster 1 is 

related to the Krebs cycle modulation of hypoxia signalling, i.e. to mutations in succinate 

dehydrogenase subunit A(AF2)/B/C/D (SDHA(AF2)/B/C/D), the gene associated with von 

Hippel–Lindaudisease(VHL)or2-oxoglutarate-dependent prolyl hydroxylase (PHD2); cluster 

2 is associated with kinase signalling pathways (PI3K/AKT, RAS/RAF/ERK and mTORC1/

p70S6K) and neuroendocrine differentiation and comprises mutations in the rearranged 

during transfection gene (RET that encodes a receptor tyrosine kinase and is associated with 

multiple endocrine neoplasia type 2 (MEN2)), neurofibromin 1 (NF1), kinesin family 

member 1Bb (KIF1Bb) or the recently discovered transmembrane protein 127 (TMEM127) 

and MYC associated factor X (MAX). As a common end point, these cluster 2-related 

mutations are directly or indirectly associated with hyper-phosphorylation of mTORC1 

targets (Dahia et al. 2005a, Qin et al. 2010); mTORC1 is a complex consisting of mTOR, 

the regulatory-associated protein of mTOR (raptor), PRAS40 and mLST8. In addition, 

cluster 1 changes result in stabilisation and activation of HIF-a, which is also a downstream 

effector of mTORC1. Thus, signalling pathways converging on mTORC1/2 are attractive 

candidates for therapeutic manipulation.

In a small number of studies, the growth factor tyrosine kinase inhibitor sunitinib has shown 

some efficacy in the therapy of malignant PCCs and PGLs, as previously reviewed (Adjalle 

et al. 2009, Fassnacht et al. 2009, Joshua et al. 2009, Park et al. 2009, Santarpia et al. 2009). 

However, the mTORC1 inhibitor everolimus (RAD001, Novartis), which was evaluated in a 

small number of patients with progressive malignant PGL/PCCs, showed a disappointing 
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outcome: disease progression was seen in all patients (Druce et al. 2009). This low efficacy 

of single mTORC1 inhibition may have been due to a compensatory activation of the 

PI3K/AKT signalling pathway by phosphorylation of AKT on Ser473 by mTORC2 

(comprising mTOR and the rapamycin-insensitive components of mTOR (rictor), Sin1, 

mLST8 and protein associated with rictor (protor)) (Hresko & Mueckler 2005, O’Reilly et 

al. 2006, Carracedo & Pandolfi 2008). Compensatory ERK activation via a PI3K-dependent 

feedback loop has also been described in response to single mTORC1 inhibition (Carracedo 

et al. 2008, Serra et al. 2011). These earlier studies suggest that single-agent approaches to 

malignant PCCs/PGLs are unlikely to be effective in the long term. Accordingly, we have 

been searching for an effective therapeutic agent or drug combination for the treatment of 

metastatic PCCs/PGLs among the evolving molecular targeted kinase inhibitors and have 

especially investigated the potential escape mechanisms of the cell and how these 

mechanisms of resistance may be prevented. For this purpose, we used two mouse PCC cell 

lines generated from heterozygous Nf1 knockout mice (Powers et al. 2000, 2007, Martiniova 

et al. 2009). One of the cell lines was more benign (mouse phaeochromocytoma cells 

(MPCs)) and one more was malignant (mouse tumour tissue derived (MTT)) regarding 

metastatic spread after reinjection in mice. In terms of therapy, we have used several 

different agents that interfere with signalling in these cells, including antagonism of the 

insulin-like growth factor 1 receptor (IGF1 receptor), a receptor tyrosine kinase known to be 

expressed in these cell lines and human tumours (Fottner et al. 2006), and those that block 

specific signalling cascades such as the mTORC1/2, PI3K/AKT and ERK pathways.

Materials and methods

Reagents

Everolimus, NVP-AEW541 and NVP-BEZ235 were kindly provided by Novartis Pharma. 

Lovastatin (mevinolin) was purchased from Sigma (M2147). Everolimus blocks mTORC1; 

NVP-AEW541 is a specific antagonist of the IGF1 receptor; NVP-BEZ235 antagonises both 

mTORC1/2 and PI3K; lovastatin blocks ERK1/2, AKT, VEGF and EGF receptor functions. 

For cell culture work, all drugs were diluted in DMSO (10 mM stock solution; Sigma, 

D8418), which was also used at the appropriate dilution as the vehicle (control) and shown 

to be equivalent to the blank control up to concentrations of 0·4% DMSO (equivalent to 40 

μM drug concentration) in the MTS assay. At drug concentrations higher than 40 μM, MTS 

assay results are compared to the appropriate vehicle.

Cell culture

Two mouse phaeochromocytoma cell lines, MPC 4/30 PRR mouse phaeochromocytoma 

cells (MPCs; Powers et al. 2000) and mouse tumour tissue-derived (MTT; MTT-derived, 

more aggressive; Martiniova et al. 2009), were kindly provided by Dr Karel Pacak (NIH, 

Bethesda, MD, USA) and cultured in DMEM medium (Sigma, D6429) containing 10 

ml/100 ml foetal bovine serum (FBS; Biosera, FB-1090/500, Labtech International, East 

Sussex, UK) and 50 units/ml penicillin/50 μg/ml streptomycin (Sigma, P4458) at 37 °C in a 

5% CO2 atmosphere. Both cell lines have been generated from heterozygous Nf1 knockout 

mice (Powers et al. 2000, Martiniova et al. 2009).
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Assessment of cell viability

MPC and MTT cells were plated in 96-well plates (Cellstar, 655 180, Greiner Bio-One, 

Stonehouse –Gloucestershire, UK) in a final volume of 200 μl at a density of 20 000–40 000 

cells/well and grown for 24 h. Afterwards, cells were treated with various concentrations of 

NVP-AEW541, NVP-BEZ235, everolimus or lovastatin, or a combination of NVP-BEZ235 

and NVP-AEW541 or a combination of NVP-BEZ235 and lovastatin, for different 

incubation periods (24, 48 and 72 h) in DMEM medium containing 10 ml/100 ml FBS and 

50 units/ml penicillin/50 μg/ml streptomycin. Metabolic activity was assessed by CellTiter 

96 AQueous One Solution Cell Proliferation Assay (MTS, Promega, G3580) after different 

incubation times. Following 4 h of incubation with CellTiter 96 AQueous One Solution 

Reagent (20 μl/well), the absorbance at 490 nm was recorded using a 96-well plate reader 

(Wallac Victor2, Biodirect, Taunton, MA, USA). For each MTS experiment, eight (n=8) 

independent samples per group (per time point and drug dose) have been analysed; each 

MTS experiment was repeated at least two times in an independent manner and, where 

appropriate, the results of both MTS experiments were taken together (n=8–16). All MTS 

assay cell viability results are shown as optical density units (ODU, mean±S.E.M.), which 

are linearly correlated with the cell number (R2=0·97). For the two drugs, NVP-BEZ235 and 

lovastatin, as well as for the combination of both drugs, MTS data are shown in two 

complementary ways – as ODU (mean±S.E.M.) and as the percentage of viable cells (mean

±S.E.M.) compared to the control.

