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1 MOLECULAR CLASSIFICATION OF GLIOMAS
Glioblastoma (GBM) is the most common primary malignancy of the central 
nervous system and is diagnosed at a mean age of 62 years. GBM is rapidly 
progressive and leads to a poor prognosis (median survival ~5 months; 
Louis et al, 2010; Weller et al, 2005; Zhu and Parada, 2002). GBM commonly 
arises as de novo tumors although in a small fraction of the cases (10%) GBM 
develops as secondary tumor by malignant transformation of low grade 
gliomas (Ohgaki and Kleihues, 2013) at a somewhat younger age (mean 
age ~45 years) leading to a slightly better prognosis (median survival ~8 
months). 

Low grade gliomas and GBM are classified based on histologic criteria from 
low-grade lesions (grades I–II) to high-grade (grades III–IV) malignancies, 
according to the World Health Organization (WHO, www.who.int). Genetic 
profiling has improved the diagnostic accuracy, particularly in grading 
gliomas, and may support the selection of optimal treatment selection in 
gliomas with specific genetic aberrations. 

The Cancer Genome Atlas Network (Verhaak et al, 2010) defined molecular 
signatures within GBM, which are characterized by expression of lineage 
markers. Based on these markers, gliomas can be classified into classical, 
mesenchymal, proneural and neural subgroups. The proneural subtype is 
associated with the best survival rate whereas the mesenchymal and classical 
subtypes have the worse survival rates (Lin et al, 2014). More recently, the 
molecular genetic classification was refined based on mutations in the 
IDH1 gene with or without translocation of chromosomes 1p19q which 
has now led to a new WHO classification incorporating these molecular 
profiles (summarized in Figure 1, from Verhaak 2016). Classification based 
on the cell of origin or location of origin of the tumor has proven to be 
difficult although mouse models have shown that gliomas can be derived 
from two populations in the brain: (1) neural precursors cells (NPC) and (2) 
oligodendrocyte precursor cells (OPC) which give rise to histologically and 
molecularly distinct tumors. NPC-driven tumors show infiltration and are 
found in the dorsal brain, OPC-driven tumors have defined borders and 
are found in the ventral brain regions (Llaguno & Parada, 2016). 
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CURRENT GLIOBLASTOMA THERAPEUTIC OPTIONS
In a large number of tumor types including GBM, chemotherapy has been 
a welcome addition to radiotherapy, because combined treatments with 
incompletely overlapping adverse effects allowed for improved disease 
control without prohibitive toxicity and thereby provide a larger therapeutic 
window than each single modality dose escalation. Radiotherapy is the 
single most effective treatment modality for malignant glioma patients, 
both as primary treatment and as adjuvant treatment to surgery extending 
the lifespan by ~7 months, therefore serving as the most effective but 
also as important palliative treatment. Fractionated radiotherapy, with a 
total dose of 60 Gy applied is employed in daily 2 Gy fractions, 5 days per 
weeks and forms the core of the current standard regimen as based on the 
international EORTC-study by Stupp et al. (2005). Radiotherapy, commonly 
proceeded by maximal safe surgical resection, is given in combination 
the alkylating agent temozolomide (TMZ chemotherapy) followed by 
adjuvant TMZ chemotherapy for six months (Figure 2). The combination 
of radiotherapy plus TMZ extends the median overall survival time by an 
additional 2.5 months to a total of 14.6 months (Weller et al, 2005; Stupp 
et al, 2002, 2009). Since the MGMT protein is responsible for DNA repair 
in healthy cells, methylation of the promotor of this gene has turned out to 
be a good molecular predictor for the effect of TMZ in GBM patients (Hegi 
et al, 2005). 

LGm6

PA

high

low

LGm6
PA

LGm6PA

high

low
high

low

IDH wild type

IDH mutant

Mesenchymal

Classic like

LGm6-GBM/PA

GCIMPhi/low

IDH/1p19q Codel

Adult glioma

IDH Status         Classification                Histology          Survival                 Age       DNA methylation
(months)              (years) 

GBM

AS

OD

Figure 1. Classification of adult gliomas (based on 1122 patients), grouped into seven 
subtypes that can be distinguished by DNA methylation, histology, and clinical features. 
Survival shown in months, age shown in years. AS, astrocytoma; OD, oligodendroglioma. 
Modified from Verhaak et al 2016
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Clinical trials evaluating non-standard radiotherapy fractionation schedules 
for glioblastoma have not shown to improve survival but might lead to 
therapeutic benefits (Green et al. 1986; Slotman et al., 1996; Hulshof et 
al, 2000). Technical advances in radiation delivery and high conformal 
radiotherapy have increased the precision of dose delivery to the tumor 
while limiting the dose to the peritumoral normal brain (reviewed in Reznik 
et al, 2017; Gzell et al 2017). 

Surgery in GBM is particularly of value for a histological diagnosis and for 
a rapid relief of symptoms (palliative care). Resection of tumors shows a 
benefit compared to biopsy only and small, well delineated and resectable 
gliomas have a better prognosis than diffusely infiltrating gliomas that 
cannot be resected completely (Almenawer et al 2015). The advantage of 
more extensive resection comes with a price: it is associated with more 
neurological damage (Schucht et al, 2015). 

TARGETED THERAPY AGAINST GLIOBLASTOMA
Three core signaling pathways are commonly defective in GBM: the tumor 
protein p53 (TP53) pathway, retinoblastoma (RB) pathway and receptor 
tyrosine kinase (RTK) pathway (Brennan et al, 2013; Parsons et al, 2008; 
TCGA, 2008; Figure 3). Upstream genes of these pathways are altered in 
approximately 90% of GBMs where in 66% of the cases receptor tyrosine 
kinase receptors (RTKs) are amplified or mutated. The most frequently 
altered upstream regulator are EGFR (57%) and PDGFRA (10%). The protein 
transmitting signals from RTKs, Phosphoinositide 3-kinase (PI3K) and Ras, 
are commonly amplified or mutated. The respective tumor suppressors 
phosphatase and tensin homolog (PTEN, inhibiting PI3K) and NF1 (inhibiting 
RAS) are mutated or deleted, in respectively 41% and 15% of GBMs. The 

Temozolomide 75 mg/m2/d po during RT
And 15-200 mg/m2 po day 1-5/28 for 6 cycles

0                                     6     10     14     18     22     26     30 Weeks 

Concomitant TMZ/RT                      Adjuvant TMZ 
RT

TMZ

5 fractions x 2 Gy each
Total 30 fractions  (= 60 Gy)

Figure 2. Current treatment of GBM af ter maximal safe surgical resection. Af ter surgery, 
radiotherapy is indicated for 6 weeks combined with TMZ. Subsequently, adjuvant TMZ five 
days per week is indicated for at least six months. po, per os;
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Figure 3. GBM core signaling pathways underlying tumorigenesis that can be targeted 
using small molecule drugs. TP53, RB and RTK pathways are the three major players in 
GBM. Altogether these pathways enhance survival and proliferation rates, while cell cycle 
checkpoints and induction of apoptosis or senescence are circumvented. RTK, receptor 
tyrosine kinase; PI3K, Phosphoinositide 3-kinase; NF1, Neurofibromatose type 1; PTEN, 
Phosphatase and tensin homolog; MDM2, Murine double minute; p53, tumor protein p53; 
p16/CDK2NA, cyclin-dependent kinase inhibitor 2A. Apart from irradiation, drugs indicated 
in red were investigated in this thesis. Modified from Chen et al, 2012; Prados et al, 2015
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1 downstream nuclear proteins p53 and p16/Rb pathways are deregulated in 
86% and 79% of GBMs, respectively. 

Genetic alterations in all these pathways are commonly observed in the 
proneural, neural, classical or mesenchymal subtypes (see also Figure 
1, Verhaak et al, 2010); classical tumors commonly have epidermal 
growth factor receptor (EGFR) amplifications (97%) and absence of TP53 
mutations. Mesenchymal tumors commonly have deletions or mutation 
of neurofibromin 1 (NF1) gene and high expression of inflammatory and 
necrosis related factors such as tumor necrosis factor α (TNFα) and nuclear 
factor kappa β (NF-κβ). Proneural tumors commonly have amplifications 
of the platelet derived growth factor receptor (PDGFRA) and mutations in 
isocitrate dehydrogenase 1 gene (IDH1). The data by Verhaak et al. (2010) 
and Brennon et al. (2013) are a guide to aberrations that might be suitable 
for targeted interventions. Existing options for targeted therapies against 
GBM are summarized in Figure 3 which includes drugs used in this thesis 
(red color). Insight into mechanisms and driver mutations upon which a 
tumor is reliant (McLendon, 2008; Brennan et al, 2013) is expected to result 
in improved personalized therapies. 

DNA integrity/ checkpoint
Apoptosis
DNA damage/replication
AKT/MTOR
CDKs
JNK_p38
JAK/STAT
IGF/SRC/ABL
NFKB
RAS/MEK/ERK
Other

DNA damage/ 
replication

Immunotherapy

AKT/MTOR

EGFRVEGF

Multiple RTK

Bcr-Abl tyrosine 
kinase

PDGFR Alpha

Hepatocyte 
Growth Factor

Other

Figure 4. Pie chart of currently applied monotherapy targets in clinical trials (up to date 
version of Cihoric et al, 2017). 
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Particularly interesting in this context is oncogene addiction where cancer 
cells are dependent on the activity of an oncogene for their survival. 
Inhibition of this oncogene may lead to cell death or cell cycle arrest. A 
famous example is the BCR-ABL fusion oncogene, which can be targeted 
by Imatinib in chronic myelogenous leukemia (O’Brien et al, 2003).

Currently there are over 216 ongoing monotherapy trials in glioblastoma 
which includes DNA damaging compounds (23%), immunotherapy (13%), 
EGFR targeted therapy (11%), VEGF targeted therapy (8%), PI3K targeted 
therapy (3%). Of these compounds, 40% have been previously approved 
for other malignancies and the remainder being novel experimental 
therapeutics (Cihoric et al. 2017). Although these monotherapy trials are 
underway, previous monotherapy trials have been largely unsuccessful 
(reviewed in Prados et al, 2015). Three randomized phase III study using 
bevacuzimab showed a modest increase of 4 months of progression free 
survival but no significant increase of overall survival (Chinot et al, 2014; 
Gilbert et al, 2014; Taphoorn et al. 2015). 

COMBINATION THERAPIES AGAINST GLIOBLASTOMA
Since tumors are dependent on a limited number of molecular mechanisms 
for their survival and proliferation as shown by Hanahan and Weinberg, 
2011; Wang et al, 2015; Good and Harrington 2013 combination therapy 
enables simultaneous targeting of these crucial mechanisms. In particular, 
personalized cancer treatment focused on the interaction between drug/
irradiation or drug/drug might be appealing because higher efficacies 
which can be reached within the clinically applied radiation-dose or 
drug-concentration window. For GBM, a more promising approach is 
expected to come from combination therapy of dif ferent modalities such 
as targeted therapy in combination with radiotherapy, hyperthermia 
and immunotherapy. In the studies described in this thesis, we focus on 
combinations of irradiation and targeted drugs or on combinations of 
targeted drugs. 
 
Synergy of therapies. Synergy of therapies indicates that the whole effect 
is more than the sum of the parts (i.e. monotherapies). Synergy can be 
calculated by simple linear models such as the combination index (CI) 
according to the median effect principle by Chou and Talalay (Chou 2010; 
Chou & Talalay 1977; used in this thesis) or Bliss independence. More 
elaborate models based on non-linear curve fit ting models are Highest 
Single Agent (HSA) or Loewe synergy (Loewe S. Muchnick H, 1926), each 
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1 requiring sufficient amounts of available dose-response data. Synergy of 
more than two therapies can be expressed either as the whole effect of 
all therapies (primary CI), but also as the effect of an added therapy on 
top of a combination therapy (secondary CI, described by Chou, 2005).

CONSIDERATIONS FOR COMBINATION THERAPIES: 
CHALLENGES 
Challenge 1: Selecting a biological rationale – Although there are 
seemingly many combinations of monotherapies that are expected to 
give synergistic responses, the actual outcome of combination therapies 
is often disappointing. Since false positive trial outcomes can bias 
towards weakly effective combination therapies, this “ fool around and 
get lucky” strategy is not very effective and therefore a clear biological 
rationale has to be defined for the chosen therapy combinations. 

Strategies for selecting synergistic and effective application of drug 
combinations are shown in Figure 5. Effective drug combinations 
(Dancey and Chen, 2006; Day and Siu, 2016) can be selected based on: 

(1) Maximum target inhibition. Synergistic drug combinations that hit the 
same target by multiple modalities can lead to maximal target inhibition. 
This is especially important in the case of oncogene addiction. 

Figure 5. Examples of strategies for synergistic combination therapies (based on Dancey 
and Chen, 2006).
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(2) Maximum Pathway inhibition. Similarly, as maximum target inhibition, 
maximum pathway inhibition can be used to suppress a pathway by 
inhibiting it onto multiple levels, and is particularly effective in the case 
of oncogene addiction. An example of this strategy is the FDA approved 
combination of vemurafenib (BRAF) with Cobimetinib (MEK) in BRAFV600 
mutated melanoma (Larkin et al, 2014), resulting in maximal pathway 
inhibition in the case when the tumor is dependent on the BRAFV600 
mutation. 

(3) Feedback inhibition and (4) Synthetic lethality (feedforward) inhibition 
affect wiring of the tumor cells and prevents that escapes (feedback) or 
redundant pathways (feed forward) can be used, resulting in prevention of 
drug or radiation resistance by these mechanisms (see below). Importantly, 
information about the mechanisms of therapy-resistance are scarce and no 
direct target has been identified. Moreover, about 60% of GBMs do not 
show mutations in the major tumor drivers, hence the actual tumor driver/
oncogenic event is unknown. 

Given that radiotherapy is the most effective brain tumor therapy currently 
applied, the choice of additional therapy should exploit interactions of 
radiation and drugs that are aiming at specific molecular targets include 
spatial cooperation, temporal modulation, biologic cooperation, cytotoxic 
enhancement, and normal tissue protection (Morris et al, 2014). In the 
case of radio-sensitization of (brain-) cancer using current approved and 
experimental targeted therapeutic options, this comes down to inhibition 
of the repair of radiation-induced DNA lesions (which are, unless repaired, 
lethal to the cell), disturbing cell cycle (re)distribution, immune-modulation, 
inhibiting tumor cell repopulation and/or increasing tumor re-oxygenation 
-via vascular normalization-, the typical basic principles of radiobiology 
(Begg et al, 2011, Maignon et al, 2014;  Good et al, 2013; Morris et al, 
2014; Fay et al, 2014, Higgins et al, 2015, Harrington et al, 2011, Jou 2008). 
Randomized trials are awaited (https://clinicaltrials.gov: NCT02344355, 
NCT03250299, NCT03174197, NCT02866747, NCT02968940).

Challenge 2: The blood-brain barrier (BBB) and perivascular and diffuse 
perineural micro invasion – The blood-brain barrier (BBB) is the natural 
barrier that prevents toxins to enter the brain. Therewith, the BBB forms a 
major barrier for drugs to reach the brain tumor (e.g. Sminia and Westerman 
2016). Especially since most drugs have been developed for application 
outside of the brain, and were therefore selected for low neurotoxicity. 
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Therefore, most currently used drugs have a poor target engagement in the 
brain. Diffuse gliomas show perivascular dif fuse perineural micro invasion 
(Cuddapah et al, 2014; Gritsenko et al, 2012; Montana et al, 2011; Farin, et 
al, 2006) and are thought to consist of multicellular networks connected 
through branched filamentous protrusions connecting cells across distance 
or epithelial-like linear adherent junctions between directly adjacent cells 
(Friedl et al, personal communication). For many years, dif ferent strategies 
have been investigated to facilitate BBB crossing of therapeutics, as 
reviewed by Upadhyay, 2014 and Lu et al, 2014. Current methods to enhance 
the delivery of drugs to brain tumors include: 1) the use of non-invasive 
techniques, such as radiotherapy, ultrasound, and biological approaches 
via cell penetrating peptides and viral vectors; 2) invasive techniques, e.g. 
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convection enhanced delivery and; 3) alternative routes via e.g. intranasal 
application, therewith bypassing the cardiovascular system. A most 
promising drug delivery approach for glioma is the use of conjugated or 
surface functionalized nanocarriers allowing BBB passaging.

Challenge 3: Therapy resistance and intratumoral molecular heterogeneity 
– The sensitivity of individual GBM patients towards therapies indicates 
that these tumors have innate or acquired drug and radiation resistance 
(Ellis et al, 2015; Hochberg and Pruitt, 1980; Kelley et al, 2016; Fidoamore 
et al, 2016). This therapy resistance is caused by a variety of factors that 
include (1) the intrinsic resistance of the neuro-epithelial cells from which 
gliomas arise, (2) genetic changes that promote survival strategies of the 
cancer cell; (3) the extensive heterogeneity of brain tumors whereby cells 
with dif ferent genetic make-up may form an ecosystem where genetic or 
phenotypic programs might complement each other in a symbiotic way, 
and (4) the tumor microenvironment, which fosters and supports conditions 
that limit therapy effects. 

Many previous trials combining drugs with radiotherapy in GBMs have 
failed in efficacy. Failures  have been attributed to the use of drugs with 
unacceptable side effects, the lack of reliable  biomarkers to predict tumor 
malignant characteristics, and criteria to identify  the most eligible patients 
for a personalized combination treatment. Novel radiosensitizing drugs 
need to undergo more rigorous pre-clinical testing than has occurred 
previously in order to obtain a better understanding of their mechanisms 
of action and guide clinicians as to how best to combine them with 
radiotherapy (Higgins et al, 2015, Harrington et al, 2011).

Interestingly, in a preclinical setting, intratumoral subpopulations have 
shown differential response to therapeutics (Meyer et al, 2015; Hägerstrand 
et al, 2011; Heo et al, 2014; Saito et al, 2014; Lee et al, 2017). 

Challenge 4: Pharmacodynamics/Pharmacokinetic and Toxicity – Two 
major limitations of combination therapy with targeted drugs are the 
narrow time window wherein drugs can or need to be delivered, and the 
narrow therapeutic window between tumor cure and normal tissue toxicity. 
Examples of accumulating toxicities are shown in Table 2. 
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1 Accumulated toxicities can be avoided by combining drugs with mutual 
exclusive toxicities. In the combination with irradiation, the crucial issue 
is the scheduling of the administration of targeted and radiosensitizing 
agents (Sminia and Westerman, 2016). Drug scheduling during the 6-weeks 
course of radiotherapy should be chosen in such a way that the above 
mentioned typical features of radiation are optimally exploited.
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CONCLUDING REMARKS

Combination therapies are expected to be part of the improved treatment 
regimens against glioblastomas. (1) Combinations of therapies, preferably 
combined with standard therapies, should be chosen on basis of a biological 
rationale, which may be derived from preclinical testing. (2) Preferentially, 
FDA approved drugs able to cross the BBB should be administered and 
methods to facilitate BBB passaging and drug delivery to brain tumors 
investigated. (3) Combination therapies should be tested in preclinical 
models recapitulating the inter- as well as intra-patient heterogeneity. 
Drug and radiation resistance should be avoided by simultaneously 
targeting feedback loops or downstream targets which are commonly less 
redundant. If possible, therapy predictive markers should be identified. (4) 
Target engagement and optimal timing of combinatorial therapy should be 
ensured.

RATIONALE AND OUTLINE OF THE THESIS

In the thesis, we evaluated therapy combinations targeting essential 
processes that are highly active in the majority of GBMs. Based on (1) 
our extended knowledge on the biology and genetics of GBM, (2) the 
opportunities and limitations of targeted drugs and (3) the clinical 
observation that radiotherapy is the most effective single treatment against 
GBM, we studied radiotherapy/drug and drug/drug combinations to open 
the most promising gateway to improve radio-chemotherapy against GBM. 
For assessing the effects of the chosen therapies, we used several relevant 
pre-clinical models which might enable translation to GBM patients. 