Protein extraction and western blotting

For drug treatment, cells were grown in 75 cm2 cell culture flasks (Cellstar, 658 175, 

Greiner Bio-One) in DMEM medium containing 10 ml/100 ml FBS and 50 units/ml 

penicillin/50 μg/ml streptomycin until they were 80% confluent and, after two washes in 

PBS (Sigma, D8662), treated with NVP-AEW541, NVP-BEZ235 or lovastatin or a 

combination of NVP-BEZ235 and lovastatin for the indicated concentration and time in a 

total volume of 10 ml DMEM containing 10 ml/100 ml FBS and 50 units/ml penicillin/50 

μg/ml streptomycin (for treatment with NVP-AEW541) or serum-free DMEM with 50 

units/ml penicillin/50 μg/ml streptomycin (for treatment with NVP-BEZ235 or lovastatin or 

the combination of both drugs). The cells were subsequently washed two times in PBS and 

scraped into 150 μl phosphosafe lysis buffer (PhosphoSafe Extraction Reagent (Novagen, 

71296-4, VWR International, Leicestershire, UK) containing one complete protease 

inhibitor cocktail tablet per 25 ml (Roche Diagnostics, 11836145001)). Next, lysates were 

centrifuged at 15 000 g for 20 min at 4 °C; supernatants were removed and assayed for total 

protein quantification by Bio-Rad Protein Assay (Bio-Rad, 500-0006, Bio-Rad Laboratories) 

using BSA (Fisher BioR-eagents, BPE9703-100, Fisher Scientific, Leicestershire, UK) for 

the standard. Equal amounts of protein (20–75 μg) were denatured in SDS sample buffer, 

separated on NuPage 10% Bis–Tris Gel (Novex/Invitrogen, NP0301BOX, Life 

Technologies) and electrophoretically transferred onto a Hybond-P PVDF membrane 

(Amersham, RPN303F, GE Healthcare, Buckinghamshire, UK). The membrane was 

blocked in 0·5 g/10 ml skimmed milk powder (for total protein, chromogranin A (CgA) or β-

actin) or in 0·5 g/10 ml BSA (for phospho(p)-protein) in TBS/Tween 20 for 1 h at room 

temperature. Next, the membrane was incubated with the primary antibody (Table 1) diluted 
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in 0·5 g/10 ml skimmed milk powder (total protein, CgA or β-actin) or in 0·5 g/10 ml BSA 

(p-protein) in TBS/Tween 20 overnight at 4 °C. After three washes in TBS/Tween 20, the 

membrane was incubated with the secondary antibody (Table 1) in 0·5 g/10 ml skimmed 

milk powder in TBS/Tween 20 for 1 h at room temperature followed by two washes in TBS/

Tween 20 and one wash in TBS without Tween. Immunodetection was performed using the 

Odyssey infrared imaging system (LI-COR, Biosciences, Cambridge, UK). Each membrane 

was incubated and double stained with two primary antibodies (p-protein and total protein or 

CgA and β-actin). Cross-detection between analysed proteins was avoided using different 

species raised against primary antibodies. The optical density of the approximately sized 

bands was measured using the Odyssey molecular imaging software (LI-COR Biosciences). 

The relative expression of each p-protein was calculated as the ratio of p-/total protein ODU 

(mean±S.E.M.). CgA was normalised to β-actin and calculated as a ratio of CgA/β-actin 

ODU (mean±S.E.M.). For each western blot experiment, three (n=3) to four (n=4) 

independent samples per group (per time point and drug dose) have been analysed; each 

western blot experiment was repeated at least two times in an independent manner and, 

where appropriate, the results of both western blot experiments were taken together for the 

western blot graphs (usually n=6–7).

Assessment of apoptosis

Caspase-Glo 3/7 assay—MPC and MTT cells were plated in white-walled 96-well 

plates (Costar, 3610, Corning, Corning, NY, USA) in a final volume of 100 μl at a density of 

20 000 cells/well and grown for 24 h. Afterwards, cells were treated with NVP-BEZ235 or 

lovastatin or the combination of both drugs for the indicated concentration and time in 

DMEM containing 10 ml/100 ml FBS and 50 units/ml penicillin/50 μg/ml streptomycin. 

Apoptosis was measured by Caspase-Glo 3/7 Assay (Promega, G8091). After dissolving the 

lyophilised caspase substrate in the caspase buffer, 100 μl of reagent was added to each well 

in the white-walled 96-well plates. After 0·5 h, the caspase activity was measured by 

luminescence using a 96-well plate reader (Wallac Victor2, Biodirect). Eight (n=8) 

independent samples per group (per time point and drug dose) have been analysed; the 

results are shown as ODU (mean±S.E.M.).

Flow cytometry: PE Active Caspase-3 Apoptosis Kit—MPC and MTT cells were 

plated at a density of 2·5×105 cells/well in six-well plates (Cellstar, 657 160, Greiner Bio-

One) in a final volume of 2 ml DMEM medium containing 10 ml/100 ml FBS and 50 

units/ml penicillin/50 μg/ml streptomycin and were grown for 24 h. Afterwards, cells were 

treated with NVP-BEZ235 or lovastatin or the combination of both drugs for the indicated 

concentration and time. Apoptosis was measured by flow cytometry using the PE Active 

Caspase-3 Apoptosis Kit (BD Pharmingen, 550914, BD Biosciences, San Diego, CA, USA). 

Briefly, after the indicated incubation time, cells were washed once in PBS, harvested by 

gentle trypsinisation, centrifuged at 1500 g for 5 min and washed again twice in cold PBS. 

Next, each test was resuspended in 0·5 ml BD Cytofix/Cytoperm solution. Following 20 min 

of incubation on ice, cells were centrifuged at 1200 g for 5 min, washed twice in 0·5 ml BD 

Perm/Wash per sample and resuspended in 100 μl BD Perm/Wash plus 20 μl PE Rabbit 

Anti-Active Caspase-3 Antibody (BD Pharmingen, 51-68655X, BD Biosciences) per 

sample. After 30 min of incubation at room temperature, each test was washed again in 1 ml 
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BD Perm/Wash and resuspended in 0·5 ml BD Perm/Wash. Data were collected on a 

FACSCalibur flow cytometer (BD Biosciences) using CellQuest software (BD Biosciences), 

and quantitative analysis was performed using FlowJo analytical software (Tree Star, 

Ashland, OR, USA). Each experiment was repeated two times in an independent manner.

Cell cycle analysis by flow cytometry

MPC and MTT cells were plated at a density of 3×105 cells/well in six-well plates (Cellstar, 

657 160, Greiner Bio-One) in a final volume of 2 ml DMEM medium containing 10 ml/100 

ml FBS and 50 units/ml penicillin/50 μg/ml streptomycin and grown for 24 h. Afterwards, 

cells were treated with NVP-BEZ235 or lovastatin or the combination of both drugs for the 

indicated concentration and time. After the indicated incubation time, cells were washed 

once in PBS, harvested by gentle trypsinisation, centrifuged at 1500 g for 5 min and washed 

once again in cold PBS. Next, each test was resuspended in 0·5 ml of cold 70% ethanol. 

After 30 min of incubation at 4 °C, the cells were washed once in cold PBS and resuspended 

in PBS containing 50 μg/ml propidium iodide (Sigma, P4170) and 100 μg/ml RNAse 

(Sigma, R4642). After 30 min of incubation in the dark at room temperature, cell counts 

were taken using a FACSCalibur flow cytometer (BD Biosciences) using CellQuest 

software (BD Biosciences) and quantitative analysis was performed using FlowJo analytical 

software (Tree Star). Each experiment was repeated two times in an independent manner.

Statistical analysis

Statistical analysis was performed with GraphPad Prism (GraphPad Software, La Jolla, CA, 

USA). Cell viability assay (MTS) and caspase assay data were noted to be normally 

distributed (Kolmogorov–Smirnov test) and were statistically analysed by one-way ANOVA 

followed by Turkey’s multiple comparison test. Western blot data were not normally 

distributed and were analysed by the Mann–Whitney test. Statistical significance was 

defined at P≤0·05. Data are shown as mean±S.E.M.