In chapter 2 we present a biological rationale to target the AKT pathway 
in combination with radiotherapy. In chapter 3 we describe the benefit of 
using a sphere/organoid model system over conventional 2D-monolayer 
cell culture and identified the AKT inhibitor MK2206 as a radio- and 
chemotherapy sensitizer for glioblastoma.  In chapter 4, we use this sphere/
organoid culture model for evaluation of novel drugs targeting kinases in 
the PI3K and MAPK pathways and thereby identified the MAPK inhibitor 
MEK162 as an effective radiosensitizer of glioblastoma in vitro and in vivo. 
In chapter 5 we describe the link of monolayer response to AKT-pathway 
inhibition and RT which points to protective autophagy. In chapter 6, a 
rationale to combine mTOR/MEK inhibitors is explored. In chapter 7 we 
use a computational based drug combination analysis. We demonstrate 
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1 this by using a pharmacogenomic drug-atlas approach. Drug synergies 
can be predicted based on mono-therapy data, which enabled us to 
identify a combination therapy consisting of three drugs. By employing 
both empirical (chapters 3-6) and an unbiased approach (chapter 7), 
our study provides the preclinical basis to design treatment strategies 
based on radio sensitizing and synergistic drug combinations which are 
underway towards the clinic (see also chapter 8).
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AN INTRODUCTION TO GLIOBLASTOMA 

The incidence of primary brain tumors of the central nervous system is 
7:100.000 population/year, representing less than 2% of the all human 
malignancies but are associated with a high mortality (1). Central nervous 
system malignancies are being classified according to the World Health 
Organization into four grades based on their histological characteristics, 
nuclear morphology, mitotic activity, necrosis capacity and vascular 
proliferation (2). Grade I are benign tumors that can be cured by surgical 
resection; Low-grade (II) tumors show diffuse infiltration of surrounding 
tissue; Grade III tumors are characterized by increased proliferation 
and anaplasia and are more rapidly fatal; Grade IV tumors are the most 
aggressive and malignant, also called glioblastomas or glioblastoma 
multiforme (GBM), they show high vascular proliferation, necrosis and 
resistance to radiation and chemotherapy (3). Gliomas are histological 
heterogeneous tumors originated from the glial cell compartment, with a 
great invasive capacity (4). 

GBM accounts for almost 75% of all high-grade gliomas making the most 
malignant and common adult brain tumor. They arise from the astroglial 
cells and they are the most numerous cell type in the central nervous 
system. They provide structural, trophic and metabolic support to neurons 
and modulate synaptic activity. Their main supportive tasks are to scavenge 
transmitters released during synaptic activity, control ion and water 
homeostasis, release neurotrophic factors, shuttle metabolite and waste 
products, and to participate in the formation of the blood-brain-barrier (5). 

The survival rate of glioblastoma patients is low, being for North-American 
and European population less than 30% for one year, 5% for three years 
and only 2,7% for five years, without significant dif ferences between 
male and female patients. The median survival reduces drastically with 
an increase of age, largely driven by poor prognosis in elderly patients 
(6,7). The most common symptoms are progressive neurological deficit, 
motor weakness, headache, and seizures (8) Favorable prognosis includes 
young age, absence or minimal neurological deficit and complete surgical 
resection (9).

Radiotherapy arose as an option of treatment, being today, the single 
most effective treatment modality for malignant glioma patients. Dose-
escalation studies have shown the benefits of 60 Gy in 30 fractions of 2 
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Gy (10). Today, radiotherapy is a good alternative to surgery for long-term 
control of tumors, with more than 50% of all tumor patients, and 92% of 
central nervous system tumors patients, receiving radiotherapy. Moreover, 
patients gain an important palliation by radiation, yet prognosis remains 
poor.

GBM can arise through two different pathways: from a previous lower-
grade astrocytoma (secondary GBM) or de novo from precursor cells 
(primary GBM) (11). The underlying genetic alterations of these two GBM 
variants are very dif ferent from each other but their clinical outcome are 
very much the same with a median survival of 14 months (12). The current 
treatment for glioblastoma patients with an early diagnosis involves the 
maximum surgical resection of the tumor, followed by radiotherapy and 
chemotherapy usually containing an alkylating agent (13,14). Since the 
positive outcome of the phase III European Organization for Research and 
Treatment of Cancer (EORTC) / National Cancer Institute of Canada clinical 
trials group (NCIC) trial (13), standard therapy for GBMs consists of surgery, 
fractionated radiotherapy with concomitant temozolomide (TMZ) followed 
by adjuvant TMZ. This approach showed a significant increase in median 
overall survival from 12.1 months for patients treated with radiotherapy 
alone to 14.6 months after the combination of radiotherapy and TMZ. 
Benefits of TMZ with radiotherapy lasted throughout 5-years of follow-up, 
with a survival rate of 9.8 % versus 1.9% after radiotherapy alone (13). 

Many groups have suggested that the epigenetic silencing of a DNA repair 
enzyme named O-6-methylguanine-DNA methyltransferase (MGMT) by 
promoter methylation was associated with a good prognosis for GBM 
patients treated with TMZ (15). In agreement with previous studies, patients 
with a methylated MGMT promoter had significantly improved response 
when compared with patients with an unmethylated MGMT promoter in the 
EORTC/NCIC trial (16). Furthermore, this study indicated that patients with 
an unmethylated MGMT promoter received less benefit from the combined 
therapy. Therefore, MGMT promoter methylation status is widely used 
to predict the efficacy for combination therapy of RT and TMZ for newly 
diagnosed glioblastoma.

The introduction of TMZ in clinical practice has been a great step forward 
in the therapy of high-grade glioma patients. Further improvement of 
therapy, to prolong the survival time, in particular for the TMZ resistant 
GBMs, is warranted. Attributable to genetic screenings, aberrant cell 
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control pathways are presently recognized, and specific, small molecule, 
pathway intervention drugs have become available (17). 

GLIOBLASTOMA GENETICS IN THE AKT PATHWAY

Although great progress has been made the last decade in the standard-
of-care therapy for glioblastoma, the costs are still high and the outcomes 
are still generally poor which calls for more effective therapeutic options. 
Personalized medicine and targeted therapy is the direction in to which 
current cancer research is heading. The search for novel candidate 
biomarkers and novel molecular targets for the development of new small 
molecule inhibitors is ever ongoing. Advances in the understanding of GBM 
pathogenesis and the underlying genetic alterations have identified new 
possible targets for treatment (17). However, the development of efficacious 
targeted therapies for GBM is impeded by the complex, heterogeneous 
nature of the disease and the dif ficulty of passing through the blood-brain 
barrier. A recent large scale genetic screening in 206 glioblastomas by The 
Cancer Genome Atlas (TCGA) gave an integrative analysis of DNA copy 
number, gene expression, DNA methylation aberrations and nucleotide 
sequence aberrations (18). Their most striking findings were genetic 
alterations, which deregulate pathways involving tumor suppressors p53 
(87%), RB (78%), and receptor-tyrosine kinase (RTK)/RAS/PI3K (88%). 

The kinase Akt (also known as PKB), which we will focus on in this review, 
acts as the central signaling node in the RTK/PI3K pathway and it functions 
thereby as a critical regulator of cell metabolism, proliferation, survival 
and migration. Akt has over 40 downstream targets (19) and activation is 
followed after RTK activation. Akt belongs to a family comprising of three 
highly homologous isoforms: Akt1, Akt2, and Akt3. Studies performed on 
specific Akt-isoform knockout mice have suggested overlapping as well as 
distinct functions in vivo (20).  But the question which isoform contributes 
most to tumorigenesis and cancer progression remains largely unknown. 

Activation of Akt occurs mainly in response to various growth factors and 
cytokines which bind to and activate RTKs of which the most important one 
in GBM is EGFR. Upon ligand binding EGFR gets autophosphorylated and 
recruits the class-I lipid kinase phosphatidylinositol 3-kinase (PI3K) to the 
cytoplasmatic side of the plasma membrane where it converts the plasma 
membrane lipid PI(4,5)P2 to PI(3,4,5)P3 (PIP2 to PIP3) (21). PIP3 is a potent 
secondary messenger by recruitment of proteins containing a pleckstrin-
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homology (PH) domain such as Akt and PDK1. The co-localization of these 
two proteins leads to the phosphorylation of Akt by PDK1 on its Thr308 
residue (22). For full activation Akt also gets phosphorylated by mammalian 
target of rapamycine C2 (mTORC2) on its Ser473 residue (23). Other means 
for Akt activation in a PI3K-independent manner have also been reported 
(24). Studies have shown that Akt phosphorylation also follows after the 
induction of DNA double strand breaks (DSBs) caused by ionizing radiation 
(IR) (25). Hence, the increase in Akt levels has been linked to greater (radio- 
and chemo-)therapy resistance (26,27) which will be discussed later. The 
main negative regulator of Akt is PTEN (phosphatase and tensin homologue 
deleted on chromosome 10). Its unique lipid phosphatase activity converts 
PIP3 back to PIP2 thereby making it the most important tumor suppressor 
in this pathway (28,29). The net result of Akt activation is an increase in 
cell survival, metabolism, migration and proliferation, which is achieved 
by activation and inhibition of a multitude of downstream effectors (see 
Figure 1). The most important downstream effector is mTORC1, which is 
a key protein involved in protein synthesis and cell metabolism. mTORC1 
also negatively regulates Akt signaling through various signaling routes 
which lead to PI3K inhibition (30).

Since the EGFR/PI3K/Akt pathway lies so central in regulating these 
important processes, it is not unimaginable that mutations in this pathway 
can be highly advantageous for cancer growth.  As reported earlier, in GBM 
mutations/deletions leading to activation of Akt (pathway) occurs in 88% 
of GBM cases (18). Many cellular receptors belonging to the RTK family are 
overexpressed or hyperactivated in GBM. Epidermal growth factor receptor 
(EGFR or ERBB1) gene amplification is very common in GBM, occurring 
in approximately 50% of cases, and many GBM patients also express a 
constitutively active, truncated isoform of EGFR lacking the extracellular 
binding domain (31). Approximately 20–30% of GBM patients express a 
mutant EGFR lacking exons 2–7 (EGFRvIII) (1), which results in “always-on” 
ligand-independent tyrosine kinase activity that stimulates downstream 
survival and growth pathways (32,33). Moreover, gliomas may release the 
EGFR ligands EGF and TGF-alpha, thus supporting EGFR activation and 
cellular growth in an autocrine manner (34). Other mutations common in 
GBM within the EGFR pathway include gain of function mutations in the 
PIK3CA (15%), which encodes for the catalytic subunit p110α in the lipid 
kinase Phosphatidylinositol 3-kinase (PI3K) or a loss of Phosphatase and 
Tensin homolog (PTEN) (36%) (35). Furthermore, it has been shown that 
the constitutively activated EGFRvIII preferentially activates the PI3K-Akt 
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pathway (36). Yet also other downstream kinases of other RTK like PKC and 
RAS can indirectly cause Akt activation. Making Akt almost always partially 
or fully active whenever there is ligand:RTK interaction. 

Inhibition of Akt itself or its upstream activators seems therefore to be a 
very attractive therapeutic target. Recently evidence has been found that 
somatic mutations Akt itself is absent glioblastoma as opposed to breast 
and colon cancer (37), making direct targeting of Akt itself even more 
inviting.

CURRENT CLINICAL DEVELOPMENT OF AKT INHIBITORS

Akt signaling is frequently activated in GBM due to the many genetic 
aberrations upstream of this important central signaling node. Currently 
there are not many inhibitors directly targeting Akt in clinical development 
(52). Here we will present a short overview of the current inhibitors targeting 
Akt-pathway and report results found with regard to their radiosensitizing 
potential.

Targeting Akt
Akt inhibitors generally either compete for the ATP-binding in the catalytic 
domain or act as allosteric inhibitors that bind to the pleckstrin homology 
domain of AKT preventing its translocation to the cell membrane. Of the 
several Akt inhibitors that have entered clinical trials, perifosine is the 
most advanced in GBM. Perifosine is such an allosteric inhibitor of AKT 
and has been shown to block phosphorylation of AKT but does not have 
an effect on PI3K activation (53). It has been shown to induce cell cycle 
arrest in both G1 and G2 and to cooperate with temozolomide by inhibiting 
proliferation in glioma cell lines and mouse models. As reported earlier, 
targeting Akt using siRNA leads to radiosensitization in many different 
cancer models. However, preclinical data of perifosine on glioma models 
have not been able to show radiosensitization both in vitro as in vivo. Cell 
survival analysis using clonogenic assays on different GBM cell lines did not 
enhance radiosensitivity at concentrations showing significant reduction 
of phosphorylated Akt (54). Mice bearing U251 xenografts were subjected 
to the combination of 4 Gy irradiation with perifosine showed a less than 
additive effect of the combination and therefore even hints to a possible 
antagonistic effect of the combination (54). Another group found similar 
results in pediatric brainstem glioma model showing no added benefit of 
perifosine together with radiotherapy (55). Currently a phase II trial is going 
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on recurrent or progressive glioma patients but not with the combination 
with radiotherapy.

HIV protease inhibitors such as the antiretroviral drug nelfinavir have 
been shown to be very effective downregulators of the PI3K-Akt signaling 
pathway (56). In both tumour cell colony formation assays in vitro as well in 
animal studies, with tumour regrowth delay as endpoint, the combination 
of nelfinavir and radiation had significant synergistic effects compared to 
either modality alone. Apart from interaction with irradiation, nelfinavir 
alone has been suggested as broad spectrum anti-cancer agent which 
inhibits cell proliferation, induces apoptosis and non-apoptotic cell death 
by endoplasmatic reticulum stress and autophagy (57). With regard to the 
mechanism of action, it has been suggested that nelfinavir downregulates 
Akt phosphorylation by inhibiting proteasome activity and activating the 
unfolded protein response (58). Promising pre-clinical data on human 
glioma cells were reported by Jiang et al. in 2007 (59). Nelfinavir decreased 
Akt phosphorylation and enhanced radiosensitization in two PTEN deficient 
glioma cell lines (U87MG and U251), but not in normal human astrocytes. 
Using the same U87MG cells grown in vivo, a significant synergistic effect 
on tumour regrowth was detected between radiation and nelfinavir. Also, 
nelfinavir increased the sensitivity of glioma cells to TMZ, which might be 
due to the role Akt plays in moving cells through the G2 checkpoint and in 
suppressing temozolomide-induced cytotoxicity (60). Currently our group 
has started a phase I/II clinical trial on newly diagnosed GBM patients 
testing nelfinavir in combination with concomitant temozolomide and 
radiotherapy [NCT00694837].

Another novel compound that is currently being used is MK-2206, an oral 
allosteric Akt inhibitor that prevents phosphorylation at both Thr308 and 
Ser473 residues of Akt. Emerging data indicate that MK-2206 can counteract 
radiation induced Akt phosphorylation and increase the radiosensitivity 
of U87MG cell line (61), as well enhance activity of conventional cytotoxic 
agents (62). Currently MK-2206 is in phase I/II for many cancers but not for 
GBM and also none in combination with radiotherapy. Data from our lab 
(Fedrigo et al. unpublished data) also show a radiosensitizing effect of MK-
2206 in growth inhibition in U87 spheroid models. However, clonogenic 
assays in other cell lines did not increase radiosensitivity. These early 
results show that U87 relies more on Akt for its DNA repair than the other 
cell lines. It will be interesting to see how primary cell lines respond to 
Akt inhibition. An oral phase I trial in patients with advanced solid tumor 
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has just now been completed (63), the authors concluded that MK-2206 is 
biologically well tolerated at doses that inhibit Akt signaling and a phase 
II trial has been considered in recurrent glioma although it has since been 
withdrawn. 

Other orally bioavailable Akt inhibitors are slowly emerging and entering 
phase I clinical trials. Recently GlaxoSmithKline has begun phase I trials 
with two different Akt inhibitors, with mixed results. The initial phase I 
study of drug GSK690693 was withdrawn, and trials of drug GSK2141795 
are currently not recruiting patients. Novel Akt antisense inhibitors are 
also being developed. RX-0201 represents an antisense oligonucleotide to 
Akt1, which shows growth inhibition of various cancer cells at nano molar 
concentrations. A phase II ongoing clinical trial is assessing the combination 
efficacy of RX-0201 and gemcitabine in metastatic pancreatic cancer.
When considering the dif ferent compounds targeting Akt a clear dif ference 
can be seen in their efficacy, especially in combination with radiotherapy. 
The theory that Akt inhibition should lead to GBM radiosensitization is 
not as clear-cut as is to be expected. Also, recently in thyroid cancer cells 
research showed that MK-2206 but not perifosine synergizes with BRAF 
inhibition. These observations illustrate that, although bot compounds are 
considered to inhibit the same target, the downstream response of the 
cancer cell could be completely dif ferent.  

Akt-pathway inhibition
Inhibitors targeted upstream or downstream of Akt such as PI3K and mTOR 
are more advanced in their development than direct Akt inhibitors. Several 
PI3K and mTOR inhibitors are in preclinical and phase II clinical trials at 
present. 

As mentioned earlier, EGFR is one of the highest expressed and most 
mutated RTK in GBM, making it a popular candidate for molecular therapies. 
Many clinical trials have investigated the two small-molecule inhibitors 
of EGFR, gefitinib and erlotinib, in glioma (64,65). However, these initial 
results have been disappointing. In one study (66) the investigators found 
that treatment with erlotinib in patients high expression of wild-type EGFR 
and low expression of phosphorylated Akt showed a better response in 
combination with radiotherapy. Another group demonstrated that tumors 
can be sensitized to EGFR inhibition when the constitutively active EGFRvIII 
mutant is expressed, but only if PTEN is intact. Loss of PTEN showed 
resistance to treatment (67). 
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Investigation of inhibitors against PI3K has also been ongoing this last 
decade. One of the first works linking PI3K inhibition was by Kubota et al. 
2000 (68) where they used the inhibitor wortmannin to radiosensitize glioma 
cell lines regardless of p53 status. Also the drug LY294002 was also found 
to be able to sensitize glioma cells to radiation (49,69). However results 
from animal experiments have demonstrated these drugs to be highly toxic 
due to their lack in specificity for the individual isoforms of PI3K (70). A 
novel PI3K inhibitor being developed by Novartis is NVP-BKM120 showed 
to be effective in early pre-clinical GBM models (71). 

One of the major downstream effectors of Akt is the mammalian target of 
rapamycine (mTOR). Activation leads to increased cell growth and protein 
synthesis (72). mTOR exists in two distinct complexes, mTOR1C complex 
when it is associated with raptor and the mTORC2 when it binds to rictor. 
Rapamycine and its derivates (RAD001, CCI-779, also called rapalogs) only 
bind to mTORC1 and therefore they cannot stop the mTORC2 mediated 
activation of Akt. Also when only inhibiting mTOR1C an inhibitory feedback 
loop gets released leading to a general increase in Akt phosphorylation 
(73,74). Inhibiting mTOR with the rapalogs have therefore only been 
moderately successful. RAD001 had passed phase III trials and is currently 
FDA approved for the treatment of renal cell carcinoma (75) and is currently 
being tested in a phase II trial for low grade glioma’s. 

In recent years, the focus of the pharmaceutical companies has been 
shif ted to the development of PI3K/mTOR dual inhibitors. The p110 
catalytic subunit of PI3K and that of mTOR are structurally similar. These 
dual inhibitors can suppress both mTORC1 and mTORC2 as well as PI3K, 
thereby effectively stopping the phosphorylation of Akt at both residues. 
NVP-BEZ235 has been extensively studied in preclinical GBM models 
(39,76,77). It was shown to reduce proliferation, lead to G1 cell cycle arrest, 
induce autophagy and radiosensitize GBM cell lines. However, although 
BEZ235 effectively inhibits Akt phosphorylation, it is not clear whether this 
is the cause for radiosensitization.  In Vivo, it significantly prolonged the life 
of tumor-bearing mice. The dual inhibitor XL765 enhanced the sensitivity 
of GBM xenografts to temozolomide (78). 

Combination therapy
Although Akt inhibition as mono therapy has shown promising preclinical 
results, therefore many groups including ours are working on combinatorial 
therapies, combining Akt inhibition with other targeted therapies up- or 
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downstream of Akt. One example of this is the combination of perifosine and 
CCI-779 (79) which has now entered phase I/II clinical trials in patients with 
recurrent malignant glioma [NCT01051557]. The combination of MK-2206 
and gefitinib was found to act synergistic against glioma by modulating 
both autophagy and apoptosis (80). It will be interesting to see how these 
combination therapies will perform together with radiotherapy. In our 
laboratory, promising preliminary data were obtained on the combination 
of BEZ235/BKM120 with RAD001 and radiotherapy. This combination has 
been found to be highly synergistic in NSCLC (81–83) and is now also 
entered a phase I clinical trial for advanced solid tumors. Another course 
of action to pursue is to inhibit other parallel pathways besides the Akt 
pathway such as the MAPK pathway (84). When combining different drugs 
act which in a synergistic way, a lower general dose can be applied to 
achieve equal biological response. When, in addition, combined with 
radiotherapy, a beneficial therapeutic ratio might be reached, i.e. an equal 
or even higher tumour response and lower overall systemic toxicity.