Results

Treatment with NVP-AEW541 dose- and time-dependently decreased MPC and MTT cell 
viability

MPC and MTT cells were treated with 10 nM–100 μM NVP-AEW541 for 24–72 h and cell 

viability was assessed by MTS assay. Treatment of MPC and MTT cells with NVP-

AEW541 for 48 h significantly decreased cell viability at doses of 1 and 4 μM, respectively, 

and at higher concentrations compared with the control (P≤0·001; Fig. 1A). In MTT cells, 

this effect was already seen at 24 h, with a persistent and slightly stronger effect after 72 h 

(Fig. 1B). Similar data were found in MPC cells (ODU after 24 h: control (n=8) vs 10 μM 

NVP-AEW541 (n=8): 1·34±0·03 vs 0·69±0·02, P≤0·001; ODU after 72 h: control (n=8) vs 

10 μM NVP-AEW541 (n=8): 1·70±0·05 vs 0·55±0·01, P≤0·001).

However, relatively high doses of NVP-AEW541 were needed to show a significant effect 

on cell viability. We therefore proceeded to investigate the possible mechanism of relative 

resistance of the cells to lower doses of the IGF1 receptor inhibitor and studied the 

regulatory pathways at a suboptimal dose of 6 μM after 24 h treatment in MTT cells. Our 
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results showed that, while there was a decreased phosphorylation of AKT at this dose, there 

was an increased phosphorylation of ERK and p70S6K compared with the vehicle (Fig. 1C). 

The stimulation of ERK observed in the cell lines was lost at high doses of NVP-AEW541, 

although the stimulation of p70S6K persisted.

The significant increase in pERK and pp70S6K accompanying a significant decrease in 

pAKT after NVP-AEW541 treatment suggested that multiple pathways need to be 

antagonised to provide a robust inhibition of proliferation. Therefore, we further investigated 

the effect of the novel dual PI3K/mTORC1/2 inhibitor NVP-BEZ235 in both cell lines.

Treatment with NVP-BEZ235 dose- and time-dependently decreased MPC and MTT cell 
viability

Treatment for 24, 48 and 72 h with NVP-BEZ235 significantly and progressively more 

potently decreased MPC cell viability compared with the control (P≤0·001; Fig. 2A). These 

effects were seen at doses down to 50 nM. The cell viability curves for MPC cells are shown 

in Fig. 2B. NVP-BEZ235 treatment for 24, 48 and 72 h also significantly decreased MTT 

cell viability at doses down to 50 nM (P≤0·001) (ODU after 24 h: control (n=8) vs 50 nM 

NVP-BEZ235 (n=8): 0·94±0·02 vs 0·74±0·02, P≤0·001; ODU after 48 h: control (n=8) vs 50 

nM NVP-BEZ235 (n=8): 1·36±0·06 vs 0·99±0·03, P≤0·001; ODU after 72 h NVP-BEZ235: 

control (n=16) vs 50 nM NVP-BEZ235 (n=12): 1·47±0·08 vs 0·78±0·08, P≤0·001). 

Treatment with 1 and 10 μM NVP-BEZ235 for 48 h decreased MTT cell viability by 87 and 

100%, respectively, compared with the control. Treatment with 1 and 10 μM NVP-BEZ235 

for 72 h reduced MTT cell viability by 98 and 100%, respectively, compared with the 

control. Treatment of MPC cells with 100 nM NVP-BEZ235 for 24 h significantly 

decreased pAKT and pp70S6K levels but significantly increased pERK levels compared 

with the vehicle (Fig. 2C).

As a typical biochemical marker, chromaffin cells of the adrenal medulla contain CgA, 

which is co-released with adrenaline and noradrenaline from the secretory dense core 

granules. Therefore, CgA expression is a useful tool to prove the neuroendocrine 

characteristics of PCC cells. CgA is the best existing tumour marker for neuroendocrine 

tumours (NETs) in general and is also especially a good clinical marker for PCCs and PGLs 

with an association with malignancy and tumour load. Moreover, alterations in CgA level 

may be useful clinical predictors of treatment success. Therefore, we further investigated the 

influence of this drug showing efficacy in vitro on CgA protein levels. We detected both 50 

and 71 kDa fragment of CgA in both non-treated and treated MPC cells: the protein level of 

the 50 kDa fragment was significantly diminished, while the 71 kDa fragment remained 

constant after treatment with 100 nM NVP-BEZ235 for 24 h compared with the vehicle 

(Fig. 2D).

NVP-BEZ235 compared to everolimus

To see whether the effects of NVP-BEZ235 were mainly related to inhibition of the 

mTORC1 pathway, we compared its potential with the specific mTORC1 inhibitor, 

everolimus (Fig. 3). We found that 50–500 nM NVP-BEZ235 and everolimus were broadly 

similar, although at higher doses (1 μM) NVP-BEZ235 was slightly more effective.
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The combination of low doses of NVP-BEZ235 with NVP-AEW541

As both NVP-AEW541 and NVP-BEZ235 led to a decrease in cell viability but there was 

increased phosphorylation of ERK1/2 in both cases, we speculated that there would be little 

effect in combining these two agents. Indeed, while there was a statistically significant 

additive effect in MPC cells after combination treatment with 6 μM NVP-AEW541 and 50 

or 100 nM NVP-BEZ235 for 24 h, this was quite modest and the combination was not 

materially different to each drug separately (ODU after 24 h: control (n=8) vs 6 μM NVP-

AEW541 (n=8): 0·85±0·004 vs 0·79±0·01, P≤0·01; control (n=8) vs 50 nM (100 nM) NVP-

BEZ235 (n=8): 0·85±0·004 vs 0·79±0·01 (0·78±0·01), P≤0·001; 6 μM NVP-AEW541 (n=8) 

vs 6 μM NVP-AEW541 plus 50 nM (100 nM) NVP-BEZ235 (n=8): 0·79±0·01 vs 

0·72±0·005 (0·71±0·004), P≤0·001; 50 nM (100 nM) NVP-BEZ235 (n=8) vs 6 μM NVP-

AEW541 plus 50 nM (100 nM) NVP-BEZ235 (n=8): 0·79±0·01 (0·78±0·01) vs 0·72±0·005 

(0·71±0·004), P≤0·001).

Lovastatin as an ERK inhibitor

Lovastatin is an established, safe and well-tolerated drug that has recently been described to 

have anti-tumour potential and to inhibit both ERK and AKT signalling in vitro in different 

cancer cell lines and in vivo in animal models. Consequently, we investigated the effect of 

lovastatin in both PCC cell lines.

We found that 24 h treatment with lovastatin did not affect MPC (Fig. 4A) or MTT cell 

viability. However, 48 h treatment with 20 μM lovastatin and 72 h treatment with 5 μM 

lovastatin significantly decreased MPC cell viability compared with the control (P≤0·001 

and P≤0·01 respectively; Fig. 4A). The cell viability curves for MPC cells are shown in Fig. 

4B. A significant decrease in MTT cell viability was observed at a dose of 20 μM after 48 h 

treatment and at a dose of 10 μM after 72 h treatment (ODU after 48 h: control (n=8) vs 20 

μM lovastatin (n=8): 1·21±0·04 vs 0·90±0·02, P≤0·001; ODU after 72 h: control (n=8) vs 10 

μM lovastatin (n=8): 1·35 ±0·04 vs 1·09±0·04, P≤0·001). Treatment with 40 μM lovastatin 

for 48 and 72 h decreased MTT cell viability by 79 and 83%, respectively, compared with 

the control. At doses higher than 40 μM, lovastatin crystallised in FBS-containing media and 

was therefore cytotoxic.

Treatment of MPC cells with 10 μM lovastatin for 72 h significantly decreased pAKT and 

pERK but significantly increased pp70S6K compared with the vehicle (Fig. 4C). In addition, 

both the 50 and 71 kDa fragments of CgA were significantly diminished after treatment with 

10 μM lovastatin for 72 h compared with the vehicle (ratio CgA/β-actin: vehicle (n=3) vs 10 

μM lovastatin (n=3): 71 kDa fragment of CgA: 0·018±0·0008 vs 0·0073±0·002, P≤0·05; 50 

kDa fragment of CgA: 0·003±0·0006 vs 0·0002±0·0001, P≤0·05).

The combination of NVP-BEZ235 and lovastatin

As lovastatin significantly decreased MPC and MTT cell viability and significantly inhibited 

AKT and ERK signalling, we next investigated whether the combination of lovastatin with 

NVP-BEZ235 would reveal an additive effect on cell proliferation inhibition. Lovastatin 

was added 24 h before the combination treatment for 48 h. In MPC cells, we observed a 

significant additive effect for the combination of 10 μM lovastatin with 50 or 100 nM NVP-
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BEZ235 (P≤0·001; Fig. 5A and B). In MTT cells, a significant additive effect was also 

shown by combining 10 μM lovastatin with 50 nM NVP-BEZ235 (ODU: control (n=8) vs 

10 μM lovastatin (n=8): 1·23±0·06 vs 0·88±0·02, P≤0·001; control (n=8) vs 50 nM NVP-

BEZ235 (n=8): 1·23±0·06 vs 0·88±0·02, P≤0·001; 10 μM lovastatin (n=8) vs 10 μM 

lovastatin plus 50 nM NVP-BEZ235 (n=8): 0·88±0·02 vs 0·73±0·02, P≤0·05; 50 nM NVP-

BEZ235 (n=8) vs 10 μM lovastatin plus 50 nM NVP-BEZ235 (n=8): 0·88±0·02 vs 0·73 

±0·02, P≤0·05). Single treatment with 10 μM lovastatin for 72 h reduced MTT cell viability 

by 54% compared with the control. Single treatment with 50 nM NVP-BEZ235 for 48 h also 

reduced MTT cell viability by 54% compared with the control. Treatment with 50 nM NVP-

BEZ235 in combination with 10 μM lovastatin for 48 h decreased MTT cell viability by 

77% compared with the control. Pretreat-ment of MPC cells with 10 μM lovastatin for 48 h 

followed by the addition of 50 nM NVP-BEZ235 for 24 h significantly decreased pAKT and 

pp70S6K compared with the vehicle and also prevented pERK up-regulation previously 

induced by the single NVP-BEZ235 treatment (Fig. 5C). Moreover, pretreatment with 10 

μM lovastatin for 48 h followed by the addition of 50 nM NVP-BEZ235 for 24 h 

significantly decreased both the 50 and 71 kDa fragments of CgA in MPC cells compared 

with the vehicle (Fig. 5D).

Measurement of apoptosis

No apoptosis induction was seen after single NVP-BEZ235 treatment in MTT cells. By 

contrast, lovastatin treatment significantly increased apoptosis compared with the vehicle. 

Combination treatment in turn slightly decreased the apoptosis seen with lovastatin 

treatment alone with increasing doses of NVP-BEZ235 but significantly increased apoptosis 

compared with single treatment with NVP-BEZ235 (Fig. 6A). These results were confirmed 

using flow cytometry to assess the percentage of active caspase-3-positive cells; NVP-

BEZ235 treatment alone did not induce apoptosis, while lovastatin massively increased 

apoptosis compared with the vehicle. The combination treatment slightly decreased 

apoptosis compared with single lovastatin treatment but increased apoptosis compared with 

NVP-BEZ235 treatment alone. The results for MTT cells are shown in Fig. 6B. MPC cells 

showed a similar pattern with slightly less apoptosis induction compared with the vehicle 

after treatment with lovastatin alone and the drug combination (data not shown).

Cell cycle

Lovastatin and NVP-BEZ235 separately decreased the percentage of cells in the S-phase 

with a marked additive effect when both drugs were combined and concomitantly increased 

the percentage of cells in the G0/G1-phase. These data indicate that lovastatin and NVP-

BEZ235 separately induce cell cycle arrest in the G0/G1 phase with a markedly stronger 

effect after combination treatment. The data for the MPC cells are shown in Fig. 7, and 

similar results were found for MTT cells (data not shown).

Discussion

In this study, we have investigated potential novel therapeutic agents for treating malignant 

PCCs/PGLs: these are at present frequently fatal due to a lack of a completely effective 

therapy. For this purpose, we used two novel mouse PCC cell lines – one less aggressive 
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(MPC) and one more aggressive (MTT) (Powers et al. 2000, Martiniova et al. 2009). There 

are no human PCC cell lines available at present to study the pathogenesis of PCC and PGL. 

Therefore, we used two complementary mouse PCC cell lines – MPC and MTT – to 

investigate new molecular targeted therapy options. While this is probably the most suitable 

cell line model currently available, it has to be critically considered that both cell lines have 

been generated on the same genetic NF1 knockout background, which limits the 

interpretation and generalisation of the data. Therefore, the conclusions made from this 

study may not be completely transferable to all PCCs/PGLs from different genetic 

backgrounds, although we would suggest that they may well be applicable to human 

tumours based on cluster 2 mutations.

Inhibition of IGF1 receptor: NVP-AEW541

The IGF1 receptor is a receptor tyrosine kinase. IGF1 has been reported to be a regulator of 

NET growth by stimulating PI3K/AKT, RAS/RAF/ERK and mTORC1/p70S6K signalling 

pathways (von Wichert et al. 2000), which are especially altered as a consequence of cluster 

2-related PCC/PGL susceptibility gene mutations (Viskochil et al. 1990, Mulligan et al. 

1993, Powers et al. 2000, 2007, Dahia et al. 2005a, Schlisio et al. 2008, Qin et al. 2010, 

Burnichon et al. 2011, Comino-Mendez et al. 2011). Furthermore, TMEM127-mutant PCCs, 

which are transcriptionally related to NF1-mutant PCCs, were amongst others enriched in 

IGF1 receptor signalling pathways (Astuti et al. 2003), and the IGF1 receptor has been 

reported to be over-expressed in human PCCs (Fottner et al. 2006). The novel IGF1 receptor 

inhibitor NVP-AEW541 has been shown to attenuate proliferation in human NET cell lines 

of midgut, pancreatic and bronchial origin and in primary cultures of human NETs and 

breast cancer cells by inhibiting PI3K/AKT, RAS/RAF/ERK and mTORC1/p70S6K 

signalling (Hopfner et al. 2006, Serra et al. 2008, Zitzmann et al. 2010). Therefore, we 

examined the effect of NVP-AEW541 on PCC cells. Unexpectedly, relatively high doses 

were needed to show an apparent effect, i.e. at least 2 μM after 72 h treatment of MTT cells. 

By investigating the mechanism of resistance of the cell at lower drug doses, we found that a 

sustained inhibition of AKT at suboptimal doses of NVP-AEW541 was accompanied by up-

regulation of ERK and mTORC1/p70S6K signalling (relative resistance). Activated AKT 

can inhibit growth factor-induced RAF activity and RAF/MEK/ERK signalling, possibly 

explaining the activation of ERK in response to AKT inhibition (Zimmermann & Moelling 

1999, Guan et al. 2000). ERK activation has previously been described in response to 

PI3K/AKT inhibition in breast cancer cells and has been suggested as the cause of resistance 

to IGF1 receptor inhibitor therapy in Ewing sarcoma patients after an initial response (Serra 

et al. 2011, Subbiah et al. 2011). The observed mTORC1/p70S6K activation also 

demonstrates a mechanism of resistance to growth factor receptor blockade. We therefore 

concluded that there was a need to target multiple signalling pathways to enhance efficacy. 