CONCLUSION

The Akt pathway plays a key role in the control of cellular processes 
like cell growth and protein synthesis, cell proliferation and apoptosis. 
Genetic analyses of GBMs revealed a high frequency of aberrations in this 
specific pathway, resulting in a loss of control and increased malignancy. 
Furthermore, Akt was shown to play an important role in facilitating the 
DNA Damage Response. The pathway is therewith an excellent target 
for drug intervention. Specific pathway inhibitors have become available 
for preclinical and clinical testing. Emerging laboratory studies show 
using a combinatorial approach towards targeting this pathway is highly 
synergistic and therefore a beneficial approach when used in combination 
with radiotherapy. Early phase clinical studies using those novel inhibitors 
additional to the standard therapy of radiotherapy combined with 
temozolomide, are ongoing. Taken together, Akt pathway inhibition yields 
promising perspective in the therapy of GBM patients.
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ABSTRACT
Background: Glioblastoma multiforme (GBM) is the most common, invasive 
and deadly primary type of malignant brain tumor. The Phosphatidylinositol-
3-Kinase/AKT (PI3K/AKT) pathway is highly active in GBM and has been 
associated with increased survival and resistance to therapy. The aim of 
this study is to investigate the effects of AKT inhibition in combination 
with the current standard of care which consists of irradiation and 
temozolomide (TMZ) on human malignant glioma cells growing adherent 
and as multicellular spheroids in vitro.

Methods: The effects of the allosteric inhibitor MK2206 combined with 
irradiation and TMZ were assessed on glioma cells growing adherent and 
as multicellular 3D spheroids. The interaction was studied on proliferation, 
clonogenic cell survival, cell invasion, −migration and on expression of key 
proteins in the PI3K-AKT pathway by western blot.

Results: A differential effect was found at low- (1 μM) and high dose (10 
μM) MK2206. At 1 μM, the inhibitor reduced phosphorylation of Thr308 
and Ser473 residues of AKT in both adherent cells and spheroids. Low 
dose MK2206 delayed spheroid growth and sensitized spheroids to both 
irradiation and TMZ in a synergistic way (Combination index <0.35). In 
contrast, neither low nor high dose MK2206 did enhance therapy sensitivity 
in adherent growing cells. Effective inhibition of invasion and migration 
was observed only at higher doses of MK2206 (>5 μM).

Conclusions: The data show that a 3D spheroid model show different 
sensitivity to irradiation when combined with AKT inhibition. Thereby we 
show that MK2206 has potential synergistic efficacy to the current standard 
of care for glioma patients.
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BACKGROUND
Glioblastoma multiforme (GBM) is the most common and aggressive primary 
brain tumor in adults, with an overall incidence rate of approximately 3 per 
100,000 persons per year(1). The unique characteristics of GBM, such as high 
mitotic capacity, microvascular proliferation, pseudopallisading necrosis 
and infiltrative growth, confer a poor prognosis, with a median overall 
survival of approximately 15 months after diagnosis (2). Postoperative 
radiotherapy (RT) with concomitant temozolomide (TMZ) has become the 
standard procedure in the treatment of patients with newly diagnosed 
GBM, based on the results of a large European-Canadian phase III trial (3). 
Despite these encouraging results, the majority of patients still succumb 
from locally recurrent disease, which is due to the dif fuse infiltrative 
growth characteristics  of this tumor type  and  high level of resistance to 
radiotherapy and chemotherapy (4). The treatment response and prognosis 
are related to several (epi)genetic characteristics of glioma like methylation 
status of O6-methylguanine–DNA methyltransferase (MGMT) and genetic 
events in GBM core pathways including the phosphatidylinositide 3-kinase 
(PI3K) pathway (5). PI3K is a central upstream node related to cell survival  
and cell proliferation (6). Its primary downstream effector protein AKT 
plays a pivotal role in the pathway activation via phosphorylation of AKT 
on two critical residues, Thr308 (through PI3K) and Ser473 (mediated 
predominantly via mTORC2) (6, 7). AKT exists in three isoforms, AKT1, -2 
and -3, of which AKT2 and -3 are found to be important in glioma cells (7,8). 
Experimental data has indicated that phosphorylated AKT is required for 
proper DNA-damage response (DDR) during Non-Homologous end-joining 
(NHEJ) by binding to DNA-PKcs and promoting its auto-phosphorylation 
(9,10). Pharmacological inhibition of AKT has therefore also been found to 
sensitize cancer cells to DNA damaging agents and radiotherapy (11,12). 
In recent years many specific PI3K/AKT/mTOR pathway targeted agents 
have become available for preclinical studies and clinical evaluation (13). 
MK2206 is an oral allosteric AKT inhibitor which can inhibit all isoforms 
of AKT (14). Early clinical feasibility studies already demonstrated that 
MK2206 monotherapy is well tolerated in patients (15). Emerging data show 
MK2206 to enhance the activity of chemotherapeutic agents in various 
types of cancers both pre-clinical (14,16–21) and in patients (15,22). Data 
on MK2206 additional to the current standard GBM therapy are however 
not available. In the present study, we investigated the effect of MK2206 
alone and its ability to synergize with radiation and TMZ to inhibit glioma 
growth, invasion and migration using monolayer human glioma cells and 
multicellular glioma spheroids. 
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METHODS

Monolayer and spheroid/organoid cell culture
Experiments were performed using the established glioma cell lines 
U87MG (ATCC-HTB-14) and U251 (cell line was kindly provided by Dr. C.H. 
Langevel, Dept. Neurology, VU University Medical Center, Amsterdam, The 
Netherlands) and on two primary cell lines VU28 and VU122 (derived directly 
from surgical specimens from the VU University Medical Center). Cells 
were cultured at 37ºC in Dulbecco’s modified Eagle’s medium (D-MEM; 
Gibco BRL, UK) containing 10% fetal calf serum, 100 IU ml – 1 penicillin and 
100 IU ml – 1 streptomycin, in at 5% CO2-humidified atmosphere. The AKT-
inhibitor MK-2206 (Selleck Chemicals®, Houston, Texas, USA) was dissolved 
to a 10 mM stock solution in DMSO and stored at -20°C. The alkylating 
agent temozolomide (Schering-Plough®, Utrecht, The Netherlands) was 
freshly dissolved at 100 mM in DMSO before each treatment. Cells and 
spheroids were irradiated at room temperature radiation from a Cobalt-60 
source at a dose rate of 516 Gy/h (Gammacell 220®; Atomic Energy of 
Canada, Mississauga, Ontario, Canada).

Cell proliferation 
U87MG Cells were plated at a density of 2000 cells/well in a 96-well plate 24 
hours prior to drug treatment. Subsequently, cells were exposed to a serial 
dilution of MK2206 for 72 hours in sextuple. Cell viability was determined 
using Cell-titer Glo 3D (Promega), which dissociates the spheroids. Relative 
light units (RLU) were measured using the BioTek Synergy HT Microplate 
Reader RLUs were normalized against the untreated controls.  

Western blot
Expression of total AKT (Cell Signaling #9272, Boston, USA, 60 kDa), 
phospho-AKT Ser473 (Cell Signaling #9271, 60 kDa), phospho-AKT Thr308 
(Cell Signaling #9275, 60 kDa), phospho-H2A.X (#9718) with loading control 
total-S6 (#2217) proteins were evaluated by western blot. Cells were either 
treated with 1 μM MK-2206 1h before being irradiated, and collected at 
indicated time points for analysis. 

Migration Assay
Cells were plated at high density of 30.000 cells/well in 96-wells plates. A 
day later wells were uniformly scratched using a guided 96-well pin tool 
(Peira, Turnhout, Belgium) to create wounds of approximately 300 μm wide. 
Wells were washed with PBS and growth medium was added with MK2206. 
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Images were automatically captured on a Leica DMI3000 microscope (Leica, 
Rijswijk, The Netherlands) using Universal Grab 6.3 software (DCILabs, 
Keerbergen, Belgium). Scratch sizes were determined using Scratch Assay 
6.2 (DCILabs), and absolute wound closure (μm2) was expressed as a 
percentage of control wells.

Invasion assay 
Cellular invasion was evaluated using Boyden chamber assay. In short, 
2x105 cells were seeded into each insert of a 24-well plate (Falcon #353504, 
Fisher Scientific, USA) containing serum-free medium in the upper 
compartment and complete medium in the lower compartment, separated 
by a matrigel (10%) membrane in D-MEM. MK-2206 (1-10 µM) was added to 
both compartments. After 16 hours of cell seeding the invasive capacity 
was assessed using a fluorescent microscope to count the number of cells 
that crossed the membrane. Fluorescence was achieved with addition of 
5 µM Calcein-AM to the lower compartment in the last half hour of the 
experiment. For the combination with irradiation, exponential growing 
cells were exposed to 1 µM of MK-2206 for 1h or 24h, followed by 4 Gy 
irradiation and incubation at 37°C for one hour and then transferred to 
inserts.

Spheroid growth and migration
U87MG tumor spheroids were prepared from monolayer cells which were 
trypsinised and seeded at a density of 5x106 cells/well in 6-well ultra-
low attachment plate (Corning #3471, Boston, USA) containing complete 
DMEM. After 2 days, round spheroids were formed and those with 150-250 
μm diameter were collected with a micropipette in an inverted microscope, 
transferred and cultured individually again with complete DMEM in 24-
well ultra-low attachment plates (Corning #3473) for analysis for spheroid 
growth. For migration analysis these spheroids were transferred to regular 
adhesive 24-well culture plates. The size of the spheroids was measured 
every 3-days over a 15-day period. A SONY DSC-HX1 camera was 
attached to the microscope and the pictures were always taken with the 
same resolution and configuration: 2048x1536px, horizontal and vertical 
resolution of 72 dpi, Bit depth 24, Exposure time 1/30 seconds, Focal 
length 5mm. The software IMAGE-J was used for the measurement of the 
diameters used for the calculations of area and volume.
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Synergy calculation and Statistics
Statistical analysis was done using one-way ANOVA to compare dif ferent 
groups. Two-way repeated measures ANOVA was used for the experiments 
with several time points. Bonferroni post hoc test was utilized to compare 
dif ferences between groups. The value of p was adjusted to the number of 
groups. Differences between two sets of data were considered statistically 
significant at p<0.05 (95% CI). The combination index (CI) for n amount of 
treatments that were combined, was calculated using a adapted formula 
from Chou and Talalay (23,24) which was used on normalized growth data, 
where v is cell viability in %.

RESULTS
 
MK2206 does not lead to temozolomide/radiation 
sensitization in glioma monolayer cultures. 
We investigated the efficacy of MK2206 at attenuating U87 glioma cell 
proliferation and found it to be effective at 1 µM and higher (Fig. 1A). 
Protein analysis showed complete AKT dephosphorylation at 1 µM (Fig. 
1C). In the combination of MK2206 with 4 Gy irradiation or 5 µM TMZ no 
synergistic interaction was found. Synergy calculations show a combination 
index (CI)> 1.2, indicating a slight antagonism (Fig. 1A). Next we tested the 
combination with irradiation on clonogenic cell survival using U251 glioma 
cells. None of the dif ferent MK2206 treatment schedules showed a reduction 
in clonogenic survival (Fig. 1B). In line with these findings, the expression 
of γH2A.X phosphorylation was not increased at 24h after 4 Gy irradiation 
in cells treated with MK2206 (Fig. 1C). The data show that in monolayer 
growing cell cultures MK2206 was not able to induce sensitization to DNA 
damaging therapies and actually showed antagonistic tendencies.Low 
dose MK2206 sensitizes long-term U87 multicellular spheroid cultures to 
irradiation and temozolomide.
To further study  the ability of MK2206 to sensitize glioma cells, we used the 
capability of U87 to easily form spheroids in low-attachment plates (25). The 
growth of spheroids was inhibited after single exposure to 1 µM MK2206 
and their growth was completely abrogated at 10 µM (Fig. 2A). Next, we 
treated the spheroids with fractionated irradiation in the presence of 5 µM 
TMZ and/or 1 µM MK2206. Spheroids were irradiated 3 days after start of 

Equation 1
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Figure 1. MK2206 does not lead to temozolomide/radiation sensitization in glioma 
monolayer cultures. A) U87MG cells were treated for 72h with MK2206 at indicated 
concentrations and treated with 5 µM TMZ or 4 Gy irradiation or the combination of both. 
The combination index of the triple combination was calculated at each time point. A CI < 
0.8 indicates synergy, 0.8 < > 1.2 additive, > 1.2 antagonism. Data points represent means, 
±SD (n=3). B) U251 cells were treated with 1uM MK2206 and or 4 Gy irradiation in dif ferent 
schedules. Top: MK was given 24h before (Pre-RT) irradiation and plated for colony formation; 
Middle: cells were treated with MK and immediately irradiated (Post-RT), cells were plated 
24h later for colony formation; Bottom: cells were treated with MK 24h before irradiation and 
cells were plated for colony formation in the presence of 1 µM MK2206. Columns represent 
means, ±SD (n=2). C) U87MG cells were treated with 1 µM MK and/or with 4 Gy irradiation and 
lysed at indicated time points.
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MK2206 treatment, and TMZ was given 1 hour prior to irradiation (Fig. 2B). 
MK2206 sensitized U87 spheroids to radiation with the lowest CI at 0.33 
and 0.42 for TMZ. Furthermore, combining all three treatment modalities 
resulted in a strong synergy (CI > 0.33, Fig. 2C & D) which is dependent 
on MK, since TMZ and RT do not show any synergy (Fig. 2C). Spheroids 
showed complete pAKT inhibition and increased γH2A.X expression after 
irradiation combined with MK2206 (Fig. 2F). The data show that low-dose 
MK2206 can sensitize glioma spheroids to both irradiation and TMZ.

Low dose MK2206 sensitizes long-term U87 multicellular 
spheroid cultures to irradiation and temozolomide.
To further study  the ability of MK2206 to sensitize glioma cells, we used the 
capability of U87 to easily form spheroids in low-attachment plates (25). The 
growth of spheroids was inhibited after single exposure to 1 µM MK2206 
and their growth was completely abrogated at 10 µM (Fig. 2A). Next, we 
treated the spheroids with fractionated irradiation in the presence of 5 µM 
TMZ and/or 1 µM MK2206. Spheroids were irradiated 3 days after start of 
MK2206 treatment, and TMZ was given 1 hour prior to irradiation (Fig. 2B). 
MK2206 sensitized U87 spheroids to radiation with the lowest CI at 0.33 
and 0.42 for TMZ. Furthermore, combining all three treatment modalities 
resulted in a strong synergy (CI > 0.33, Fig. 2C & D) which is dependent 
on MK, since TMZ and RT do not show any synergy (Fig. 2C). Spheroids 
showed complete pAKT inhibition and increased γH2A.X expression after 
irradiation combined with MK2206 (Fig. 2F). The data show that low-dose 
MK2206 can sensitize glioma spheroids to both irradiation and TMZ.

High dose MK2206 inhibits glioma migration and invasion.
An important aspect of glioma therapy resistance is the ability for the cells 
to invade and migrate throughout the brain. Therefore, we investigated the 
effect of AKT inhibition on the mobility of glioma cells on the established 
cell lines U87 and U251 and on the primary cell lines VU28 and VU122. 
In Figure 3A the invasive capabilities of each cell line were quantified in 
the presence of increasing doses of MK2206. U251 and VU122 showed 
a decrease in invasion at a relatively high dose of 5 µM with a further 
decrease at 10 µM (p<0.01). The invasion of VU28 was modestly attenuated 
at the low dose of 1 µM. Higher doses did not decrease the invasion further. 
Interestingly no inhibition of invasion was observed in U87 cells. Combining 
MK2206 (1 µM & 10 µM) with irradiation yielded an additive interaction 
for invasion inhibition for all cell lines (CI > 0.8) (Additional File 1: Figure 
S1A). Wound healing experiments were performed to assess migration 
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Figure 2. Low dose MK2206 sensitizes long-term U87MG multi-cellular spheroid 
cultures to irradiation and temozolomide. A) U87 multicellular spheroids were treated for 
15 days with 1 µM or 10 µM MK2206. Data points represent means, ±SD (n=8 spheroids). B-C) 
U87 spheroids were treated for 15 days with 1 µM MK2206 together with fractions of 5 µM 
TMZ or 2 Gy irradiation. Points are means, ±SD (n=8 spheroids). D) Combination index for all 
combinations of MK/TMZ/RT for each time point. CI < 1 indicates synergy, CI > 1 indicates 
antagonism. E) U87 spheroids were treated with 1 µM MK and/or with 4 Gy irradiation and 
lysed at indicated time points.
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inhibition, using 1 µM and 10 µM MK2206 at multiple time-points up to 
8h after start treatment (Additional File 1: Figure S1B). All cells showed a 
modest yet significant inhibition at 10 µM. VU28 was the only cell line to 
have inhibition of migration at a low dose of 1 µM. Furthermore, we set up 
a spheroid outgrowth assay to study the effect of (low dose) AKT inhibition 
combined with irradiation on a longer time-scale of 4 days (Additional File 
1: Figure S1B). Figure 3C shows that the VU28 cell line is the only cell line 
in which both radiation and MK alone significantly reduced migration and 
when combined leads to a mild synergistic interaction (CI = 0.79). These 
results show that AKT inhibition and irradiation do not preferentially 
synergize in glioma mobility inhibition. However, strong attenuation of the 
AKT pathway does lead to a decrease in invasion and a mild decrease in 
migration.

DISCUSSION
In the present study, we investigated the effect of AKT inhibition by 
MK2206 on adherent growing human glioma cells and on multicellular 
spheroids. The most important finding is that low dose MK2206 is able 
to synergistically sensitize glioma spheroids to the current standard 
treatment modalities in GBM therapy, i.e.  irradiation and TMZ. This is in 
contrast to adherent growing which showed at best modest additivity for 
the combinatorial treatments. This has not described earlier in the context 
of radiosensitization since the golden standard for radiosensitization has 
always been monolayer clonogenic assays. Hence, studies for evaluation 
of radiosensitizing agents should take in to account the biological 
and physiological limitations of monolayer cultures. Cells growing in 
multicellular organoid structures more faithfully resemble the context of 
real life tumors. Cells in this context deal with complex interactions due to 
heterotypic cell-to-cell contact, signaling, extracellular matrix deposition 
and intracellular structure. This micro milieu results in gradients of oxygen, 
nutrients and biomolecules can result in hypoxia/oxidative stress (26,27), 
which has been shown to culminate to an increase of the autophagic flux near 
the core of spheroids (28). Cheng and colleagues have previously shown 
that the treatment of glioma cells with MK2206 preferentially leads to an 
increased autophagic flux and that this could be increased synergistically 
with gefitinib leading to autophagic cell death (29,30). In our study RT 
and TMZ were used to induce genotoxic stress (DNA-damage) which is a 
well-known inducer of autophagy (31,32). We therefore hypothesize that 
AKT inhibition together with RT/TMZ in spheroids tips the autophagic 
equilibrium towards autophagic cell death which cannot be achieved in 
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Figure 3. High dose MK2206 inhibits glioma migration and invasion. A) Number of cells 
invaded through matrigel af ter 16 hours in the presence of 1 µM, 5 µM, or 10 µM MK2206. 
Columns represent means, ±SD (n=3), * = p < 0.05. B) Percentage of scratch area remaining 
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spheroid outgrowth. Spheroids were treated with 1 µM MK and 4 Gy irradiation and plated 
in regular culture plates. Data points represent means, ±SD, (n=8 replicates), * = p < 0.05.
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adherent cells. The presence of these mechanisms and the concomitant 
dif ferent phenotype makes spheroids a preferred model over adherent 
monolayer growing cells for studying radiosensitizing potential of targeted 
agents (33). Recently, a study has shown similar results  where the authors 
show that AKT inhibition does not radiosensitize U87 monolayer cells but 
does sensitize primary glioma stem-like cell cultures to irradiation (34). 
U87 cells grown as spheroids have been shown to have elevated levels 
of the stem cell marker CD133 (35), indicating another mechanism of how 
the structural organization of cells influence internal signaling and drug 
response. 

The ability of glioma cells to invade into the brain and migrate to dif ferent 
regions of the brain is one of the most important physical means of therapy 
resistance. AKT is thought to stimulate cell migration through signaling 
routes (36). Cellular invasiveness can be stimulated by irradiation, which 
has been reported before (37). However, our data shows a modest 
attenuation of glioma cell mobility after radiation and shows synergy with 
AKT inhibition in only one of the four cell lines tested (Figure 3). This modest 
inhibition together with the synergistic effect the combination therapy 
shows on growth inhibition warrant further investigation in an orthotopic 
in vivo glioma model. Cheng and colleagues have shown MK2206 alone to 
have inhibitory effects on in vivo glioma growth (30). 

CONCLUSIONS
Taken together, low dose MK2206 enhanced the effect of radiotherapy 
and TMZ on brain tumor spheroids in vitro which was not seen in adherent 
growing cell lines. Furthermore, High dose MK2206 inhibited migration and 
invasion of glioma cells and also synergized with irradiation in a primary 
GBM line. Our findings indicate the AKT pathway to be a promising target 
to be combined with the current standard of care for GBM therapy. 
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ABSTRACT
Glioblastoma (GBM) is a highly aggressive and lethal brain cancer type. 
PI3K and MAPK inhibitors have been studied pre-clinically in GBM as 
monotherapy, but not in combination with radiotherapy, which is a key 
component of the current standard treatment of GBM. In our study, 
GBM cell lines and patient representative primary cultures were grown 
as multicellular spheroids. Spheroids were treated with a panel of small 
molecule drugs including MK2206, RAD001, BEZ235, MLN0128 and MEK162, 
alone and in combination with irradiation. Following treatment, spheroid 
growth parameters (growth rate, volume reduction and time to regrow), cell 
cycle distribution and expression of key target proteins were evaluated. In 
vivo, the effect of irradiation (3 x 2 Gy) without or with MEK162 (50 mg/kg) 
was studied in orthotopic GBM8 brain tumor xenografts with endpoints 
tumor growth and animal survival. The MAPK targeting agent MEK162 
was found to enhance the effect of irradiation as demonstrated by growth 
inhibition of spheroids. MEK162 down-regulated and dephosphorylated 
the cell cycle checkpoint proteins CDK1/CDK2/WEE1 and DNA damage 
response proteins p-ATM/p-CHK2. When combined with radiation this 
led to a prolonged DNA damage signal. In vivo data on tumor bearing 
animals demonstrated a significantly reduced growth rate, increased 
growth delay and prolonged survival time. In addition, RNA expression 
of responsive cell cultures correlated to mesenchymal stratification of 
patient expression data. In conclusion, the MAPK inhibitor MEK162 was 
identified as radiosensitizer in GBM spheroids in vitro and in orthotopic 
GBM xenografts in vivo. The data are supportive for implementation of this 
targeted agent in an early phase clinical study in GBM patients.
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INTRODUCTION

Glioblastoma (GBM) is the most prevalent and deadly primary malignant 
brain tumor. Current treatment consists of surgery followed by radiotherapy 
and temozolomide (TMZ), which results in a median survival rate of 15 
months (1,2). Amongst the three treatment modalities, radiotherapy has 
been proven to be the most important component in GBM treatment (3). 
A dose of 60 Gy fractionated radiation increased overall survival from 4.2 
with surgery alone to 12.1 months (4,5). Sensitizing cancer cells to DNA 
damaging agents such as radiation can be achieved by directly targeting 
key proteins of the DNA Damage Response (DDR) such as double strand 
break (DSB) “sensor” proteins ATM and ATR or by targeting key repair 
proteins such as DNA-PKcs. Alternatively, cells can be sensitized indirectly 
by interfering with cell cycle checkpoints that exist to check DNA integrity 
before cell division (G2/M checkpoint) or DNA replication (G1/S checkpoint). 
If these checkpoints are abrogated, cells undergo mitotic catastrophe 
under stress of DNA damaging agents including radiotherapy. Recently, 
through molecular subtyping, GBM tumors have been subdivided into the 
pro-neural, neural, classical and mesenchymal subtypes defined by distinct 
somatic mutation- and gene expression-profiles (6,7). These genetic profiles 
show that >90% of all glioblastomas have activating mutations in the PI3K/
MAPK pathways rendering components of these pathways as potential 
targets for therapeutic intervention. Inhibitors targeting key proteins in 
these pathways have been extensively studied pre-clinically and in clinical 
trials for many types of cancers including brain cancers (8,9). The PI3K/
MAPK pathways are canonically under control of various receptor tyrosine 
kinases (RTK) on the membrane that are activated upon ligand binding and 
act as main drivers of growth, proliferation, motility and survival. Inhibition 
of these pathways can reduce cancer growth and induce apoptosis. Most 
importantly, targeting these pathways can sensitize cancer cells to radiation 
and other DNA-damaging agents in various cancers, including glioma 
(10–12). However, to date none of these strategies have shown significant 
therapeutic improvements over current standard of care for GBM patients 
in the clinic (13). 

In the present study, we investigated the single agent efficacy and 
radiosensitizing potential of novel targeted agents in the PI3K/MAPK 
pathways in glioma. Out of this panel, MEK162, an allosteric inhibitor of 
MEK1/2, was found to enhance the effect of irradiation on glioma cells in vitro 
as well as in vivo. By linking in vitro measured responses to RNA expression 
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data, we identified a potential patient subgroup that is expected to benefit 
from this combination-therapy. Herewith we demonstrate for the first time 
MEK inhibition combined with radiotherapy as a novel therapeutic avenue 
for GBM patients and provide a strong basis for further clinical evaluation.

MATERIALS & METHODS

Cell culture
The established cell lines U251, T87G and U87 were acquired from the 
ATCC. Primary GBM8 cells were kindly provided by Dr. Bakhos Tannous 
(Harvard/MGH, Boston, USA). The primary glioma sphere cultures (GSCs) 
were kindly provided Dr. Roel Verhaak (MD Anderson Cancer Center, 
Texas, USA). Cells were certified mycoplasma free by regular testing (www.
microbiome.nl). Established cell lines were maintained as monolayer in 
DMEM supplemented with 10% FCS and 100 u/l penicillin/streptomycin. 
Primary cultures (GBM8 & GCSs) were cultured in Neurobasal-A-Medium 
(NBM) supplemented with N2, B27 without vitamin A, Glutamax, human 
EGF, human FGF basic, heparin and penicillin/streptomycin. MK2206, 
BKM120, RAD001, BEZ235, MLN0128, MEK162 and Torin2 were purchased 
from Selleckchem (Selleckchem.com). Cells and spheroids were irradiated 
at room temperature using a Cobalt-60 source at a dose rate of 516 Gy/h 
(Gammacell 220®; Atomic Energy of Canada, Mississauga, Ontario, Canada). 
3D spheroid cultures were formed by plating cells at 3000 cells/well in ultra-
low attaching repellent plates (Corning #3471, Boston, USA). Four days 
were allowed for spheroid formation. Images were automatically captured 
on a Leica DMI3000 microscope (Leica, Rijswijk, The Netherlands) using 
Universal Grab 6.3 software (DCILabs, Keerbergen, Belgium). Spheroid 
sizes were determined using Scratch Assay 6.2 (DCILabs). Spheroid 
volumes were quantified as a function of time which allow analyses in (i) 
size reduction, (ii) growth rate, and (iii) long-term regrowth time (time to 
reach 5 times the initial volume (V5)).

Western blot
Protein expression levels were assessed by western blot. Proteins were 
stained using Cell Signaling Technology (CST) antibodies (Supplemental 
Table 1). For combination experiments cells were treated with 1 μM MEK162 
one hour before irradiation (4 Gy), and samples were collected at indicated 
time points for analysis.
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Orthotopic in vivo model
Female athymic nude-Fox1nu mice kept in cages up to 6 mice (age 8-10 
weeks; Harlan, Horst, The Netherlands) were maintained in accordance 
with animal welfare guidelines and regulations of the VU University. GBM8 
primary sphere cultures, stably expressing firefly luciferase and mCherry, 
were intracranially injected in a volume of 5 μl (0.5 × 106 GBM8-FM cells). 
Cells were injected stereotactically into the striatum. Coordinates (see the 
mouse brain atlas (14)): 2.0 mm lateral, 2.5 mm ventral of lambda, and at a 
2.0 mm depth. Before start of treatment (11 days after injection of the tumor 
cells) tumor engraftment was determined by measuring Firefly luciferase 
(Fluc) activity. Mice were injected i.p. with 100 mg/kg D-luciferin (Gold 
Biotechnology) in the morning and imaged with a CCD-camera (IVIS). Mice 
without tumor engraftment (Fluc activity < 104 RLU) were excluded from 
the experiment. Mice were subsequently stratified into 4 treatment groups 
of six animals each by distributing the maximal dynamic range over all 
groups: vehicle (5% Kolliphor P188, 1% DMSO in PBS), MEK162 (50 mg/kg), 
vehicle/irradiation (3 daily fractions of 2 Gy each), and MEK162/irradiation. 
MEK162 was administered by oral lavage 1 hour before irradiation. Mice 
were anesthetized using ketamine and xylazine less than 5 minutes prior 
to treatment. Each group of 6 mice received cranial anterior-posterior 6 
MV photon irradiation on their heads only.  The bodies of the mice were 
shielded from the irradiation using lead. Dose was delivered with a Clinac 
D/E (Varian Medical Systems, Palo Alto, CA, USA) at a dose rate of 360 
Gy/h. in the isocenter. Experiments were covered by the ethical review 
permission DEC1403 and are reported according to the ARRIVE animal 
research reporting guidelines.

Flow Cytometry
For cell cycle analysis BrdU (Invitrogen, #000103) 1:100 was added to the 
cells 2 hours prior to fixation with ethanol. Cells were stained with propidium 
iodide (20 µg/ml) and Rabbit α-BrdU (Rockland Immunochemicals, #600-
401-c29). For apoptosis analysis, cells were harvested and stained with 
Annexin V-FITC (Immunotools, #31490013SP) (1:25) antibody and propidium 
iodide (2 µg/ml).

Synergy calculations
Synergy was determined by calculating the combination index (CI) using 
the formula of Chou and Talalay (15,16) (equation 1). In the formula V1 
= Viability (% of control) of cell line after treatment with therapy 1 (i.e. 
irradiation); V2 = viability (% of control) of cell line after treatment with 
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therapy 2 (i.e. drug treatment); V1,2 Viability (% of control) of the combined 
effect after treatment with therapy 1 and 2. The radiation induced growth 
delay in days was calculated by (Drug4 Gy – Drug0 Gy) and was assessed 
when the average spheroid size reached 5 times the initial volume (V5) in 
vitro or when median BLI signal reached 108 in vivo.

Gene signature analysis
Bioinformatic analyses were performed using the bioinformatics tool R2 (for 
a complete description see http://r2.amc.nl). The dataset used in this study 
was the Tumor Glioblastoma - TCGA - 540 - MAS5.0 - u133a. The MEK162/
radiotherapy signature was generated by selecting the top 20 positive and 
top 20 negative correlation genes to the synergistic response, using the 
<correlate with a track> option with a False discovery rate of less than 
0.05. Stringency parameters: <Minimal presentcalls>: 1, <Minimal highest 
expression>: 100 relative units. Selected genes are given in Supplemental 
Table 2.

RESULTS

MEK1/2 inhibition by MEK162 enhances the effect of 
irradiation on U87 glioma spheroids
We previously found that cell culture dimensionality profoundly influences 
the drug/radiotherapy interaction in glioma cells when pharmacologically 
inhibiting AKT (17) in agreement with earlier studies (18–20).  Therefore, 
we chose to study the effect of a series of inhibitors of the PI3K and MAPK 
pathways in U87 glioma cells when cultured as 3D multicellular spheroids. 
As previously reported, these inhibitors did not radiosensitize glioma cells 
when grown as a monolayer (17). We used similar culture techniques to 
maintain 3D structural integrity for a longer period of time (>40 days) (see 
materials and methods). Cells were exposed to drugs for 4 days with or 
without 4 Gy given one hour after administration of drugs (a schematic 
overview is given in Figure 1A). Size reduction analysis showed that all 
drugs combined with 4 Gy display synergy (CI ≤ 0.8) up till day 15, with 
MEK162 showing the strongest synergy (CI = 0.43, Supplemental figure 
1A-C, Figure 1B). Growth rate analysis showed a significant reduction for 
the MEK162+radiotherapy combination (Figure 1C), showing MEK162 to 
significantly enhance the effect of irradiation (CI = 0.82) (Figure 1D). Growth 

Equation 1
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Figure 1. MEK162 enhances the effect of irradiation in glioma spheroids. A) Schematic 
overview of experiment. U87 cells were plated and allowed to form spheroids for 4 days, 
on day 0 spheres were treated for 4 days (marked by grey bar) with the indicated drugs and 
were given 4 Gy irradiation on the first day, medium was refreshed af ter 4 days and was 
subsequently refreshed twice a week. Concentrations used; 1 µM MK-2206; 1 µM BKM120, 
100 nM RAD001, 1 µM MEK162, 100 nM BEZ235, 100 nM MLN0128. Spheroid size was 
assessed 2-3 times a week. Measurements shown are averages of 6 spheroids. B) Exponential 
growth was extrapolated using time points at which spheroids star ted to grow up till plateau. 
Right panel shows representative spheroids for each treatment up till 28 days. C) Growth 
rates (k) were determined for each treatment, **** represents p<0.0001. D) The combination 
index is calculated for each treatment based on normalized growth rates (k), CI < 1 indicates 
a synergistic interaction. E) Radiation induced growth delay in days, assessed by (Drug4 Gy 
– Drug0 Gy).  F) Westernblot samples were harvested from U87 spheroids at indicated time 
points af ter either treatment with 1 µM MEK162 and/or 4 Gy irradiation.
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delay analysis showed that the irradiation effect was only surpassed when 
combined with by MEK162, leading to a 10-day lag phase (Figure 1E). Given 
this long-term effect onto sphere regrowth, we analysed DNA damage 
parameters using western blot. Irradiation induced damage, as indicated 
by the DNA double-strand break (DSB) marker γH2AX, returned to baseline 
levels after 24 hours. Addition of MEK162 sustained high levels of γH2AX, 
reflecting attenuated DNA damage repair (Figure 1F). Interestingly, 
treatment of MEK162 alone also increased γH2AX levels (although not to 
the same extent as MEK162 + radiotherapy) suggesting that MEK1/2 by 
itself controls DNA integrity in glioma spheroids. 

Synergistic interactions are dose-dependent for both MEK162 
and radiation
We then evaluated the dose dependency of both modalities as assessed by 
growth delay. U87 spheroids were treated with increasing concentrations of 
MEK162 without/with 5 x 2 Gy (Figures 2 A and B, respectively) showing that 
MEK162 enhanced irradiation induced growth delay in a dose-dependent 
way (Figure 2C). The radiation dose-response was also evaluated by 
increasing the number of fractions which also showed a dose-dependent 
effect in spheroid regrowth in the presence of MEK162, culminating in 
complete ablation of regrowth after 3 weeks of treatment (Figures 2D & 
E). Importantly, neither increasing the number of radiation (2 Gy each) 
fractions in the absence of MEK162 (Figure 2C) nor prolonged treatment 
with MEK162 alone (Figure 2D) significantly impacted spheroid regrowth. 
No such effect was observed when an mTOR inhibitor (MLN0128) was used 
(Supplemental Figure 2 and Supplemental Figure 3). 

MEK1/2 inhibition disrupts cell cycle and DDR in primary 
GBM8 sphere cultures
We used primary glioma sphere cultures (GSCs) to confirm these data. 
GSCs are considered more representative of human tumors because they 
retain a level of intratumoral heterogeneity and tumor-specific genetic and 
epigenetic signatures in vitro(21). GBM8 is a primary model extensively 
described in vitro and in vivo as a clinically relevant glioma model(22,23). 
In vitro, MEK162 showed statistically significant radiosensitizing effects in 
GBM8 sphere size (CI = 0.22 at day 14), growth delay (from 6 to 15 days) 
and sustained DNA damage (Supplemental Figure 4). We assessed whether 
radiosensitization by MEK162 was due to indirect (cell cycle) or direct 
effects (DDR sensors) by cell cycle and western blot analysis. MEK162 
treatment showed a decrease of the S-phase and G2/M phase over time 
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and a significant increase in sub-G1 (apoptotic) after 72h (Figure 3A). After 
a 2 hour BRDU pulse before MEK162 treatment we noticed a 6-fold increase 
of BRDU positive cells in sub-G1 while the overall fraction of BRDU+ cells 
only decreased minimally (Supplemental figure 5). These data indicate 
that MEK inhibition alone reduces proliferation while possibly abrogating 
the G2/M checkpoint and thereby pushing cells into apoptosis after 72h 
exposure. We therefore checked expression and phosphorylation of key 
proteins by western blot which showed that both CDK1 and WEE1 were 
reduced after 24h of MEK162 treatment (Figure 3B). Furthermore, we found 
that the phosphorylation of ATM and its downstream effector CHK2, both 
proteins of the DDR, were reduced. This was accompanied by an increase 
in γH2AX levels after 24 hours of MEK162 treatment. Combining MEK162 
with 4 Gy resulted in decreased ATM phosphorylation and retention of 
DNA-damage by γH2AX (Figure 3C, see red boxes). Furthermore, the 
combination resulted in a synergistic increase of the sub-G1 fraction after 
24h (Figure 3D) as well as a synergistic increase in late-apoptotic cells after 
72h (Figure 3E).

Figure 2. Synergy is dose-dependent for both MEK162 and radiation. A&B) U87 Spheroid 
growth with varying concentrations of MEK162 alone or combined with 5 x 2 Gy irradiation, 
error bars indicate SD (n=12). Gray bar indicates treatment of 4 days. C) Analysis of A&B, 
growth delay induced by additional treatment with 5x2 Gy irradiation. D&E) U87 Spheroid 
growth with increasing fractions of 2 Gy irradiation in the presence or absence of 0.25 µM 
MEK162, error bars indicate SD (n=12). F) Analysis of D&E, growth delay induced by additional 
treatment with 0.25 µM MEK162.
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Figure 3. MEK1/2 inhibition disrupts cell cycle and DNA-damage sensing, thereby 
synergizing with radiation in cell death. A) Flow cytometer analysis of GBM8 spheres in 
the cell cycle (top) and the sub-G1 fraction (bottom). Spheres were treated with 1 µM MEK162 
for up to 72h. ** indicates p <0.01. B & C) GBM8 spheres were treated with 1 µM MEK162 
and/or 4 Gy irradiation and harvested at indicated time points. Red boxes highlight the main 
dif ference between RT and MEKi+RT in ATM phosphorylation. D) Flow cytometer analysis of 
cell cycle and sub-G1 fractions of GMB8 spheres 24h af ter treatment with 1 µM MEK162 and/
or 4 Gy. E) Flow cytometer analysis of apoptosis showing the Annexin V+/PI+ stained fraction 
af ter 72h treatment with 1 µM MEK162 and/or 4 Gy. Significance was determined by chi-
square test for distribution (** indicates p <0.01).
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Figure 4. MEK162 enhances the effect of irradiation in an in vivo orthotopic primary 
GBM model. A) Schematic overview of in vivo experimental setup. GBM8 primary sphere 
culture stably expressing firefly luciferase and mCherry were injected in the striatum of the 
mice and were let to grow for 11 days. Treatment groups consisted of six mice each. Mice were 
treated with 50 mg/kg MEK162 daily for 5 days during which they received 3x2 Gy irradiation. 
Bioluminescence (expressed in RLU) was measured twice a week. B) Representative BLI signal 
images at day 28. C) Radiation induced growth delay of signal reaching 108 RLU. Assessed 
by (Drug4 Gy – Drug0 Gy). D) Median tumor growth of each treatment arm with exponential 
growth curves plotted through the points. E) Overall survival. F) Growth rates calculated from 
exponential growth curves(D). Combination index is given for the combinatorial treatment. G) 
Median survival, * indicates p < 0.05 by Mann-Witney test of significance.
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MEK inhibition and irradiation in GBM8 primary glioblastoma 
in vivo
We tested the effect of combined MEK162 treatment and irradiation in 
an orthotopic in vivo model using GBM8 cells (Figure 4A). Assessing the 
radiation-induced growth delay by MEK162 showed an increase from 2 to 
9 days (Figure 4C). Differences in median tumor growth rate (Figure 4D) 
resulted in a synergistic growth reduction for the combination treatment 
(CI = 0.52, Figure 4F). A significantly longer median survival was observed 
in the presence of MEK162 compared to vehicle control (p = 0.016), whereas 
median survival for each mono-therapy was not dif ferent from vehicle 
treated animals (Figure 4G). Overall survival was increased for single 
agent and combination arms but these dif ferences were not statistically 
significant (Figure 4E). Treatments were well tolerated for all treatment 
groups, as determined via scoring of the animals’ conditions and weight 
during the 6-week follow-up period. Hence, the endpoint of the study, 
i.e. severe deterioration as a result of tumor size, which was verified via 
a bioluminescence signal, was not limited by toxicity. Raw data for each 
mouse are provided in Supplemental Figure 6. The presence of MEK162 in 
combination with irradiation showed marked synergy onto tumor size as 
measured by bioluminescence signal (Supplementary Figure 6B).