Consequently, we further investigated the potential of dual PI3K/mTORC1/2 inhibitor NVP-

BEZ235 in both PCC cell lines.

Dual PI3K/mTORC1/2 inhibitor NVP-BEZ235

The dual PI3K/mTORC1/2 inhibitor NVP-BEZ235 showed high anti-tumour potential 

already at low doses; even 50 nM NVP-BEZ235 led to a significant decrease in MPC and 

MTT cell viability after 24 h of treatment. Treatment with 100 nM NVP-BEZ235 for 24 h 
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that significantly inhibited PI3K/AKT and mTORC1/p70S6K signalling, however, led to a 

significant up-regulation of ERK signalling, which may be considered as a potential 

mechanism of resistance to this drug. ERK up-regulation in response to NVP-BEZ235 

treatment has already been described in human NET cell lines (Zitzmann et al. 2010). As 

another potential mechanism of resistance to low doses of NVP-BEZ235, Serra et al. 

reported activation of AKT signalling in breast cancer cells after 48 h treatment with low 

doses (10–100 nM) of NVP-BEZ235, mTORC1/p70S6K inhibition remained stable. This 

AKT activation in breast cancer cells could be prevented by addition of the IGF1 receptor 

inhibitor NVP-AEW541 in that study (Serra et al. 2008). We found sustained AKT 

inhibition after 24 h treatment with 100 nm NVP-BEZ235. However, in our study, treatment 

of MPC cells with both NVP-BEZ235 and NVP-AEW541 individually led to an increase in 

ERK1/2 signalling. We therefore suspected that combining both drugs might have little 

effect in MPC cells due to an escape mechanism via ERK signalling. Although we were able 

to show an additive effect of the combination of NVP-BEZ235 with NVP-AEW541 on MPC 

cell viability, this effect was not remarkably different from each drug separately. Moreover, 

the similar effect of the single mTORC1 inhibitor everolimus and the dual PI3K/mTORC1/2 

inhibitor NVP-BEZ235 at lower doses argued for a greater relative importance of mTORC1 

inhibition compared with a modest effect of additional AKT inhibition. However, both 

single mTORC1 inhibition and dual PI3K/mTORC1/2 inhibition have been shown to result 

in ERK activation (Carracedo et al. 2008, Zitzmann et al. 2010). Consistent with these 

findings, breast cancer cells affected by PTEN loss of function or KRAS mutations were 

resistant to NVP-BEZ235, partly due to ERK pathway activity (Brachmann et al. 2009). 

Interestingly, NVP-BEZ235 did not induce apoptosis, which is consistent with the observed 

ERK up-regulation and the previously reported VEGF up-regulation after NVP-BEZ235 

treatment (Zitzmann et al. 2010) as ERK activation has been described to prevent apoptosis, 

for example in traumatic brain injury models via a VEGF-dependent mechanism (Ma et al. 

2011). Conversely, we found an inhibitory effect on the cell cycle with an induction of G1 

arrest after NVP-BEZ235 treatment in MPC and MTT cells. It has also previously been 

shown in non-functioning pituitary adenoma that NVP-BEZ235 only displayed a cytostatic 

action, inhibiting cell proliferation with G1-phase cell-cycle arrest but no apoptosis (Lee et 

al. 2011). Accordingly, we concluded that the best additional effect might be achieved by 

combining dual inhibition of PI3K/mTORC1/2 with an ERK inhibitor.

Lovastatin as an ERK inhibitor

Statins have been reported to have a remarkable anti-tumour potential and induce apoptosis 

in many cancer cells lines of different origin, as previously summarised (Holstein et al. 

2006), such as leukaemia, breast, ovarian, cervical, prostate, colon, pancreatic, squamous 

epithelial, lung, mesothelioma and brain cancer cell lines by inhibiting the PI3K/AKT and 

ERK signalling pathways as well as VEGF and EGF receptor functions (Mantha et al. 2005, 

Dimitroulakos et al. 2006, Cemeus et al. 2008, Park et al. 2010, Zhao et al. 2010). We 

therefore speculated that lovastatin may be an interesting therapeutic agent for both cluster 1 

(VHL, SDHx and PHD, associated with VEGF receptor signalling dysregulation) and cluster 

2 (RET, NF1, KIF1Bb, MAX, TMEM127, related to PI3K/AKT, mTORC1/p70S6K and 

RAS/RAF/ERK signalling dysregulation) mutated PCCs/PGLs. Statins have never 

previously been tested in any NET or PCC cell line. Lovastatin is an inhibitor of 3-
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hydroxy-3-methylglutaryl-CoA reductase (HMG-CoA reductase). The HMG-CoA reductase 

pathway is, amongst others, responsible for isoprenylation (geranyl-geranylation and 

farnesylation respectively) of the RHO and RAS family of G proteins, their localisation to 

the inner surface of the cell membrane and their function. There are substantial interactions 

between RHO, RAS and RAC pathways: RHO proteins are typically geranylgeranylated and 

RAS proteins farnesy-lated, as previously reviewed (Demierre et al. 2005). PCC-promoting 

gene mutations, especially cluster 2 mutations of RET and NF1, have been associated with 

constitutive activation of RAS/RAF/ERK signalling, as recently reviewed (Nölting & 

Grossman 2012). It has previously been shown that lovastatin induces apoptosis in acute 

myelogenous leukaemia (AML) cells, probably at least in part due to a significant down-

regulation of pERK1/2 (Wu et al. 2004), consistent with our findings in PCC cells. We also 

found that lovastatin significantly dose- and time-dependently decreased MPC and MTT cell 

viability and induced apoptosis, probably in part by inhibiting both ERK and AKT 

signalling as a possible consequence of lovastatin-induced disruption of RAS or/and RHO 

signalling. Addition of geranylgeranyl pyrophosphate reversed lovastatin-induced apoptosis 

and loss of ERK1/2 phosphorylation in AML cells (Wu et al. 2004). This may be explained 

by the fact that RAS proteins can be alternatively geranylgeranylated in the presence of 

farnesyl protein transferase inhibitors (Whyte et al. 1997). Moreover, RHO seems to be 

necessary for RAS-induced tumourigenesis (Olson et al. 1998), and dominant-active RHOA 

also reversed lovastatin-induced apoptosis and, in part, statin-induced down-regulation of 

the anti-apoptotic protein BCL2 (Demierre et al. 2005). Thus, inhibition of ERK1/2 

signalling and induction of apoptosis by lovastatin may be due to a HMG-CoA-dependent 

mechanism involving loss of isoprenylation of RAS or/and RHO family proteins. It has 

previously been described that statins induced apoptosis to a greater degree in malignant 

than in non-malignant cells (Wong et al. 2002, Wu et al. 2004), possibly because of the 

higher expression of HMG-CoA reductase in malignant cells and a greater dependence on 

mevalonate-derived isoprenoids of malignant cells compared with benign cells (Hentosh et 

al. 2001). Accordingly, we also found that lovastatin induced apoptosis to a greater degree 

in MTT than in MPC cells compared with the vehicle (data not shown). Induction of a 

constitutively active RAF/MEK/ERK pathway in AML cells significantly repressed, but did 

not completely abrogate, lovastatin-induced apoptosis (Wu et al. 2004). These findings are 

in agreement with our conclusion that down-regulation of ERK signalling may at least be 

part of the pro-apoptotic effect of lovastatin. Consistent with our results of increased 

caspase-3/7 activity after lovastatin treatment, activation of caspases has previously been 

described to be involved in statin-induced apoptosis (Marcelli et al. 1998, Cafforio et al. 