Differential synergy in primary glioma sphere cultures 
identifies potential patient responders. 
Identifying patients that respond to the combination therapy would be of 
great value. We used a panel of 9 primary glioma sphere cultures (GSCs(24)) 
to generate an RNA response signature. For this, GSCs were treated 
with a fixed MEK162 (1 µM) and irradiation (3x2 Gy) dose and assessed 
for spheroid size reduction at day 14 (Figures 5A&B). We subsequently 
correlated the CI at day 14 with the top 20 positive- and negative-
correlating genes which resulted in a therapy response RNA signature 
(Figure 5C). This gene signature was used to stratify 540 patients from the 
TCGA glioma data set based on their z-score and define them as expected 
responders and non-responders to MEK162+radiotherapy. This resulted in 
a clear distinction and defined a group that might have a benefit from the 
combination therapy (n=43) and a group with no expected benefit (n=461). 
Patients of the expected benefit group were found to have a low overall 
survival with current standard of care (n=46, p=0.013) (Figure 5D). In line 
with this finding, these patients are categorized as mesenchymal (i.e. they 
matched the Verhaak mesenchymal gene signature (7), R=0.575, p<0.0001) 
which inversely correlated with the proneural gene signature (R= −0.545, 
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Figure 5. Differential synergy in primary glioma sphere cultures identifies potential 
patient responders. A) 9 Glioma sphere cultures treated with 1 µM MEK162 for 4 days 
combined with 3x2 Gy irradiation. Error bars indicate SD (n=12). B) Synergy calculations 
for each time-point. CI < 1 indicates synergy. C) GSCs ranked from high to low CI with the 
expression of the top 20 positive and top 20 negative correlating genes. D) Overall survival 
of the top 43 good responders vs the remaining patients. E) Correlation of MEKi+RT gene 
signature with the mesenchymal gene profile.

p<0.0001) (Figure 5E).

DISCUSSION 
We report that MEK1/2 inhibition synergizes with radiation in glioblastoma 
sphere cultures in vitro and orthotopically in vivo. This interaction appears 
specific for the MAPK axis as it was not observed for any of the tested 
inhibitors in the PI3K/mTOR pathway. Previous research in glioma and 
other cancers have identified similar radiosensitizing interactions in 
monolayer cell lines addicted to the MAPK pathway by activating mutations 
in either KRAS or BRAF (25–27). Here we report that even in the absence 
of these activating mutations; MEK162 is able to enhance the irradiation 
response of glioma cells, but only when cultured as spheroids, underlining 
the importance of MEK signaling in these more physiologically relevant 
culture conditions. Multicellular spheroids better mimic the 3D cell-to-cell 
contacts and the pathophysiological gradients of nutrients and oxygen 
of tumors in situ (28). This can lead to altered intracellular signaling and 
thereby different responses to pharmaceutical agents (29), irradiation (30) 
and resultant synergistic interactions compared to monolayer cultures. 
Recently, a phospho-proteomic study of multiple established glioma cell 
lines cultured as spheroids reported increased signaling through MEK 
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in spheroids compared to cells grown as monolayers (31). Moreover, this 
importance of MEK signaling was also found through phospho-proteomic 
network modeling across eight primary GBM cultures (including GBM8)
(32). Both studies demonstrate that under more physiological culture 
conditions MEK is highly active and cells rely on MEK for their DNA damage 
response. 

We evaluated MEK162 mechanistically in GBM8 spheroids and found it to 
decrease levels of key proteins of both G2/M and G1/S cell cycle checkpoints 
as well as DDR proteins. Cell cycle analyses showed the cells exiting the 
cell cycle during or after S-phase and enter sub-G1. This combinatorial 
disruption of cell cycle checkpoints and DDR likely underlies increases in 
γH2AX after MEK inhibition alone. The interaction between MEK1/2 and 
the G2-checkpoint has been described in other studies and indicates that 
synergy in glioblastoma occurs through mitotic catastrophe (27,33,34).

Our In vivo data confirmed that MEK inhibition enhanced the effect of 
fractionated radiotherapy on the endpoints tumor growth rate, tumor 
regrowth time and tumor size. This led to a significant increased median 
survival for the combination-therapy compared to untreated mice. This is, 
to our knowledge, the first evidence of radiosensitization of an orthotopic 
xenograft model for glioblastoma by inhibition of MEK1/2. 

Currently, MEK inhibitors are widely investigated in the clinic in particular 
for RAS or BRAF mutated tumors. There are two trials recruiting patients 
for a phase I/II study for children with low-grade gliomas with activating 
mutations BRAF or loss of NF1 (NCT02285439 with MEK162 / NCT01089101 
with Selumetinib). So far, only Trametinib has gained FDA approval (35), 
whereas MEK162 (Binimetinib) is in phase III (36), (37). Common adverse 
effects of MEK inhibitors include rash, fatigue, and diarrhoea which are 
manageable. More serious but rarer side effects include central serous 
retinopathy and, when present in the CNS, MEK inhibitors can cause 
retinal vein occlusion and neuropathy (9). Trametinib was however shown 
to not enter intact brain in suggesting such toxicities can be avoided but 
thereby possibly making it unsuitable for brain tumors (38). Ascierto et 
al. (39) showed that MEK162 was effective against NRAS melanoma brain 
metastases without inducing CNS related side-effects. It has been shown 
that fractionated radiation can effectively disrupt the BBB and increase drug 
accumulation in an orthotopic in vivo brain tumor model (40). Exploiting 
this approach might improve drug accumulation at the tumor site and 
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should therefore be further evaluated for radiosensitizing compounds (41). 

Currently most trials for MEK inhibitors as monotherapy include patients 
with activating mutations in the MAPK pathway. In this study, we have 
stratified patients for possible therapy response based on a set of nine 
primary GSCs. This limited panel of cell lines yielded a gene signature 
which positively correlated with the mesenchymal subtype (which has a 
low overall survival), indicating these patients most likely benefit from this 
therapy. The mesenchymal subtype is frequently associated with a loss of 
NF1 leading to high MAPK activity which could guide patient selection as 
well (42). Further expansion of the GSC dataset by more clinical samples 
might allow for accurate identification of patients and thereby enable an 
individualized approach. Based on these data first steps, a multi-center 
phase I/II study for MEK inhibition in combination with radiotherapy and 
TMZ has been initiated.
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ABSTRACT

Glioblastoma Multiforme (GBM) is the most malignant brain tumor 
found in human patients, which have a median survival time of 12-15 
months. Recently, there has been a wide interest in tackling GBM cells by 
manipulating the autophagic pathway. In this project, we aimed to create 
a cytostatic and cytotoxic accumulation of autophagosomes by inhibiting 
mTOR and the fusion between autophagosomes and lysosomes. We 
exposed GBM cells to the allosteric mTOR inhibitor RAD001 or the active 
site mTOR inhibitor MLN0128 in combination with the late stage autophagy 
inhibitor chloroquine or thymoquinone. Via this combination treatment 
we also aimed to find a radiosensitizing effect. Our findings led us to the 
conclusion that combination treatment of mTOR and autophagy inhibitors 
has a more than additive inhibitory effect on GBM cell proliferation, but 
does not induce GBM cell death neither radiosensitizes GBM cells.

INTRODUCTION

Glioblastoma Multiforme (GBM) is a grade IV brain tumor and is the most 
common (1). 40% of the GBM patients contain an over activated epidermal 
growth factor receptor (EGFR), with  50% of these mutations of the EGFRvIII 
type, by which the receptor is constitutively active due to loss of its 
extracellular part, causing ligand-independence (2).

Despite aggressive therapy consisting of surgery, postoperative 
radiotherapy and chemotherapy, the median survival of patients with a 
GBM is only about 15 months following diagnosis. The majority of patients 
die from locally recurrent disease, which is due to the infiltrative growth 
behavior and treatment resistance. 
It is evident that new and additional therapies are needed to better control 
GBM and to improve patients’ survival. The present study is aimed to find 
a new strategy to tackle GBM cells by manipulation of the autophagic 
pathway.

Autophagic pathway
Macro-autophagy, further referred to as autophagy, is a cellular process 
that degrades and recycles cytoplasmic materials in lysosomes to maintain 
energy homeostasis under cellular stress condition, including nutrient 
starvation, growth factor deprivation, exposure to reactive oxygen species, 
hypoxia and DNA damage (3)(4)(5). This process is mediated by mTOR, an 
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atypical PI3K-like protein kinase which is able to sense nutrient, oxygen 
and energy levels (6). This protein kinase was described for the first time 
in 1991 as a mammalian target of rapamycin (6), a lipophilic macrolide 
drug with anti-tumor/anti-proliferative and immunosuppressive properties 
(7). mTOR consists of two complexes that dif fer both functionally and 
structurally from each other. The first complex, mTORC1, is sensitive for 
rapamycin, phosphorylates S6K and 4E-BP1 and regulates autophagy. Next 
to autophagy, this complex also controls translation, mRNA biogenesis, 
protein, lipid and nucleotide biosynthesis, mitochondria and ribosome 
biogenesis, all processes that are required for cell growth and proliferation 
(8). The second complex, mTORC2, is insensitive for rapamycin, 
phosphorylates SGK1 and AKT (Ser473, Thr308) and does not play a role 
in the regulation of autophagy. Instead, it regulates survival, metabolism, 
proliferation and cytoskeletal organization (9)(10). The autophagic pathway 
is schematically illustrated in Figure 1. Under nutrient-rich conditions, 
mTORC1 is associated to the ULK kinase complex, consisting of ULK1 (UNC-
51-like kinase 1), autophagy-related gene 13 (Atg13), Atg10 and FIP200 (FAK 
family kinase-interacting protein of 200 kDa) and in this situation mTORC1 
inhibits autophagy. However, under cellular stress conditions like nutrient 
starvation, mTORC1 is inhibited resulting in dissociation from the ULK 
kinase complex(5)(11). This dissociation leads to the dephosphorylation of 
specific residues of ULK1 and Atg13 and via the now active ULK1 complex, 
Beclin 1 interacts with several autophagy-enhancing factors (e.g. Atg14, 
Bif-1, Ambra) and dissociates from autophagy-inhibitory factors (e.g. Bcl-
2, Bcl-XL), which is essential for its binding with vacuolar protein sorting 
34 (vps34). Vps34 is a class III phosphoinositide 3-kinase (PI3K) and its 
association with Beclin-1 stimulates the nucleation of the phagophore 
(also called isolation membrane) via increased phosphatidylinositol-
3-phosphate (PI3P) levels, which recruits effectors that are essential for 
this step (5)(12). The phagophore may be generated of multiple sources 
such as endoplasmic reticulum (ER), Golgi complex, outer mitochondrial 
membrane and plasma membrane (13). 

When the phagophore is formed, two transmembrane proteins, Atg9 
and vacuole membrane protein 1 (VMP1), recruit lipids to the isolation 
membrane by cycling between the Golgi complex, endosomes and 
autophagosomes (Figure 1). Adjacent to this lipid recruitment, two 
ubiquitin-like (UBL) conjugation systems contribute to the elongation 
process of the phagophore (5)(12). One of these systems consist of the 
conjugation of cytosolic LC3 (LC3-I) to phosphatidylethanomaline (PE) 
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via Atg7 and Atg3, which in this conjugated form is called LC3-II. LC3-II is 
subsequently recruited to the nascent autophagosome(14) via the second 
conjugation system consisting of the Atg12-Atg5-Atg16 complex. This 
complex is formed by a convalent conjugation between Atg12 and Atg5 
(mediated by Atg7 and Atg10), which is then noncovalently stabilized by 
Atg16 (5). LC3-II is bound on both the internal and external surfaces of 
the autophagosome and selects intracellular components for autophagic 
degradation (5)(15). When the autophagosome is formed, the Atg12-Atg15-
Atg16 complex dissociates from the membrane, whereas LC3-II remains on 
it and completes both the maturation and transport of the autophagosome. 
It only disassociates when the autophagosome is fused with a lysosome and 
therefore its biochemical detection is widely used as  a marker for cellular 
autophagy (12). The fusion between an autophagosome and a lysosome 
is mediated by SNARE-like proteins and subsequently the autolysosome 
degrades its cargo and recycles essential biomolecules to the cytoplasm 
(5). 

Recent studies have suggested that elevating the autophagic flux via mTOR 
inhibitors may lead to GBM cell death. Experiments have been conducted 
with either allosteric mTOR inhibitors, which are only capable to inhibit 
mTORC1 (8) or with active site mTOR inhibitors  which can inhibit both 
mTORC1 and mTORC2 (10). It is believed that allosteric mTOR inhibition has 
some shortcomings, for example that GBM cells are able to survive when 
only mTORC1 is inhibited via a feedback loop between mTORC1 and AKT. 
Therefore, there has been a growing interest for dual mTORC1/mTORC2 
inhibition, which might overcome such limitation (10).

Inhibiting the autophagic pathway is also believed to be a form of 
inducing tumor cell death. Studies have reported that an accumulation of 
autophagosomes may result in GBM cell death, encouraging for the use 
of compounds that inhibit the fusion of autophagosomes and lysosomes 
(16),(17). Chloroquine (CQ) is the most widely known and used autophagy 
inhibitor for in vitro and in vivo studies. It is a lysosomotropic agentwhich, 
in its unprotonated form, dif fuses into the lysosomal lumen where it 
becomes protonated and therefore unable to dif fuse out of the lysosomal 
lumen freely. This accumulation of the drug disrupts the function of 
lysosomes and results in the inhibition of the fusion of autophagosomes 
and lysosomes (18). CQ is known to cross the blood-brain barrier(11) and 
has been reported to induce GBM cell death (16).
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In another study  Racoma et al.(19) demonstrated that thymoquinone 
(TQ), the primary bioactive component from the natural compound 
Nigella sativa, is also able to inhibit the fusion of the lysosome with the 
autophagosome during autophagy (19). Different from CQ, TQ induces 
lysosome membrane permeabilization by which the lysosomes cannot fuse 
with the autophagosomes. Moreover, the lysosome permeability leads to 
leakage of downstream effectors of cell death to the cytosol. TQ is known 
to pass the blood-brain barrier and Racoma et al.(19) showed The objective 
of the study was to determine whether GBM cells can be tackled by the 
combined treatment of  both mTOR and autophagy inhibitors (3)(18).
By using novel therapeutic compounds, it is intended to induce autophagy 
and inhibit the fusion of autophagosomes with lysosomes and thereby to 
create a cytostatic and cytotoxic accumulation of autophagosomes, which 
inhibits cell proliferation and induces apoptosis mediated cell death. This 
hypothesis is based on literature that show evidence for bax and caspase-3 
activation upon autophagosome accumulation resulting in glioma cell 
death (16)(20)(21).

Radiation-induced DNA damage is also believed to induce autophagy (22). 
However, up till now neither the molecular mechanism of this event, nor the 
effect of radiation-induced autophagy is well understood. Whereas some 
studies have found cytoprotection upon radiation-induced autophagy 
and hypothesize that radiation-induced autophagy triggers an adaptive 
response that promotes tumor growth and survival, other studies show 
that radiation-induced autophagy induces cell death of radioresistant 
cells when an overwhelming amount of autophagy is achieved (22). For 
this reason, the radiosensitizing potential of the autophagic process was 
studied as well.

MATERIALS & METHODS

Cell culture
U87wt and U87vIII cells, obtained from the neuro-oncology research group, 
VUMC, were incubated at 37°C in a 5% CO2/95% air atmosphere. The cells 
were cultured in t75 culture flaks with a monolayer of DMEM medium, 
containing 10% fetal calf serum and 1% PenStrep. Cells were washed with 
Phosphate Buffered Saline (PBS) and trypsinized with Trypsin-EDTA. Cell 
numbers were counted with the Z™ Series COULTER COUNTER®, obtained 
from Beckman Coulter, Inc. 
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Proliferation Assay
72 hour drug exposure
U251wt cells were seeded in 96-well plates O/N, at a density of 1500 cells/
well. Subsequently, cells were treated with dif ferent drug combinations for 
72 hours. Thymoquinone and Chloroquine, purchased from Sigma-Aldrich 
and MLN0128 and RAD001 purchased from Selleck Chemicals were diluted 
in DMEM before adding to the cells. After 72 hours of treatment, cells were 
washed with PBS and fixed with 4% formaldehyde in PBS (75 µL/well). Cells 
were then washed again and 1% triton in PBS was added (75 µL/well) for 
15 minutes to permeabilize the cell membranes. Afterwards, cell nuclei 
were stained with 0.3 µL/mL DAPI in PBS (50 µL/well) for 15 minutes and 
the amount of nuclei was counted with Acumen according to manufacturer 
protocol.

24 hour drug exposure plus irradiation
U87wt cells were seeded in 96-well plates O/N, at a density of 500 cells/
well. Subsequently, cells were treated with dif ferent drug combinations 
and/or irradiated at room temperature by single doses of 4 Gy γ-radiation 
by a 60C source (Gammacel 220; Atomic Energy of Canada, Missisuaga, 
Ontario, Canada). Drug treatment was stopped by refreshing the medium 
and cells were allowed to proliferate until control wells were near 
confluency. Subsequently, cells were washed and fixed and the amount of 
cells was measured as mentioned above. 

Western Blot
U87wt or U87vIII cells were grown in T25 culture flasks as in the previously 
described cell culture conditions. 24 hours after plating, cells were 
irradiated and/or treated with the drugs for 24 hours. Subsequently, cells 
were washed with cold PBS, scraped on ice in cold PBS/EDTA (10 mM) and 
transferred to an eppendorf tube. The samples were centrifuged at 300 g 
for 5 minutes at 4 °C and the supernatant was aspirated. Ripa lysis buffer 
containing 2 mM PMSF, protease inhibitor cocktail diluted 1:100 and 1 mM 
sodium orthovanadate was added to the pellets (50 µL/pellet) and the 
lysates were vortexed three times after 10 minutes. Meanwhile, the lysates 
were kept in the refrigerator. Subsequently, the lysates were spinned down 
at 18000 g for 10 minutes at 4°C and the supernatant was stored at -80°C. 
To estimate the protein concentration of the cell lysates a BCA assay was 
performed and all samples were equalized to 50 µL/10 µL. To load each 
sample four times 15 µL of loading buffer containing 20% beta-mercapto 
was added to the samples. The samples were kept in NuPAGE eppendorf 
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tubes and boiled for 5 minutes at 95°C. 14 µL of each sample was loaded 
on a lane of a precast gel 4-20% SDS-PAGE (Bio-Rad laboratories, Hercules, 
CA, USA). Gel electrophoresis was performed at 200 V for 30 minutes to 
separate the proteins based on their size. Subsequently, the proteins were 
transferred to a PVDF membrane at 100 V for 1.5 hour. The transfer was 
performed with a cooling unit in order to maintain a constant temperature. 
The membrane was then blocked in Rockland blocking buffer for 30 min 
and incubated with primary antibodies (1:1000 in 50% Rockland blocking 
buffer and 50% PBS-T) in the cold room O/N. Primary antibodies for LC3B, 
p-4E-BP1 and p-AKTs473 were obtained from Cell Signaling Technology, 
Inc. and the primary antibody for β-actin from Sigma-Aldrich. Subsequently, 
the blot was washed 3 times with PBS-T for 15 minutes and incubated with 
the secondary antibody for 1-1.5 hours at room temperature. Secondary 
antibodies were diluted 1:5000 in 50% Rockland blocking buffer and 50% 
PBS-T  and kept in the dark for maintenance of fluorescence. Antibody 
binding was detected using the Odyssey infrared imaging system according 
to manufacturer’s protocol. 

Clonogenic assay
300.000 U87wt and U87vIII cells were seeded for each condition in duplo. 
After 48 hours, cells were irradiated at room temperature by single doses 
of 4 Gy γ-radiation by a 60C source and/or post-incubated with dif ferent 
drug combinations for 24 hours. Cells were then trypsinized and plated 

Figure 1. The effect of radiation on the autophagic flux. (A) Cells were plated in T25 flasks 
O/N and irradiated with 4 Gy using a 60C source. Cells were then lysed at dif ferent time steps 
af ter irradiation and the amount of protein was estimated with a BSA assay. 50 µL of each 
sample was loaded per well. (B) High variability between 4 proliferation assays of the effect 
of Thymoquinone on U87.
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in T25 culture flasks for colony formation. After approximately 10 days, 
colonies were counted and the plating efficiency (P.E.) was determined 
(P.E.= colonies formed/cells seeded).

RESULTS

Increase of LC3B by RT alone and by mTORi and chloroquine.
To monitor the effect of irradiation on the autophagic flux, P62, LC3-I 
and LC3-II levels were measured at various time points after irradiation 
by Western Blotting. Figure 1A shows that LC3-II was accumulated at 48 
and 72 hours after irradiation. This suggests that the autophagic flux only 
increases from 48 hours after radiation and that drug scheduling can play 
an important role in tackling GBM cells via the autophagic pathway. To block 
the autophagic flux, initial experiments proliferation assays were performed 
on U87wt with thymoquinone. However, this yielded high variation between 
the experiments (Figure 1B). Further experiments were therefore performed 
with CQ which showed a much more stable phenotype (data not shown). The 

Figure 2. The effect of MLN0128 and RAD001 on mTOR on U87 signaling and growth. A) 
Cells were treated with 50, 100 and 500 nM MLN0128 and 100 nM RAD001 for 24 hours. B) 
Cells were then exposed to the drugs for 24 hours. Cell treatment was stopped by refreshing 
the medium and cells were fixed when the control groups were near confluency. Cell nuclei 
were stained with DAPI and counted.

Figure 3. The effect of 100 nM MLN0128, 100 nM RAD001 and 10 µM CQ on mTOR  
singaling and the autophagic flux in (A) U87wt and (B) U87vIII. Experiments were performed 
as described in Figure 2.
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autophagic pathway signaling after treatment with RAD001, MLN0128 and 
CQ was mapped with Western Blot. The effect of the two mTOR inhibitors, 
RAD001 (100 nM) and MLN0128 (50, 100, 500 nM), on mTOR signaling in 
U87wt is presented in Figure 2. RAD001 lowered the phosphorylation of 
4E-BP1, which reflects the inhibition of mTORC1 and all concentrations of 
MLN0128 lowered the phosphorylation of both 4E-BP1 and AKTs473 as well, 
indicating the inhibition of both mTORC1 and mTORC2. MLN0128 seems 
to be a more powerful mTORC1 inhibitor than RAD001, since the band of 
p-4E-BP1 is more visible when cells were treated with 100 nM RAD001 than 
with 100 nM MLN0128. Both mTOR inhibitors increased the autophagic flux 
since the bands of LC3-I after treatment with either RAD001 or MLN0128 
are lower than the control group, suggesting that more LC3-I is converted 
to LC3-II. 50 nM MLN0128 increased the autophagic flux in a similar way 
as 100 nM RAD001 and Figure 4 shows that these concentrations of both 
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Figure 4. Clonogenic cell survival in (A) U87wt and (B) U87vIII af ter exposure to 10 uM CQ 
and/or 50 nM MLN0128. 300.000 cells were seeded for each condition in duplo and af ter 48 
hours incubated with the drugs for 24 hours. Cells were then trypsinized and plated in T25 
flasks to form colonies. Colonies were counted and the plating efficiency was determined. 
The effect of 4 Gy during treatment of 10 uM CQ and/or 50 nM MLN0128 in (C) U87wt and (D) 
U87vIII. 
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drugs are also isoeffective on U87wt cell proliferation. Figure 3 shows that 
exposure of U87wt and U87vIII to CQ results in an accumulation of LC3-II, 
indicating for an accumulation of autophagosomes and thus an inhibition 
of the fusion between autophagosomes and lysosomes.

Accumulation of autophagosomes by mTORi and RT does not 
reduce clonogenic cell survival.
We continued our study by investigating if the combination of inducing 
autophagy and inhibiting the fusion between autophagosomes and 
lysosomes induces GBM clonogenic cell death. U87wt and U87vIII cells 
were exposed to 10 uM CQ and 100 nM MLN0128 or 100 nM RAD001 for 
24 hours and Figure 4A and 4B show that in both cell lines the plating 
efficiency in each group was approximately the same, suggesting that CQ 
alone or in combination with MLN0128 or RAD001 does not induce GBM 
cell death. To investigate if combination treatment has a radiosensitizing 
effect, clonogenic cell death was also measured when U87wt and U87vIII 
cells were both irradiated and treated with 10 µM CQ and 100 nM MLN0128 
or 100 nM RAD001 for 24 hours. The ratios between the irradiated and 
the non-irradiated groups, where the effect of the drug without radiation 
is factored out, are shown in Figure 10A for U87wt and 10B for U87vIII. 
In both cell lines, the calculated ratios were all approximately the same, 
suggesting that irradiation did not have an extra effect on clonogenic cell 
death when cells were also treated with the drugs.

Accumulation of autophagosomes by mTORi and RT does not 
reduce clonogenic cell survival.
We continued our study by investigating if the combination of inducing 
autophagy and inhibiting the fusion between autophagosomes and 
lysosomes induces GBM clonogenic cell death. U87wt and U87vIII cells 
were exposed to 10 uM CQ and 100 nM MLN0128 or 100 nM RAD001 for 
24 hours and Figure 4A and 4B show that in both cell lines the plating 
efficiency in each group was approximately the same, suggesting that CQ 
alone or in combination with MLN0128 or RAD001 does not induce GBM 
cell death. To investigate if combination treatment has a radiosensitizing 
effect, clonogenic cell death was also measured when U87wt and U87vIII 
cells were both irradiated and treated with 10 µM CQ and 100 nM MLN0128 
or 100 nM RAD001 for 24 hours. The ratios between the irradiated and the 
non-irradiated groups, where the effect of the drug without radiation is 
factored out, are shown in Figure 4A for U87wt and Figure 4B for U87vIII. 
In both cell lines, the calculated ratios were all approximately the same, 
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suggesting that irradiation did not have an extra effect on clonogenic cell 
death when cells were also treated with the drugs.

DISCUSSION

In this study, we hypothesized that via induction and (late stage) inhibition 
of autophagy we could create a cytostatic and cytotoxic accumulation of 
autophagosomes in GBM cells, resulting in inhibition of cell proliferation 
and induction of cell death. Autophagy induction was executed via the 
allosteric mTOR inhibitor RAD001 and the active site mTOR inhibitor 
MLN0128, which are known to inhibit mTORC1 and both mTORC1/mTORC2 
respectively (10). Our data was in line with this information, since we 
observed decreased levels of p-4E-BP1 after RAD001 treatment and 
decreased levels of both p-4E-BP1 and p-AKTs473 after MLN0128 treatment 
via Western Blot. According to our data, MLN0128 is also a more potent 
inhibitor of mTORC1 than RAD001, since lower phosphorylation levels of 
4E-BP1 were observed after treatment with 100 nM MLN0128 than after 100 
nM RAD001. Both RAD001 and MLN0128 increased the autophagic flux in 
U87wt cells, since less LC3-I was detected during Western Blot indicating 
for a higher conversion of LC3-I to LC3-II relative to controls. 

Autophagy inhibition was performed with CQ, a well-known autophagy 
inhibitor, which is currently being tested in clinical studies. The late 
stage CQ-induced inhibition of autophagy was observed via increased 
LC3-II levels with Western Blot after CQ treatment (10 µM). Our TQ data, 
however, showed large variability, which can be explained  by its instability 
in aqueous solutions as reported by a recent study (23). They reported 
that the concentration of TQ continuously decreases with time in all tested 
solutions, including water. It is therefore possible that TQ was not stable 
when it was exposed to the cells, since the used medium, DMEM, is a water-
based solution. 

The combination of inducing autophagy and inhibiting the fusion of 
autophagosomes and lysosomes, did not reduce GBM cell survival as 
determined via a clonogenic assay when both U87wt and U87vIII cells 
were treated with CQ and MLN0128 or RAD001. The combination was 
not found to radiosensitize the cells. Literature either claim CQ to be a 
radiosensitizer or to be a radioprotector (24). Contradictory results 
regarding radiosensitization were also reported for the allosteric mTOR 
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inhibitor rapamycin (1)(25)(26). RAD001 was shown to radiosensitize human 
breast cancer cells, however, neither rapamycin nor RAD001 was found to 
radiosensitize GBM cells.(26) This illustrates the complexity of autophagy 
and shows that the role of this process can be very dif ferent in each cancer 
cell type. Breast cancer cells might be more dependent on autophagy and 
therefore more vulnerable to the inhibition of this process while GBM cells 
are able to protect themselves from autophagy via feedback loops, e.g. the 
compensation loop via AKT (see introduction). Dual inhibition of mTORC1 
and mTORC2 is therefore expected to be more fatal in combination with 
radiation, but our MLN0128 data do not support this view.  

Western Blot analysis pointed out that radiation-induced accumulation 
of autophagosomes occurred from 48 hours after radiation. Since in our 
studies, cells were exposed to the drugs for 24 hours after irradiation the 
most optimal amount of accumulated autophagosomes might not have 
been reached yet. Nevertheless, we observed that combination treatment 
of mTOR and autophagy inhibitors had a more than additive inhibitory effect 
on GBM cell proliferation. The combination treatment did neither induce 
clonogenic cell death nor to radiosensitize glioma cells. Future studies 
should direct on the precise timing of drug-and radiation treatments. 
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ABSTRACT

INTRODUCTION: First generation allosteric inhibitors of mTORC1 
have demonstrated clinical benefit for the treatment of gliomas. Also, 
MEK inhibition has shown great promise in early phase gliomas clinical 
trials with the hypothesis that tumors carrying the KIAA1549:BRAF are 
particularly sensitive to such approach. MLN0128, a second-generation, 
ATP-competitive, pan-mTOR kinase inhibitor, acts on both mTORC1 and 
mTORC2. Herein we investigate the effects of MLN0128 monotherapy as 
well as in combination with MEK inhibition on pediatric and adult human 
glioma cells in vitro.

METHODS: Studies were performed on a panel of human glioma cell lines 
containing BRAFV600E (AM38), wild-type BRAF (LN229, TN98, SF188) and 
isogenic systems of KIAA1549:BRAF-expressing NIH3T3 cells. Signaling 
inhibitors included mTOR inhibitors MLN0128, everolimus, BRAFV600E 
specific inhibitor PLX4720 and MEK specific inhibitors AZD6244 and 
GSK1120212. Cell proliferation was determined using an ATP-based assay. 
Biochemical effects were assessed using western blot analysis.

RESULTS: Combinatorial MLN0128+AZD6244 inhibition reduces cell 
viability in BRAFV600E and BRAF:KIAA1549 background more prominently 
than in WT cells. This effect correlates with down-regulation of both 
phospho-rpS6 and phospho-ERK. NF1NULL cells were moderately sensitive 
to AZD6244 and showed increased apoptosis compared to NF1WT 
cells. Additionally, they show reactivation of MAPK activity with residual 
activity of phospho-rpS6 and phospho-ERK when treated with MLN0128 
and MLN0128+AZD6244. Proliferation of NF1WT cells could neither be 
inhibited with single agent AZD6244 nor in combination with MLN0128, 
this despite visible down-regulation of phospho-rpS6 and phospho-ERK 
proteins

CONCLUSION: Dual mTOR + MEK targeting shows synergistic interaction 
in vitro and therefore might be beneficial in the treatment of a subset of 
glioma patients diagnosed with BRAFV600E or BRAF:KIAA1549 alterations. 
NF1 may be considered a resistance mechanism to MEK inhibitors. 
Furthermore, our data show that blockage of mTORC1/2 led to activation 
of MAPK signaling.   
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INTRODUCTION  

Pediatric low-grade gliomas (PLGG) constitute the most common group 
of central nervous system tumors in children. Although the molecular 
underpinnings of PLGGs represent an ideal platform for personalized 
approaches, precision medicine has yet to impact PLGG therapy. Recent 
comprehensive genomic studies of PLGGs have demonstrated recurrent 
BRAF:KIAA1549 fusion and BRAF V600E mutation as hallmark driver 
events. Specifically, BRAF is constitutively activated through formation of 
the KIAA1549:BRAF fusion protein in the majority of pilocytic astrocytomas 
(PAs) and by missense mutation (V600E) in ~25% of grade 2-4 pediatric 
gliomas [1]. While targeted BRAF therapeutics have emerged as successful 
strategies in adult malignancies, the unique molecular and biochemical 
underpinnings of pathway activation in the PLGG-associated BRAF-
fusion setting require the identification of distinct approaches from those 
employed in BRAF V600E altered tumors. Activation of both mitogen 
protein kinase (MAPK) and phosphatidylinositol-3’ kinase (PI3K) signaling 
cascades in PLGGs indicate possible efficacy for agents that target these 
cascades. In addition, cross talk and feedback loops between these 
pathways provide a compelling rationale for combinatorial approaches, 
specifically the combination of dual or single mTOR inhibitor with a MEK1/2 
inhibitor. Nonetheless, it remains unclear whether BRAF activation is 
predictive of response to therapy [2]. 

Glioblastoma (GBM) is the most prevalent primary brain tumor in adults. 
GBMs occurs either as a primary ‘de novo’ histological World Health 
Organization (WHO) Grade 4 disease or as a progression from lower grade 
gliomas [3]. The Cancer Genome Atlas (TCGA) subdivides gliomas into 
proneural, neural, classical and mesenchymal subtypes, where the proneural 
and neural subtypes are often also found in low-grade gliomas (LGGs) and 
have a good prognosis while the classical and mesenchymal subtypes are 
often found in high grade gliomas and correlate with worse survival [4]. 
There are several risk factors associated with GBM development; among 
these are Mendelian disorders such as neurofibromatosis and Li-Fraumeni 
syndrome. Moreover, mutations in TP53 (17p13.1) and MSH1/2, MSH6, 
PMS2 (Lynch syndrome) have been correlated with increased susceptibility 
to GBM [5]. In 2008 the Cancer Genome Atlas Network Research Network 
[6] published their first results revealing the genomic landscape of GBMs. 
Brennan et al. ((2013) redefined that a significant amount of alterations 
(90%) observed in adult GBM occur in the receptor tyrosine kinase/
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phosphatidylinositide 3-kinase and MAPK abbreviated as the RTK/PI3K/
MAPK signaling axes, which reflect similar alterations in pediatric glioma 
patients [7]. Among the most prevalent alterations in this pathway were 
mutations in the Phosphate and Tensin Homolog (PTEN) 41%, Epidermal 
Growth Factor Receptor (EGFR) 57% and Neurofibromin 1 (NF1) 10%. 
PTEN and NF1 negatively regulate the PI3K and RAS signaling cascade. 
Loss of these tumor suppressor genes leads to aberrant downstream via 
the mammalian target of rapamycin (mTOR) and MAPK pathway activating 
transcription factors involved in proliferation, invasion, protein synthesis, 
angiogenesis and evading apoptosis [8-11].  

Previous research showed that PTEN mutations elevate AKT signaling in 
both pediatric and adult gliomas [12] and dual inhibitors of PI3K and mTOR 
[13] are capable of inhibiting mTOR-inhibitor-driven activation of AKT. This 
description of PI3K/mTOR inhibitors as the first active site inhibitors of mTOR 
kinases [13] further motivated the development of that class of inhibitors. 
Multiple companies are now developing and testing those inhibitors in the 
context of cancer therapy. The mammalian target of rapamycin (mTOR) is 
a central regulator of protein synthesis and it signals downstream of PI3K. 
mTOR is a serine/threonine kinase that exists in 2 multi-protein complexes: 
mTORC1 (mTOR complex 1) and mTORC2 [14]. Everolimus, an allosteric 
inhibitor of mTORC1, blocks the ability of mTORC1 to activate S6 kinase, a 
regulator of translation and a critical downstream target. In contrast, active 
site inhibitors of mTOR kinase, such as MLN0128, block both mTORC1 
and mTORC2 [15]. Active site inhibitors of mTOR kinase are currently in 
clinical trials in adult solid tumors but not yet in pediatric studies. In the 
clinical setting they were shown to inhibit AKT as an mTORC2 target, and 
also block two mTORC1 targets, S6 kinase and EIF4E, the latter of which 
is negatively regulated by the direct mTOR target 4E-BP1. Both S6K and 
EIF4E regulate translation [16]. mTORC1 is mainly activated via the PI3K/
AKT pathway. Activated AKT phosphorylates tuberous sclerosis complex 
(TSC2), which leads to dissociation of TSC1/TSC2 and RHEB, and allows 
RHEB to activate mTORC1. AKT can also activate mTORC1 by PRAS40 
phosphorylation, thereby relieving PRAS40’s inhibition of mTORC1 [17, 18]. 
mTOR is dysregulated in a wide spectrum of cancers, through either loss 
of PTEN, mutation of PI3K, activation of AKT, or modulation of TSC1/TSC2. 
Here we focus on both the allosteric mTOR inhibitor everolimus, as well 
as active site dual mTOR inhibitor MLN0128, in determining a spectrum of 
mTOR related activity that will allow us to personalize PLGG treatments in 
specific genetic backgrounds.
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Compelling pre-clinical in vitro, in vivo and clinical rationales suggest a 
personalized combination therapy for pediatric and adult gliomas with 
upregulated PI3K and MAPK pathways, consisting of both mTOR inhibitor 
and MEK inhibitors. Previous studies demonstrated that mTOR inhibition 
can lead to a concomitant activation of MAPK pathways [19, 20]. Based on 
this data, the combinatorial benefit of mTOR with MEK1/2 inhibitors was 
studied and shown to be highly effective The mechanism of combinatorial 
efficacy in this model rested on mTOR inhibition activating ERK and MEK1/2 
inhibition failing to decrease S6 phosphorylation. But the combination of 
mTOR and MEK1/2 inhibitors effectively and dramatically inhibited ERK, 
AKT, and S6 phosphorylation [21].

Taken together, this research aims to establish which gliomas are best 
treated with mTOR inhibitor, how activation of BRAF modifies response to 
these compounds, and whether personalized combination therapies (e.g. 
combining BRAFV600E inhibitor with allosteric/dual mTOR inhibitor for 
BRAFV600E tumors and MEK inhibitor with allosteric/dual mTOR inhibitor 
for KIAA1549:BRAF tumors) prevent emergence of resistance. In high-
grade gliomas we additionally take into the account the PTEN and NF1 
mutational status as an additional marker of response. We hypothesize that 
successful drug interaction between mTOR and MEK inhibitors depends 
on the status of phospho-rpS6 and phospho-ERK, and that both phospho-
rpS6 and phospho-ERK need to be down regulated for synergistic drug 
interaction between mTOR and MEK inhibitors on cell proliferation.

MATERIALS AND METHODS

Cell lines, and drugs  
DBTRG and AM38 (BRAFV600E), as well as SF188, U138, T98, 
LN229(BRAFWT) human glioma cell lines were obtained from the Brain 
Tumor Research Center (BTRC) Tissue Bank at the University of California, 
San Francisco (UCSF). The BRAFV600E mutation was confirmed by the 
UCSF genomics core by DNA sequencing. The BRAFWT and KIAA1549-
BRAF NIH3T3 fibroblast isogenic cell model was generated as previously 
described [22]. AZD624 and everolimus were obtained from Selleckchem 
(Houston, TX) and PLX4720 from Plexxikon Inc. (Berkeley, CA). MLN0128 
was purchased from ChemieTek (Indianapolis, IN, USA). All compounds 
were stored according to the manufacturer recommendation and dissolved 
in DMSO prior to use.
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Cell Viability Assay
Cell viability was measured by CellTiter-Glo Luminescent Cell Viability 
Assay (Promega, Madison, WI) per the manufacturer’s guidelines. Assays 
were performed after 72 hours of treatment with each inhibitor or 
combination. Each experiment was set up in six replicates and repeated 
at least three times. Measurements were normalized to DMSO control. 
Pairwise comparisons were determined by Student’s t-test using GraphPad 
Prism 6.0 Software (GraphPad Software, La Jolla, CA). To evaluate drug 
synergy, combinatorial index (CI) values were calculated using the software 
CalcuSyn (Biosoft Inc, UK) [23]. CI < 1 signifies synergistic effect, CI = 1 
indicates additive effect, and CI > 1 defines drug antagonism.