2005, Follet et al. 2012). Cell proliferation inhibition by statins through down-regulation of 

CDK2, aurora kinases A and B, and cyclins A, B1 and D1 and up-regulation of the cell 

cycle inhibitors p21CIP1 and p27 has also previously been documented. These effects have 

been found to be both HMG-CoA dependent and HMG-CoA independent (Jakobisiak et al. 

1991, Crick et al. 1998, Rao et al. 1999, Park et al. 2001, Ukomadu & Dutta 2003, Follet et 

al. 2012). Statins inhibited the cell cycle by the induction of G1/S arrest and/or G2/M arrest 

in several different cell lines (Maltese & Sheridan 1985, Jakobisiak et al. 1991, Crick et al. 

1998, Park et al. 2001). We also found a G1 phase cell cycle arrest after lovastatin treatment 

in MPC and MTT cells.
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While only poorly effective on their own against different malignancies in humans, 

lovastatin and other statins have been found to remarkably augment the effectiveness of 

different chemotherapeutics such as doxorubicin, cisplatin, cytosine arabinoside, paclitaxel, 

5-fluorouracil and tumour necrosis factor-α (Holstein et al. 2006), as well as of VEGF and 

EGF receptor inhibitors such as gefitinib (Mantha et al. 2005, Dimitroulakos et al. 2006, 

Cemeus et al. 2008, Park et al. 2010, Zhao et al. 2010). The previously reported poor 

efficacy of single lovastatin treatment in different malignancies in humans may in part be 

explained by the increase in mTORC1/p70S6K signalling after lovastatin treatment, as 

observed in this study. The lovastatin doses needed to show a significant effect on PCC cell 

viability (5 and 10 μM for 72 h, respectively, in MPC and MTT cells) are not exceptionally 

high compared with other cell lines treated with lovastatin and may be therapeutically 

relevant (plasma lovastatin bioactivity levels up to 12·3 μM are achievable in humans 

without reaching a dose-limiting toxicity; Holstein et al. 2006). In the majority of cell lines, 

doses of 5–30 μM lovastatin for 36–96 h were required to induce apoptosis (Holstein et al. 

2006). Similar high doses were needed for the RAF1 inhibitor Raf265 to show an effect in 

three different human NET cell lines (Zitzmann et al. 2010).

Consistent with our conclusion that ERK1/2 inhibition by lovastatin is at least partly 

responsible for apoptosis induction in PCC cells, Zitzmann et al. (2010) also showed a 

significant decrease in cell viability, inhibition of cell proliferation and induction of 

apoptosis in human midgut (GOT), pancreatic (BON) and broncho-pulmonary (H727) NET 

cell lines through RAF/MEK/ERK1/2 pathway inhibition with the RAF1 inhibitor RAF265: 

interestingly, there was no correlation between measured basal ERK activity and sensitivity 

to RAF265. In several other solid tumours such as breast and prostate cancer (Carracedo et 

al. 2008, Kinkade et al. 2008) and in leukaemia (Steelman et al. 2008), RAF/MEK/ERK 

pathway inhibition, especially in combination with mTOR inhibition, has also been found to 

have crucial anti-tumour potential (Grant 2008, Ricciardi et al. 2012). Moreover, it has 

recently been reported that generation of reactive oxygen species and downstream activation 

of RAS/RAF/ERK and RAS/PI3K pathways by silibinin could prevent apoptosis in PCC 

(PC12) cells (Liu et al. 2011). As discussed in detail earlier, lovastatin has already been 

postulated to induce apoptosis at least in part through ERK1/2 inhibition, as constitutively 

active RAF/MEK/ERK signalling significantly repressed lovastatin-induced apoptosis (Wu 

et al. 2004). By contrast, it has been reported that RAF1 activation led to a significant 

decrease in secretion from medullary thyroid carcinoma cells (decrease of CgA and 

calcitonin), human pancreatic (BON) and human pulmonary (H727) NET cells (Sippel & 

Chen 2002, Sippel et al. 2003a,b, Cook et al. 2010). Interestingly, this effect could be 

inhibited by MEK inhibitors that, however, did not influence ERK1/2 phosphorylation, 

implicating an ERK1/2-independent pathway (Sippel et al. 2003a,b). While Sippel et al. 

(2003b) found that RAF1 activation did not to influence human pancreatic (BON) NET cell 

growth, other studies suggested that the RAF1 activator ZM336372 (as well as the drugs 

leflunomide and teriflunomide – both also associated with RAF1 pathway activation) 

suppressed the growth of human pulmonary (H727) and human pancreatic (BON) NET cells 

in vitro; for leflunomide and teriflunomide, this was also shown in vivo (Van Gompel et al. 

2005, Cook et al. 2010). The in vivo reduction in development and growth of human 

medullary thyroid carcinomas through RAF1 activation has also been reported (Vaccaro et 
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al. 2006). Moreover, 100 μM and higher doses of the RAF1 activator ZM336372 have been 

reported to significantly decrease PCC (PC12) cell viability (Kappes et al. 2006). 

Nevertheless, at an effective dose of 100 μM ZM336372, no ERK1/2 up-regulation could be 

detected by western blotting. While at a dose of 200 μM a strong increase in ERK1/2 

phosphorylation was detected, ERK1/2 phosphoryl-ation slightly decreased again at a higher 

dose of 300 μM (Kappes et al. 2006). Thus, in this case, other signalling pathways may be 

involved in the anti-tumour potential of this drug. Interactions between the PI3K, 

mTORC1/2 and the RAF/MEK/ERK pathway have already been described (Grant 2008, 

Nölting & Grossman 2012). Therefore, interactions of these pathways must also be 

considered. Indeed, mTORC1 inhibition has been reported to lead to RAF/MEK/ERK 

pathway activation (Carracedo et al. 2008). In these and other studies (Zitzmann et al. 

2010), the dual PI3K/mTORC1/2 inhibitor NVP-BEZ235 displayed anti-tumour potential 

and, at the same time, led to ERK1/2 up-regulation. However, additional RAF1/MEK/

ERK1/2 pathway inhibition by the RAF1 inhibitor RAF265 enhanced its anti-tumour 

potential in three different human NET cell lines (BON, H727 and GOT; Zitzmann et al. 

2010). Moreover, synergistic anti-tumour effects of the mTORC1 inhibitor RAD001 and 

MEK inhibitors have very recently been reported in two different human NET cell lines 

(H727 and COLO320; Iida et al. 2012). Therefore, the critical role of RAF/MEK/ERK1/2 

activation should be regarded, especially in the context of resistance to PI3K or/and 

mTORC1/2 inhibitors. In summary, both induced up-regulation and inhibition of the 

RAF/MEK/ERK signalling pathway may disturb ‘optimally balanced’ basal ERK activity in 

the tumour cell and lead to a decrease in cell viability. However, it may be therapeutically 

important to at least prevent the endogenous ‘compensatory’ ERK up-regulation of the 

tumour cell in response to PI3K or/and mTORC1/2 inhibitors and avoid this possible 

mechanism of resistance.

Combination of lovastatin and NVP-BEZ235

Pretreatment with 5 and 10 μM lovastatin, respectively, for 24 h has recently been shown to 

inhibit VEGF and EGF receptor signalling in vitro (by inhibiting ligand-binding-induced 

endocytosis), thus leading to compensatory up-regulation of VEGF and EGF receptors 

making tumour cells in vitro more susceptible to VEGF and EGF receptor inhibition by 

tyrosine kinase inhibitors such as gefitinib (Dimitroulakos et al. 2006, Holstein et al. 2006, 

Zhao et al. 2010). Therefore, we used the same treatment conditions and pretreated MPC 

and MTT cells for 24 h with lovastatin followed by combination treatment with lovastatin 

and NVP-BEZ235 for 48 h; we found that combination treatment showed a significantly 

stronger effect than each drug separately, probably due to the significant inhibition of 

PI3K/AKT and mTORC1/p70S6K signalling and the loss of ERK up-regulation. Consistent 

with these findings, it has previously been reported that lovastatin can overcome gefitinib 

resistance in KRAS-mutated non-small cell lung cancer by down-regulation of RAS, which 

results in suppression of both RAF/ERK and AKT signalling (Park et al. 2010).