Cell cycle analysis
Cell cycle distributions were determined using flow cytometry following 
staining with BrdU and 7-amino-actinomycin D (7-AAD). Cells were 
grown exponentially in appropriate media containing 10% FBS or as 
specifically indicated. Subsequently cells were treated with dif ferent 
inhibitors, fixed and stained 24 hours after treatment according to the 
manufacturer’s instructions (BD Pharmingen FITC BrdU Flow Kit). For 
combination treatments, both compounds were administered concurrently. 
Fluorescence was measured on a FAC-sort flow cytometer (FACSCalibur, 
Becton Dickson), and data analyzed using FlowJo (TreeStar, Inc). All 
measurements are represented as an average of at least four replicates. 
Error bars represent standard error. Statistical significance (p < 0.05) was 
determined with a one-way analysis of variance (ANOVA) and Bonferroni’s 
multiple comparisons correction using GraphPad Prism 6.0 Software 
(GraphPad Software, La Jolla, CA).

Annexin-V cytometric analysis 
Proportions of apoptotic cells were quantified by PI/FITC Annexin V flow 
cytometry (BD Bioscience, San Jose, CA), 72 hours after treatment.  Samples 
were processed and stained as described in the manufacturer’s protocol. 
All measurements represent an average of at least four replicates. FITC 
fluorescence was measured on a FAC-sort flow cytometer (Becton Dickson) 
and data analyzed using FlowJo (TreeStar, Inc).

Western blot analysis
To assess modulation of pathway specific signaling molecules, we 
performed western blot analyses. Total protein extracts from cells were 
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prepared using cell lysis buffer (50 mM HEPES pH 7.0, 150 mM NaCl, 10% 
glycerol, 1% Triton X-100, 0.5% sodium deoxycholate, 1% NP-40, 1.5 mM 
MgCl2, and 10 mM EDTA) containing a complete protease and phosphatase 
inhibitor cocktail (Roche Diagnostics Corporation, Indianapolis, IN). Protein 
lysates were separated by SDS-PAGE and transferred to polyvinyllidene 
difluoride membranes, then incubated with antibodies against p-Akt, total 
Akt, p-MEK1/2, p-Erk, p-S6, total S6, β-actin (Cell Signaling,Beverly, MA). 
Band intensities were visualized by ECL western detection reagent (GE 
Healthcare, Little Chalfont, Buckinghamshire, UK).

RESULTS

BRAF:KIAA1549 cells are more sensitive to MEK inhibition 
alone and show increased sensitivity towards mTOR 
inhibition compared to BRAFwt lines.
To study the effect of the combinatorial efficacy of MLN0128 or RAD001 
with MEK inhibitor AZD6244 in BRAF-fusion context, we utilized an isogenic 
BRAF:KIAA1549 model in 3T3 cells. The Western Blot results reveal that 
MLN0128 is necessary to completely inhibit phospho-4EBP1 both in the 
fusion and wild type cells (Figure 1A). MLN0128 blocks mTORC2, which is 
responsible for the ser473 phosphorylation of AKT; reduced pAKT levels 
are visible (Figure 1A). Moreover, mTOR inhibition by either RAD001 or 

A	   B	  

Figure 1. A. Representative Western Blot results of 3T3 BRAFwt and BRAF:KIAA1549. Cells were 
exposed to the inhibitors for 24 hours. Subsequently, protein was harvested and loaded in equally 
amounts on the same SDS-PAGE gel exposing them to identical running, transfer and exposing 
conditions. B. Cell viability measured by ATP-depletion using the Cell Titer Glo assay. Cells 
were exposed to 1 µM of AZD6244 for 72 hours. Error bars represent the SD each condition was 
performed in six replicates (N=1). IC50 were interpolated from the viability curves generated using 
Graphpad Prism 5 software (N=1). 
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MLN0128 leads to reactivation of phospho-ERK in BRAFWT cells. 
While treatment with AZD6244 reduces the levels of pERK, combination of 
AZD6244 with an mTOR inhibitor brings back the levels of pERK, an effect 
much more pronounced in wild type cells rather than the BRAF:KIAA1549. 
In fact, the BRAF:KIAA1549 cells still show reduced phospho-ERK activity 
in the combination treatment when compared to the control. Consistently, 
in the BRAF-fusion line, mTOR inhibition does not lead to an increase in 
phospho-ERK. Phospho-rpS6, the downstream target of mTORC1, is one of 
the most clinically used markers of response to mTOR inhibitor treatment. In 
this model, we observe down-regulation of p-rpS6 when cells were treated 
with mTOR inhibitors. However, profound inhibition is only observed in 
the BRAF:KIAA1549 cells when treated with MLN0128 accompanied by 
AZD6244. Hence, the most complete inhibition of the PI3K/mTOR/MAPK 
pathway is only evident in BRAF:KIAA1549 cells when both MLN0128 and 
AZD6244 are applied. In terms of cell viability, it is important to stress 
that BRAF:KIAA1549 cells are extremely sensitive to MEK inhibition alone 
(Figure 1B). Although drug synergy is not measurable when MEK inhibition 
alone is so effective, our biochemical analysis shows that these cells are 
also highly sensitive to mTOR inhibitors; a 3-fold reduction in the IC50 is 
observed in BRAF:KIAA1549 cells compared to 3T3 cells expressing wild 
type BRAF treated with MLN0128 (Figure 1B, bottom). 

BRAFV600E mutation in GBM cell lines predicts sensitivity 
towards MEK inhibitors, synergistic with mTOR inhibition. 
To determine the relevance of the BRAF status in GBM we used the GBM 
cell lines AM38 with homozygous expression of BRAFV600E and SF188 
(BRAFwt) pediatric high-grade glioma. In the BRAFwt patient derived lines, 
we observed a phospho-ERK activation due mTOR inhibition (Figure 2A), 
consistent with the previous results (Figure 1A). The BRAFV600E mutant 
AM38 cells do not show any increase in phospho-ERK in both single agent 
mTOR inhibitors and combinatorial use with AZD6244. Moreover, the 
downstream target of mTORC1, phospho-rpS6 still shows residual activity 
in SF188 when treated with RAD001 or MLN0128 thus indicating lower 
sensitivity of these cells to the mTOR inhibition, which remains unchanged 
despite the addition of AZD6244. However, AM38 (BRAFV600E) cells show 
complete inhibition of both phopsho-ERK and phospho-rp6 when MLN0128 
and AZD6244 treatments are combined. MLN0128 is successful in down-
regulating phospho-4EBP1 regardless of BRAF status, however, this effect 
is not observed when RAD001 is used. 
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A	  

B	  

Figure 2. A. Representative Western Blots of SF188 (BRAFwt) and AM38 (BRAFV600E) cells. 
Cells were exposed to the indicated compounds for 24 hours. Subsequently, protein was 
harvested and loaded equally on SDS-PAGE gels. B. Cell viability. SF188 (BRAFwt) and AM38 
(BRAFV600E) cells were exposed to 1 µM of AZD6244 for 72 hours. Error bars for SF188 
represent the SEM (N=2). Error bars for AM38 represent the SD each condition was performed 
in six replicates (N=1). 

Figure 3. A-B. Cell viability. Cells were exposed to MLN0128 alone or combined with 1 µM 
of AZD6244 for 72 hours. Error bars of SF188 represent the SEM (N=2). Error bars of AM38 
represent the SD. For both experiments each condition was performed in six replicates. C-D. 
Combination Index calculated to establish synergy for MLN0128 and AZD6244 combinatorial 
treatment. Dose points were calculated from figure A-B. The dotted line represents the cut off 
between additive (1-0.7) or antagonistic (>1) drug interaction interactions between MLN0128 
and AZD6244. Dots between (0-7-05) are synergistic while dots below (>0.5) are considered 
highly synergistic (N=1-2).



109

6 

The biochemical dif ferences in downregulation of p-rpS6, and pErk in 
BRAFV600E mutated cells correlate with the apparent drug synergy 
established by cell viability measurements, presented in figure 3B-D. 
The combination index (CI) for AM38 demonstrates high synergy at low 
concentrations of MLN0128, when combined with 1 µM of AZD6244 (Figure 
3 D). No synergy is observed in SF188 (BRAFwt) cells (Figure 3 A-B). 
 
PTENmut NF1wt glioblastomas are resistant to MEK 
inhibition.
To identify the role of PTEN and NF1 in response to mTOR and MEK inhibitors 
we used the GBM cell lines LN229 (PTENwt NF1null) T98 (PTENmut NF1wt) 
U138 (PTENmut NF1wt) to evaluate mTOR and MEK inhibitor interaction 
on the cellular signaling pathways and cell proliferation. T98 an U138 cells 
express wild type NF1, the negative regulator of RAS signaling. Cell viability 
analysis shows that there is no interaction between MLN0128, RAD001 
with AZD6244 in T98 or U138 cells (Figure 4E-F), regardless of the dose. 
Moreover, a 6-hour treatment with mTOR inhibitor MLN0128 or RAD001 is 
sufficient to completely inhibit phospho-rpS6 in these cells, making the 
added inhibition by MEK1/2 a smaller contributor to such effect (Figure 4B-
C). Only at 1-hour treatment with the indicated compounds shows a benefit 
of such a combinatorial approach in terms of p-rpS6 reduction. Phospho-
rpS6 is predominantly under the control of mTOR in PTEN deficient cells. 
However, in a PTENwt profile, the MAPK pathway controls phospho-rpS6 
levels in a mTOR independent manner as demonstrated in LN229 cells 
(Figure 4A) where superior inhibition of phospho-rpS6 is only evident in 
combinatorial treatment. We further compared the dif ferences in reduction 
of viable cells and levels of apoptotic cells in these two profiles (Figure 5 
A-B).  At 72 hours of treatment MEK inhibition is not effective in reducing 
cell viability or inducing apoptosis in the PTENmut NF1wt cells (U138), but 
only in the PTENwt NF1null glioblastoma lines

NF1null, PTENwt glioblastomas activate MAPK signalling in 
response to dual mTOR inhibition.
Furthermore, western blot results obtained from LN229 (NF1null, PTENwt) 
cells demonstrate that MLN0128 induces increased phospho-ERK after 1 
and 6 hours. Combinatorial treatment with AZD6244 shows higher levels 
of ERK activity than AZD6244 treatment alone. This observation further 
suggests that MLN0128 capabilities of activating ERK are a general 
feedback mechanism. In contrast, equivalent treatment with RAD001 does 
not show re-activation of phospho-ERK. This suggests that phospho-rpS6 
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D	  
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F	  

Figure 4 A-C. Representative western blots of A. LN229 (PTENwt NF1null), B. T98 (PTENmut 
NF1wt) and C. U138 (PTENmut NF1wt) glioblastoma cell lines at 1 and 6 hours of treatment 
with indicated inhibitors. D-F. Cell viability. MLN0128 and RAD001 were administered alone 
or in combination with 1 µM AZD6244 for 72 hours. Each condition was performed in six 
replicates (N=2-4). Error bars represent the SEM.
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might be under control of both mTORC1 and ERK since dual inhibition is 
necessary to completely down regulate phopho-rpS6. Combinatorial Index 
calculated from the viability assays performed in LN229 (NF1null, PTENwt) 
cells (Figure 5C-D) point out that combining RAD001 with AZD6244 works 
highly synergistically while combined MLN0128 and AZD6244 treatment 
shows tendency towards drug antagonism. 

CONCLUSIONS

In this chapter we describe the combinatorial effects of mTOR and MAPK 
inhibitors in pediatric and adult glioma cell lines with varying BRAF 
mutational status - BRAFwt, BRAFV600E or the BRAF:KIAA1549 fusion, 
taking into consideration the NF1 and PTEN mutational status. This 
research aims to establish which gliomas are best treated with mTOR 
inhibitor, how activation of BRAF modifies response to these compounds, 
and whether personalized combination therapies could prevent 
emergence of resistance. We show that synergistic drug interaction 
regarding cell proliferation between mTOR and MEK inhibitors depends 
on down regulation of both phospho-rpS6 and phospho-ERK. 
Carracedo et al. reported that mTORC1 inhibition promotes MAPK 
pathway activation in metastatic cancer patients subjected to therapy 
with everolimus [19]. They examined tumor biopsies from patients 
with metastatic cancer that were treated with everolimus in a Phase I 
study. Paired tumor tissue samples were collected just prior to drug 
administration and 4 weeks after the initiation of the treatment. They 
found that everolimus ablated mTOR activity, as expected, but elevated 
the Thr202/Tyr204 phosphorylation of ERK [19]. In fact, tumor cells 
appeared more prone to activate the MAPK pathway upon mTORC1 
inhibition compared with normal cells, probably due to a higher basal 
mTORC1 activity [19]. These results documenting activation of MAPK by 
mTORC1 inhibition in patient samples were corroborated in a mouse 
model of prostate cancer [19]. This finding of rapamycin-induced 
activation of MAPK prompted Carracedo et al. to pursue the potential 
therapeutic benefit of combinatorial therapy with MEK1/2 (the direct 
upstream activator of ERK) and mTORC1 inhibitors. They demonstrated 
that MEK1/2 inhibition enhanced the anti-tumoral activity of rapamycin 
in vitro and in vivo. Furthermore, combination therapy resulted in 
both decreased proliferation and increased apoptosis, emphasizing 
the effectiveness of concomitant inhibition of mTORC1 and MAPK 
[19]. Parallel studies by Kinkade et al. demonstrate the anti-neoplastic 
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Figure 5. A. Cell viability. Cells treated with 1 µM AZD6244 administered for 72 hours. Each 
condition is performed in six replicates (N=2). Error bars represent the SEM. B. Apoptotic cell 
population measured by Annexin V flow cytometry af ter 72h treatment (single experiment 
performed in duplicate (N=1)). Error bars represent the SEM. C-D. LN229 (PTENwt NF1null) 
Combination Index to establish synergy for MLN0128/RAD001 combined with 1 µM 
AZD6244. Calculated from dose points in Figure 4D. The dotted line represents the cut off 
between additive (1-0.7) or antagonistic (>1) drug interactions between RAD001/MLN0128 
and AZD6244. Dots between (0-7-05) are synergistic while dots below (>0.5) are considered 
highly synergistic (N=2-4).

effectiveness of combinatorial inhibition of mTOR and MEK1/2 in a 
mouse model of hormone-refractory prostate cancer [20].

Combinations of mTOR and MEK1/2 inhibitors have also been 
investigated in dif ferentiated and anaplastic thyroid cancer [21], and 
shown to be highly effective. The mechanism of combinatorial efficacy 
in this model rested on mTOR inhibition activating ERK and MEK1/2 
inhibition failing to decrease S6 phosphorylation. But the combination 
of mTOR and MEK1/2 inhibitors effectively and dramatically inhibited 
ERK, AKT, and S6 phosphorylation [21].

In our study, utilizing patient derived human glioblastoma cell lines, we 
found that phospho-rpS6 is down regulated more efficiently with dual 
mTOR and MEK inhibition in AM38 cells expressing the BRAFV600E 



113

6 

mutation when compared to the SF188 (BRAFwt) cells. This suggests that 
BRAFV600E cells rely on both mTORC1 and ERK signaling to maintain 
protein synthesis via phospho-rpS6 and this observation is in agreement 
with previous studies [24]. In BRAFwt SF188 cells, we have observed that 
dual mTORC1/2 inhibition led to an increased activation of phospho-ERK, as 
well as was insufficient to fully inhibit p-rpS6. AM38 (BRAFV600E) showed 
a more effective inhibition of phospho-AKT, phospho-ERK and phospho-
rpS6 with dual mTORC1/2 and MEK inhibition. These outcomes were 
correlated with higher reduction in fraction of viable cells in BRAFV600E 
than in BRAFwt cells and the synergism of the combinatorial therapy in the 
BRAF-mutated background.

One of the most common BRAF alterations present in pediatric low-grade 
gliomas is a BRAF:KIAA1549 fusion protein. Unfortunately, currently there 
are no in vitro or in vivo models available to study gliomas with this alteration. 
In order to assess the combinatorial therapy with mTOR and MEK inhibitors 
we utilized a 3T3 BRAF:KIAA1549 model [22]. In this in vitro approach we 
observed that the BRAF:KIAA1549 fusion cells showed superior inhibition 
of phospho-ERK, phospho-rpS6 and phospho-4-EBP1 when treated with 
the dual mTOR inhibitor and the MEK inhibitor in combination when 
compared to single agents alone as well as the BRAFwt control. However, 
AZD6244 treatment alone resulted in dramatic reduction in cell viability, 
therefore precluding the establishment of the Combinatorial Index and 
synergism. The established IC50 showed that BRAF:KIAA1549 cells were 
more sensitive towards MLN0128 and RAD001 compared to the isogenic 
wild type BRAF line. This observation correlates with higher basal levels of 
phospho-rpS6 in BRAF:KIAA1549 background which has been previously 
described by Sievert et al. [22]. 

Our data support the hypothesis that drug-induced pERK and p-rpS6 down-
regulation correlates with cell viability and is a good predictor of synergy. 
BRAFwt glioblastoma cells are capable to reactivate ERK phosphorylation 
despite allosteric inhibition of MEK by AZD6244, and as a consequence 
no drug synergy was observed. BRAFV600E cells’ down-regulation of rpS6 
and pERK correlated with high synergy. This data suggests that alterations 
in the BRAF gene either by the V600E mutation or KIAA1549 fusion increase 
the sensitivity towards mTOR inhibitors. 

We observed that AM-38 BRAFV600E cells are unable to activate phospho-
ERK when treated with AZD6244, which is in concordance with previously 
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published results [25]. Interestingly, AM-38 cells express low levels of 
BRAFwt suggesting a possible role of wild type BRAF in the activation of 
phospho-ERK that might potentially antagonize the inhibitory effect of a 
MEK inhibitor. In addition, Sievert et al. (2013) showed that BRAF:KIAA1549 
cells can activate phospho-ERK in the presence of a BRAFV600E inhibitor 
and this activation was C-RAF independent [22]. Taken together, our 
preliminary data motivate for further studies on the role of BRAF isoforms 
in the reactivation of phospho-ERK in the presence of a MEK inhibitor 
based on the mutational status. 

Additionally, we investigated the effect of PTEN and NF1 status in adult 
glioblastomas on the efficacy of the combinatorial mTOR and MEK 
inhibition treatment. In the presence of dual mTOR inhibitor MLN0128, we 
have observed an increase of pERK in LN229 (PTENwt NF1null), which was 
also visible with the addition of the MEK inhibitor AZD6244. This feedback 
mechanism was not observed in allosteric mTOR inhibitor (RAD001) treated 
cells. This pERK activity correlated with the cell viability results, revealing 
clear additive interaction in the RAD001+AZD6244 treated cells and lack of 
synergy in the MLN0128+AZD6244 treatment arm. These results reinforce 
our previous conclusions that down-regulation of both phospho-ERK and 
phospho-rpS6 are necessary for optimal combinatorial treatment outcome 
in terms of viability reduction. 

In PTENmut and NF1wt glioblastoma cell lines we did not observe 
reactivation of phospho-ERK when mTOR is inhibited. Moreover, the 
downstream target of mTORC1, phospho-rsp6 was completely inhibited 
with TORC1/2 inhibition alone. Cell viability results show no growth 
inhibition after administering AZD6244 for 72 hours while phospho-ERK 
is completely abrogated as quickly as after 24 hours incubation. This data 
suggests that phospho-ERK is dispensable for proliferation of NF1 wild type 
glioblastoma cells. We hypothesize that NF1 is a key player in the activation 
of the MAPK pathway in GBM. Loss of NF1 is potentially instrumental in 
activating the MAPK pathway upon inhibition of TORC1/2. Moreover, we 
observed increased sensitivity to mTOR inhibition in PTENmut background, 
as evidenced by the complete abrogation of p-rpS6 upon such treatment. 
Uncontrolled MAPK signaling has been recently shown to activate mTORC1 
downstream target, phospho-rpS6 directly in a mTORC1 independent 
manner [26, 27], and these findings need to be evaluated in the context 
of NF1 and PTEN mutational status. From that perspective, it would be 
interesting to perform NF1 knockout experiments to reveal the mechanism 
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of cellular sensitivity towards mTOR and MEK inhibition.