Combination treatment with lovastatin and NVP-BEZ235 significantly increased apoptosis 

compared with single treatment with NVP-BEZ235 but slightly decreased apoptosis 

compared with lovastatin treatment alone. Thus, inhibition of ERK appears to specifically 

increase apoptosis. However, the observed decrease in MPC and MTTcell viability after 
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single NVP-BEZ235 treatment does not seem to be due to apoptosis induction. Apoptosis 

induction is likely to be prevented by an escape mechanism via ERK up-regulation after 

single treatment with NVP-BEZ235. Therefore, the observed effect of less apoptosis 

induction after combination treatment compared with single lovastatin treatment may be 

partly due to a higher remaining ERK activity after combination treatment compared with 

single lovastatin treatment and possibly the enhanced cytostatic effects after additional 

NVP-BEZ235 treatment render cells less sensitive to pro-apoptotic stimuli. The combination 

treatment of lovastatin with NVP-BEZ235 markedly increased the inhibitory effect on the 

cell cycle with an induction of G1 arrest compared with each drug separately. This makes 

the idea of combination treatment with low doses of NVP-BEZ235 and lovastatin even more 

interesting as a therapeutic manipulation. Accordingly, combination treatment with 10 μM 

lovastatin plus 50 nM NVP-BEZ235 reduced cell viability more effectively than single 

treatment with 10 μM lovastatin alone (by 95 vs 75% in MPC cells, by 77 vs 54% in MTT 

cells) and also decreased cell viability more potently than single treatment with 50 nM NVP-

BEZ235 (by 95 vs 78% in MPC cells, by 77 vs 54% in MTT cells).

Comparison of MPC and MTT cells

Both cell lines showed broadly similar responses to all drugs tested. Lovastatin-induced 

apoptosis (caspase-3/7 activation) was slightly stronger in MTT than in MPC cells compared 

with the vehicle, which may be due to a higher requirement of mevalonate-derived 

isoprenoids in malignant cells compared with benign cells because of higher HMG-CoA 

expression (Hentosh et al. 2001; see also under Discussion, ‘Lovastatin as an ERK 

inhibitor’).

Conclusions

Several possible ‘mechanisms of resistance’ to different drugs have been observed in PCC 

cells in this study: PI3K/AKT inhibition by NVP-AEW541 was accompanied by ERK and 

mTORC1/p70S6K activation, dual PI3K/mTORC1/2 inhibition by NVP-BEZ235 was 

associated with ERK activation and inhibition of both AKT and ERK by lovastatin was 

accompanied by mTORC1/p70S6K activation. Regarding these potential mechanisms of 

interaction between PI3K/AKT, RAS/RAF/ERK and mTORC1/p70S6K signalling, we 

speculated that inhibition of one or two of these pathways alone may be associated with the 

activation of the remaining ones. This, indeed, argues for a therapeutic approach that targets 

PI3K/AKT, mTORC1, mTORC2 and ERK at the same time, and we have shown that this is 

the case in these PCC cell lines. However, further in vivo studies will be necessary before 

the use of such combinations can be explored in clinical practice.
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Figure 1. 
NVP-AEW541. Cell viability after treatment with different concentrations of NVP-

AEW541 was assessed by the MTS cell viability assay. MTS assay results are shown as 

ODU (mean±S.E.M.), which are linearly correlated with the cell number (R2=0·97). (A) 

There was a dose-dependent decrease in cell viability in MPC and MTT cells after 48 h 

treatment with NVP-AEW541 (MPC (48 h): ODU: control (n=8) vs ≥1 μM NVP-AEW541 

(n=8 for each condition), ***P≤0·001; MTT (48 h): ODU: control (n=8) vs ≥4 μM NVP-

AEW541 (n=8 for each condition), ***P≤0·001; 100 μM vehicle: 1% DMSO). (B) The 

time-dependent effect of NVP-AEW541 in MTT cells: 4 μM NVP-AEW541 and higher 

concentrations significantly reduced MTT cell viability after 24 h treatment (n=8 for each 

condition, *P≤0·05, ***P≤0·001): 50% of this dose (2 μM) and higher doses significantly 

reduced MTT cell viability after 72 h treatment (n=8 for each condition, **P≤0·01, 

***P≤0·001). (C) Phospho (p-) and total (t) protein expressions of AKT, ERK and p70S6K 

after treatment with suboptimal doses of NVP-AEW541 assessed by western blotting. The 

relative expression of each p-protein was calculated as the ratio of p-/t protein: 24 h 
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treatment of MTT cells with 6 μM NVP-AEW541 significantly decreased pAKT levels but 

significantly increased pERK and pp70S6K levels compared with the vehicle (ratio pAKT/

tAKT, ratio pERK/tERK, ratio pp70S6K/tp70S6K: vehicle (n=3) vs 6 μM NVP-AEW541 

(n=3), *P≤0·05).
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Figure 2. 
NVP-BEZ235. Cell viability after treatment with different concentrations of NVP-BEZ235 

was assessed by the MTS cell viability assay. MTS assay results are shown as ODU (mean

±S.E.M.), which are linearly correlated with the cell number (R2=0·97) (A), and as the 

percentage of viable cells (mean±S.E.M.) compared with the control (B). (A) There was a 

dose- and time-dependent decrease in MPC cell viability after treatment with NVP-BEZ235. 

Treatment for 24, 48 and 72 h with 50 nM or higher concentrations of NVP-BEZ235 

significantly decreased MPC cell viability compared with the control (MPC (24 h): ODU: 

control (n=8) vs 50 nM NVP-BEZ235 (n=8), *P≤0·05; control (n=8) vs ≥100 nM NVP-

BEZ235 (n=8 for each condition), **P≤0·01; control (n=8) vs 1 μM NVP-BEZ235 (n=8), 

***P≤0·001; MPC (48 and 72 h): ODU: control (n=8) vs ≥50 nM NVP-BEZ235 (n=8 for 

each condition), ***P≤0·001). (B) MPC cell viability curves for 48 and 72 h treatment with 

NVP-BEZ235 (n=8 for each condition). The x-axis shows the drug concentrations as 
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log[M] : 48 h treatment with 1 and 10 μM NVP-BEZ235 decreased MPC cell viability by 96 

and 100%, respectively, compared with the control (P≤0·001); 72 h treatment with 1 and 10 

μM NVP-BEZ235 reduced MPC cell viability by 100% compared with the control 

(P≤0·001). (C) Phospho (p-) and total (t) protein expression of AKT, ERK and p70S6K after 

treatment with NVP-BEZ235 assessed by western blotting. The relative expression of each 

p-protein was calculated as the ratio of p-/t protein: 24 h treatment of MPC cells with 100 

nM NVP-BEZ235 significantly diminished pAKT and pp70S6K levels but significantly 

increased pERK levels compared with the vehicle (ratio pAKT/tAKT: vehicle (n=6) vs 100 

nM NVP-BEZ235 (n=6), **P≤0·01; ratio pERK/tERK: vehicle (n=6) vs 100 nM NVP-

BEZ235 (n=6), *P≤0·05; ratio pp70S6K/tp70S6K: vehicle (n=3) vs 100 nM NVP-BEZ235 

(n=3), *P≤0·05). (D) CgA expression assessed by western blotting. The relative expression 

of CgA was calculated as the ratio of CgA/β-actin: 24 h treatment of MPC cells with 100 

nM NVP-BEZ235 significantly decreased the 50 kDa fragment of CgA compared with the 

vehicle (left panel, ratio CgA/β-actin: vehicle (n=3) vs 100 nM NVP-BEZ235 (n=3), 

*P≤0·05) while the 71 kDa fragment of CgA (right panel, ratio CgA/β-actin: vehicle (n=3) 

vs 100 nM NVP-BEZ235 (n=3), P=0·2) remained constant.
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Figure 3. 
NVP-BEZ235 vs everolimus (RAD001). MTS assay results are shown as ODU (mean

±S.E.M.), which are linearly correlated with the cell number (R2=0·97). At higher doses (1 

μM), NVP-BEZ235 showed significantly higher efficacy than everolimus (RAD001) in both 

cell lines. At lower doses (50–500 nM), both drugs showed similar efficacy in both cell 

lines. At very low doses (10 nM), everolimus was more effective than NVP-BEZ235 (n=8 

for each condition, *P≤0·05, **P≤0·01 and ***P≤0·001).
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Figure 4. 
Lovastatin. Cell viability after treatment with different concentrations of lovastatin was 

assessed by the MTS cell viability assay. MTS assay results are shown as ODU (mean

±S.E.M.), which are linearly correlated with the cell number (R2=0·97) (A) and as 

percentage of viable cells (mean±S.E.M.) compared with the control (B). (A) There was a 

dose- and time-dependent decrease in MPC cell viability after lovastatin treatment: 24 h 

treatment did not affect cell viability; 48 h treatment with 20 μM and 72 h treatment with 5 

μM or higher concentrations of lovastatin significantly decreased MPC cell viability (n=8 

for each condition, **P≤0·01, ***P≤0·001). (B) MPC cell viability curves for 48 and 72 h 

treatment with lovastatin compared with the control (n=8 for each condition). The x-axis 

shows the drug concentrations as log[M]. Treatment with 40 μM lovastatin for 48 and 72 h 

decreased MPC cell viability by 69 and 96%, respectively, compared with the control 

(P≤0·001). Doses higher than 40 μM could not be applied to the cells because the lovastatin 

crystallised in FBS-containing media and was therefore cytotoxic. (C) Phospho (p-) and total 

(t) protein expression of AKT, ERK and p70S6K after treatment with lovastatin assessed by 

western blotting. The relative expression of each p-protein was calculated as the ratio of p-/t 

protein: 72 h treatment of MPC cells with 10 μM lovastatin significantly decreased pAKT 
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and pERK but significantly increased pp70S6K compared with the vehicle (ratio pAKT/

tAKT: vehicle (n=6) vs 10 μM lovastatin (n=6), **P≤0·01; ratio pERK/tERK, ratio 

pp70S6K/tp70S6K: vehicle (n=3) vs 10 μM lovastatin (n=3), *P≤0·05).
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Figure 5. 
Combination treatment with lovastatin and NVP-BEZ235. Cell viability after 24 h 

pretreatment with 10 μM lovastatin followed by 48 h combination treatment with 10 μM 

lovastatin and different concentrations of NVP-BEZ235 were assessed by the MTS cell 

viability assay. MTS assay results are shown as ODU (mean±S.E.M.), which are linearly 

correlated with the cell number (R2=0·97) (A), and as the percentage of viable cells (mean

±S.E.M.) compared with the control (B). (A) 48 h combination treatment with NVP-

BEZ235 and lovastatin after 24 h pretreatment with lovastatin reduced cell viability 

significantly more effectively than each drug separately (n=8 for each condition, 

***P≤0·001). (B) MPC cell viability curves for 48 h treatment with NVP-BEZ235 alone and 

for 24 h pretreatment with lovastatin followed by 48 h combination treatment with NVP-

BEZ235 and lovastatin (n=8 for each condition, ***P≤0·001). The x-axis shows the drug 

concentrations as log[M]: 48 h single treatment with 50 and 100 nM NVP-BEZ235 reduced 

MPC cell viability by 77 and 83%, respectively, compared with the control; 48 h treatment 
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with 50 and 100 nM NVP-BEZ235 in combination with 10 μM lovastatin decreased MPC 

cell viability by 95 and 99%, respectively, compared with the control. Not shown in this 

figure, 72 h single treatment with 10 μM lovastatin reduced MPC cell viability by 74% 

compared with the control. (C) Phospho (p-) and total (t) protein expression of AKT, ERK 

and p70S6K assessed by western blotting. The relative expression of each p-protein was 

calculated as the ratio of p-/t protein. The combination of 10 μM lovastatin with 50 nMNVP-

BEZ235 for 24 h after 48 h pretreatment with 10 μM lovastatin significantly diminished 

pAKT and pp70S6K in MPC cells compared with the vehicle and prevented the pERK up-

regulation induced by single NVP-BEZ235 treatment (ratio pAKT/tAKT: vehicle (n=7) vs 

10 μM lovastatin plus 50 nM NVP-BEZ235 (n=7), ***P≤0·001; ratio pERK/tERK: vehicle 

(n=7) vs 10 μM lovastatin plus 50 nM NVP-BEZ235 (n=7), P=0·355; ratio pp70S6K/

tp70S6K: vehicle (n=6) vs 10 μM lovastatin plus 50 nM NVP-BEZ235 (n=6), **P≤0·01). 

(D) CgA expression after 48 h pretreatment with 10 μM lovastatin followed by 24 h 

combination treatment with 10 μM lovastatin and 50 nM NVP-BEZ235 assessed by western 

blotting. The relative expression of CgA was calculated as the ratio of CgA/β-actin. The 

combination treatment significantly diminished both the 50 kDa fragment of CgA (left 

panel, ratio CgA/β-actin: vehicle (n=3) vs 10 μM lovastatin plus 50 nM NVP-BEZ235 

(n=3), *P≤0·05) and the 71 kDa fragment of CgA (right panel, ratio CgA/β-actin: vehicle 

(n=3) vs 10 μM lovastatin plus 50 nM NVP-BEZ235 (n=3), *P≤0·05) compared with the 

vehicle in MPC cells.
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Figure 6. 
Assessment of apoptosis. (A) Caspase-Glo 3/7 assay results are shown as ODU (mean

±S.E.M.). Treatment with NVP-BEZ235 alone did not induce apoptosis compared with the 

vehicle in MTT cells; treatment with lovastatin alone significantly increased apoptosis 

compared with the vehicle. After combination treatment, apoptosis was decreased 

progressively with increasing doses (10–100 nM) of NVP-BEZ235 compared with 

lovastatin alone but increased compared with NVP-BEZ235 alone (n=8 for each condition, 

***P≤0·001; negative control: no cells; 10 μM vehicle: 0·1% DMSO). (B) The results of the 

Caspase-Glo 3/7 assay were confirmed by flow cytometry using the PE Active Caspase-3 

Apoptosis Kit to analyse the active caspase-3-positive cells. NVP-BEZ235 separately did 

not induce apoptosis compared with the vehicle. Lovastatin separately markedly induced 

apoptosis compared with the vehicle. The combination treatment slightly decreased 

apoptosis compared with single treatment with lovastatin but increased apoptosis compared 

with single treatment with NVP-BEZ235 (10 μM vehicle: 0·1% DMSO).
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Figure 7. 
Cell cycle. Cell cycle analysis was performed by flow cytometry. NVP-BEZ235 and 

lovastatin separately decreased the percentage of cells in the S-phase with a much stronger 

effect after combination treatment and concomitantly increased the percentage of cells in the 

G0/G1 phase.
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