Next, we investigated the effect of MEK inhibition in the two different PTEN 
and NF1 profiles. We observed that AZD6244 has apoptotic effects in LN229 
(PTENwt NF1null) but not in T98 and U138 (PTENmut NF1wt) glioblastoma 
cell lines. While mTOR inhibition does not lead to induction of apoptosis and 
solely relies on cytostatic effects (data not shown), MEK inhibition has been 
correlated with increase in apoptotic levels in some gliomas models. The 
underlying factors driving the response are still unclear. Recent evidence 
suggests a major role for mTOR in regulating autophagy as a cell survival 
mechanism. This effect could potentially antagonize mTOR and MEK 
inhibition on cell survival [28, 29]. Taken together, the role of combinatorial 
mTOR/MEK inhibition on apoptosis and autophagy induction as well as the 
treatment toxicity has still to be elucidated. 

In conclusion, this chapter provides preliminary in vitro data that assesses 
the efficacy of an allosteric mTOR, a dual mTORC1/2, and MEK inhibitors 
as single agents and in combination. We have shown that glioma cells 
and in vitro models harboring BRAF mutations (V600E, KIAA1549 fusion) 
could benefit from combinatorial mTOR / MEK targeting approach. We 
observed a marked inhibition of pERK and p-rpS6 as well as a reduction in 
the fraction of viable cells in these BRAF-mutated profiles, which were not 
replicated in the BRAFwt lines and controls. We confirmed our hypothesis 
that both pERK and p-rpS6 reductions correlate with drug synergy in the 
mTOR/MEK combinatorial treatment. Moreover, we have evaluated this 
combinatorial approach in the context of adult PTEN mutations and NF1 
loss, and observed NF1 loss and PTEN wild-type status sensitize the cells 
to this combinatorial strategy, while NF1 wild-type, PTEN mutated cells are 
insensitive to MEK inhibition. This data provides a rationale for the use 
of mTOR+MEK inhibition in combination for a molecular characterized 
subtype of pediatric and adult gliomas, and therefore provides a basis for 
the follow-up in vitro and in vivo studies.
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SUMMARY

Personalized cancer treatments using synergistic combinations of drugs is 
attractive but proves to be highly challenging. The combinatorial nature 
of such problems results in an enormous parameter-space that cannot 
be resolved by empirical research, i.e. testing all combinations for all 
molecularly defined tumors. In addition, effective drug-synergy is hard to 
predict. Here we present a topology-based approach to map data of drug-
response encyclopedias and represent these as a drug-atlas. This atlas 
consists of a framework of chemotherapeutic responses that represents a 
drug-vulnerability landscape of cancer. Based on data from the literature we 
found that many synergistic drug combinations show distinct inter-therapy 
responses and drug-sensitivities. We confirmed this by performing a drug-
combination screen against glioblastoma where we used 270 combination 
experiments. From the identified dual-therapies we were able to predict 
and validate a triple-drug synergy which was validated in vivo. This new 
and generalizable strategy opens the door to unforeseen personalized 
multi-drug combination approaches. 

INTRODUCTION

Many biological processes in cancer are under control of dependent signal-
transduction networks that determine the outcome of biological processes 
(reviewed in Kolch et al, 2015). Oncogene addiction and the corresponding 
drug response such as for BRAF inhibitors shows that some of these 
processes work relatively isolated on a background of other tumor driving 
lesions (Flaherty et al 2010; Dickson et al 2015). Targeting such a pathway 
with multiple drugs can provide a synergistic effect through maximal target 
or pathway inhibition since the tumor thrives on it. However, personalized 
therapies against these targets are often prone to innate or acquired drug 
resistance through pathway redundancies or feedback mechanisms. These 
mechanisms provide an escape from the targeted therapy through rewiring 
of the signal transduction pathways. Both the primary mechanism as well 
as the feedback mechanism should therefore be simultaneously targeted, 
again providing a synergistic effect. Examples of these mechanisms are 
provided in Emery et al, 2009; Johannessen et al, 2010; Sequist et al, 
2011; Garrett et al, 2011; Hatzivassiliou et al, 2010; Nazarian et al, 2010; 
Poulikakos et al 2011; de Lint et al, 2015; Wilson et al, 2012; Sun et al, 2014. 
Tumors are dependent on a limited number of molecular mechanisms 
for their survival/proliferation as exemplified by the Hallmarks of cancer 
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(Hanahan and Weinberg, 2011). Since combination therapy enables 
simultaneous targeting of these crucial mechanisms, it is expected that this 
will improve current therapy (Saywers, 2013). It was previously noted that 
cancer network modules might reveal some of the underlying landscape 
of tumor-biology (Ciriello et al, 2012; Miller et al, 2011; Zhang et al 2013). 
Combinations of targeted drugs should therefore be chosen to hit several 
specific weak spots of the cancer cells at once. However, identification 
of these synergistic combinations has so far only been possible using an 
empirical setting (i.e. sequential testing of all combinations).

To date, efforts to predict mono or combination drug responses have 
focused on large scale dose-response screens followed by identification of 
predictive molecular features such as genetic mutation status, transcriptomic 
information, methylation status and proteomics data (reviewed in Bulusu, 
2016; Lopez and Banerji, 2016). Decoding of genomic information into 
mono-therapy prediction models as part of the Dialogue for Reverse 
Engineering Assessments and Methods (DREAM) effort has resulted in 
therapy predictive markers for breast cancer. From this, gene expression 
data (mRNA) turned out to be the most valuable predictor, as compared 
to DNA mutations, copy number variations, DNA methylation and protein 
levels (Costello, 2014). This methodology still had its limitations since only 
a limited number of  tested compounds could be prospectively linked to 
a predictive genomic pattern and therefore more characterization/data 
filtering is needed before proper modalities can be defined (concordance 
index was 0.583). A recent study has confirmed this finding for a large 
set of cell lines (Iorio et al, 2016, reaching an overall Pearson correlation 
of 0.41 for all drugs). Similar efforts have been put forward to identify 
molecular markers that predict drug synergies. This showed that synergy 
prediction is possible (Bansal et al, 2014), although with a limited overall 
probability concordance-index of 0.61. Among the 31 methods tested, three 
performed significantly better than random chance and predictive markers 
were only applicable on a defined lineage background. Nevertheless, 
some improvements seem possible (Sun et al, 2015). A new DREAM effort 
(AstraZeneca-Sanger Drug Combination Prediction DREAM Challenge, 
Synapse: syn4231880) to predict synergy in 85 cell lines using 118 drugs 
in 11.5k experimentally tested drug combinations has resulted in Pearson 
correlations between 0.48 and 0.53 (not published, Kooistra et al, 2016). 
Drug combination therapies are expected to be particularly useful for 
tumor types for which chemotherapeutic and targeted approaches have 
failed so far. Glioblastoma multiforme (GBM) is one of these tumor types 
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and accounts for around 2% of total cases of cancer per year. The standard 
care of these patients is surgery of these highly infiltrative tumors followed 
by combined radiotherapy and temozolomide (DNA alkylating agent) 
therapy. Despite this treatment, prognosis is still poor with average survival 
of 15 months from first diagnosis for glioblastoma. Gliomas have recently 
been genetically classified according to presence of IDH mutations, 1p19q 
chromosomal loss and a DNA hypermethylation (Ceccarelli et al, 2016). 
This classification refines earlier classifications based on the genomic 
classifiers of Classical, Mesenchymal, Neural and Proneural (Verhaak et 
al, 2010; Brennan et al, 2013). Clinical practice is however still performed 
according the Stupp protocol (Stupp et al, 2002) and specific treatments 
for stratified subgroups have not been implemented in the clinic for GBM.
Here we use a drug-interference network based methodology to identify 
drug pairs that have synergistic effect. For this we have used a novel 
multidimensional mapping methodology of drug dose-response data.  This 
enabled us to generate a general drug-perturbation map, which we call a 
drug-atlas. This drug atlas enables to predict parallel drug-vulnerabilities. 
Our methodology forms a generalizable strategy to identify personalized 
multi-drug therapies.

MATERIALS AND METHODS

Cell line and primary GBM culture Glioblastoma cell lines used for 
this study are listed in Table S1. Cell lines were cultured in Dulbecco’s 
Modified Eagle’s Medium (Gibco™, Life Technologies) supplemented with  
Penicillin/Streptomycin (Gibco™, Life Technologies) and 10% Fetal Bovine 
Serum (Gibco™, Life Technologies) and maintained at 37°C with 5% CO₂. 
Glioma Sphere Cultures (GSCs) were obtained from single patient surgical 
specimens at MD Anderson (procedure is described in Bhat et al, 2013) or 
at the Vrije Universiteit medical center (VUmc) Amsterdam and cultured as 
previously described (Bhat et al, 2013).  

Drug screens. Drug screens were performed using the following drugs: 
Gemcitabine (Selleckchem), Rapamycin (Sigma-Aldrich), Docetaxel 
(Selleckchem), Erlotinib (Selleckchem), JNK inhibitor VIII (EMD Millipore), 
Akt inhibitor VIII (Sigma-Aldrich), Crizotinib (LC laboratories), Torin1 (LC 
laboratories), Pac-1 (Sigma-Aldrich), Embelin (Sigma-Aldrich), AZD6482 
(Tocris Bioscience), AS601245 (EMD Millipore). These drugs were dissolved 
in DMSO. More details are provided in the Supplemental Methods.
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RESULTS

1. Strategy to establish a comprehensive phenotypic drug-
map
The number of possible effective combinations of existing small molecule 
drugs is enormous and calls for a rational approach to select the most 
potential combinations, also taking into account the genetic background 
of the individual case. To resolve this issue, we used drug dose-response 
data (Area under the curve values [AUCs]), present in enormous 
pharmacogenomic encyclopedias of the Cancer Cell Line Encyclopedia 
(Novartis/Broad CCLE) and the Genomics of Drug Sensitivity in Cancer 
(Sanger GDSC1000) consortia (summarized in Table S1). Drugs used in 
these datasets are anti-cancer drugs that are commonly prescribed in 
the clinic or are in an advanced preclinical stage. The used cell lines are 
annotated for bio-molecular data, which includes genetic, transcriptomic, 
histopathological and lineage data and the presence of genetic lesions 
matched with drug sensitivity towards the corresponding pathways or 
process (confirmed by Pingle et al, 2014; Iorio et al, 2016). From these data 
we created a resource to enable pharmacogenomic data analysis. The flow 
diagram presented in Figure 1 shows the two major steps of data-processing 
we employed. We first acquired integrated, curated, and analyzed dose-
response data from publicly accessible resources (Table S1). Drugs were 
classified in pathway/process ontology groups according to Table S2. From 
these data we generated a drug-atlas (details are shown below) that can 
be used to predict synergistic drug combinations (Figure 1A). A number 
of drug combinations were tested which enabled to predict dual and even 
triple drug-combination vulnerabilities which were validated in vivo (lower 
window, Figure 1B).

2. Generation of the drug-atlas 
We reasoned that functional relations between cancer-processes might 
be reflected in dose-response effects of small molecule drugs over many 
cell lines. Therefore, drug-response relations might be representative 
of an underlying mechanism of action landscape. With this concept we 
determined drug-response inter-relations as based on over 60,000 drug 
dose-response data-points obtained from the Novartis/Broad CCLE and 
Sanger GDSC1000 drug-encyclopedias. 

Since drug dose-response data can be seen as n-dimensional vectors, the 
similarity between these non-zero vectors can be determined by clustering 
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the inner product space (Bajusz et al, 2015; Tan et al, 2005). For this we 
selected the Novartis/Broad the Cancer Cell Line Encyclopedia (CCLE) data 
(see Quality control: data quality and inter-assay reproducibility section in 
the Material and Methods, see also Figure S2B). The distance-matrix was 
hierarchically clustered and projected onto a Voronoi diagram, which is a 
partitioning of a plane into areas based on distance-to-points in a specific 
subset of the plane. The concept of the atlas concept is exemplified in 
Figure 2A: if a number of cell lines is sensitive to drug A and another set 
of cell lines is sensitive for drug B with a small number of cell lines that 
show overlap, then the distance on the atlas between these drugs will be 
intermediate. However, when there is no overlap in sensitivity, (drug A and 
C), then the distance on the map will be large. 

By applying this methodology onto the dose-response data, this resulted 
in a generalized, pan-cancer, drug-response-map, which we call a drug-
atlas. This atlas enables us to visualize the pharmacogenomic network-
architecture in an unbiased and normalized way (Figure 2B; see also Figure 
S1A for workflow to generate the atlas and the Supplemental Methods 

Figure 1. Experimental and data workflow (summarizes all data) Outline of the dataflow consisting 
of two modules (A) generation of the drug atlas and identification of drug pairs that are likely to 
show synergy as based on the drug-atlas and (B) actual in vitro validation of predicted dual and 
triple drug-combinations, generation of a generalized prediction model and in vivo validation of a 
triple therapy.
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Figure 2. Generation of the drug-atlas (A) Drug dose-response data are dif ficult to 
comprehend, given the enormous amount of data points associated with them. By placement 
of drugs on a 2D plane, an informative reference for visualization is obtained which aids in 
the interpretation of experimental data if superimposed upon such a map. We used a Vonoroi 
mapping methodology to depict drug dose-response data of the Novartis/Broad CCLE drug-
response encyclopaedia (Iorio 2016; Garnett et al, 2012), which resulted in a drug-atlas. For 
this, the distance between the dose-response vectors was calculated, see also Figure S1A for 
explanation. In the example shown, drug A and B show some overlap in sensitivity in contrast 
to drug C, which shows no overlap with drug A. Therefore, drug A and drug B are in close 
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vicinity and drug C is most distally related to drug A. (B) The resulting drug atlas can be 
considered as a generalized map of cancer drug responses since it is based on more than 600 
cell lines representing an array of tumor types and genetic variations. The distance between 
clusters of drugs is shown by the line with between these clusters. (C) The drug-atlas can be 
annotated using colors that are representative of classes of pathways/cellular processes as 
indicated (see also Table S2). This shows that drugs that have similar targets cluster together 
as expected. Cytotoxic drugs (orange) cluster together similar as RTK pathway members in 
the EGFR pathway (purple, lower lef t) and downstream RAS/MEK/ERK and IGF/SRC/ABL/
MET and downstream targets (far right area). PI3K/AKT signalling (upper/middle area) and 
apoptosis inducing drugs (middle area) have distinct areas from MTOR inhibitory drugs. (D) 
The drug-atlas can also be used to annotate the relative drug sensitivity. The average drug 
sensitivity per tumor-type is visualized by the color intensity of the drug and depicted onto 
the atlas. The dynamic range was set based on the overall dynamic range. See also Figure 
S2C which shows high BRAF/MEK sensitivity (blue) as expected for melanoma patients based 
on the high frequency of BRAFV600 mutations. For comparison of dif ferent dose response 
encyclopedias, see also Quality control section under the Materials and Methods and Figure 
S2B.

for description of the method). Since the Voronoi algorithm recursively 
positions branches of the cluster tree, remote branches can end up 
relatively close. Hence the relative distance between clusters is shown by 
the line-width. 

Since the drug-atlas is a standardized framework of drugs, it can be used 
to annotate dif ferent aspects of the drugs such as annotation of the tumor 
processes affected by the small molecule drugs (Figure 2C), the targets of 
the drugs (Figure S2A) or to show drug sensitivities for tumor types (Figure 
2D, S2C). This shows that the drug-atlas is a versatile tool that enables 
visualization of the complex network architecture of cancer processes, but 
more importantly, it enables pharmacogenomic calculations based on the 
underlying distance architecture.

3. Identification of general synergy patterns 
Because the drug-atlas is built from dose-response data of cancer cell lines, 
we conceptualized that we can use the drug-atlas to identify independent 
vulnerabilities. If a certain cell line is sensitive to two drugs that have a 
high distance (i.e. crossing many thick borders) on the atlas, it is likely 
that this cell line is sensitive to drugs that target two distinct functional 
mechanisms. This concept is schematically shown in Figure 3A. Hence, 
independent (parallel) drug synergy can be expected when compounds 
have a high distance, i.e. a dif ferent mechanism of action. Since the drug-
atlas integrates polypharmacological and phenotypic data (see also Moffat 
et al, 2014), rather than descriptors such as ontologies or molecular targets, 
this analysis can be performed in an unbiased and quantitative manner. 
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Figure 3. Concept of synergy prediction and depiction of curated data on the atlas (A) 
Schematic representation of atlas-based synergy prediction rationale. If two cell lines have 
mutually exclusive sensitivity to either drug A or B, as shown by the intensity of each square, 
then two independent molecular mechanisms might be causal of this. When a third cell 
line is however sensitive to both of these drugs, then these unrelated mechanisms might 
be affected simultaneously, giving rise to a synergistic ef fect. Hence, in our model, parallel 
synergy between drugs is expected when the pair of drugs act independently (i.e. show a 
large distance on the drug atlas). (B) Manual curation of all known drug synergistic drug-pairs 
for the CCLE cell lines, obtained from the literature by manual curation (483 synergistic drug 
pairs, see Table S3-4 and References in the Supplemental Methods), shows that synergistic 
drug-pairs commonly have a distal location, as shown by synergistic drug-drug combinations 
(red lines) or synergistic target-target combinations (pink lines). Some drug-pairs might be 
over/under represented because of historical accumulation of empirical research.

To prove our concept, we used an information retrieval strategy to obtain 
all published and peer reviewed synergy data of all CCLE and GDSC cell 
lines (for which dose-response and molecular data is available). The applied 
retrieval model resulted in identification of 483 synergy pairs known in 156 
cell lines (results are shown in Table S3 [data] and Table S4 [summary], 
references are given in the supplemental methods). These curated synergy 
data were annotated onto the drug-atlas (Figure 3B), showing connections 
between drugs and between targets. The drug pairs commonly connect 
central nodes or hubs that might represent specific vulnerabilities. 

4. Both drug-distance and drug-sensitivity correlate to drug 
synergy
To determine how the relative drug distance of curated synergy data 
related to distances within known pathways and processes, we compared 
the (cophenetic) distances between pathways to distances between the 
curated synergistic drug pairs. From this we saw that synergistic drug pairs 
have distances that commonly exceed within-pathway distances, which 
indicates that the curated synergistic drug-pairs commonly affect dif ferent 
pathways/processes (pink versus red bars) in agreement with our model 
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(p = 1x10-5, Figure 4A, S4B). This significant correlation of drug-distance 
with occurrence of drug-synergy was also seen when different distance 
models were applied (average clustering: p = 1 x 10-4, Figure S4B) or if 
drug targets were taken into account (p= 1.9 x 10-39 or 1.2 x 10-39 for 
Ward.D2 or average clustering respectively, Figure S4D and S4E. Pathway 
ontology analysis showed indeed that most (80%) of the synergies were a 
result of between-process synergy (Figure 4B), also exemplified in detail in 
Figure 4C (processes) and Figure S4A (targets). The distance distribution 
of synergistic drug-pairs and within process distances compared to all 
possible drug pairs within the dataset is given in Figure S4B. The distance 
distribution of the synergistic drug pairs shows a distinct form and peaks 
around 0.7 relative distance units in comparison to the within pathway 
distance (peaking around 0.3 units). In summary, these data indicate that 
distinct inter-process distances are commonly found for drug-pairs that 
show synergy. 

Since we identified synergistic drug pairs for cell lines that are present in 
the Novartis/Broad CCLE database, we were able to match drug sensitivity 
data to the cell lines that showed synergy in that particular case. From 
our model we expect a higher sensitivity in case parallel synergy is found. 
This analysis indeed showed that the cell lines that show synergy with 
particular drugs, showed significantly more sensitivity to these respective 
drugs than control cell lines from the matching tumor type (pover-all = 1 
x 10-4, Figure 4D). We analyzed the role of mutations in relation to drug 
sensitivity upon presence of synergy, which showed that high sensitivity 
significantly corresponded to the presence of targetable mutations, both 
by direct targeting of the protein as well as targeting the affected pathway, 
linking our synergy model to personalized features (ptargeted = 1 x 10-4, 
Figure 4D). This higher sensitivity was seen in most tissue types (Figure 
4E).  For breast tumors, synergy with HER2-Neu/EGFR inhibitors correlated 
significantly with the sensitivity for EGFR/HER inhibitors (p= 6 x 10-4, 
Figure S4D) and these cell lines were significantly enriched for HER2-Neu/
EGFR activating mutations (p= 1 x 10-3, Figure 4E).

Together, this analysis shows a clear positive correlation between distinct 
drug-distances and the presence of synergy between the corresponding 
drugs. In addition, cell lines that show synergy are commonly relatively 
sensitive to these drugs, including cases where mutations or mutated 
pathways were targeted. Both points support our hypothesis and link our 
concept to personalized features. 
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Figure 4. Synergistic drug pairs show a large distance on the drug atlas (A) The cophenetic 
distance (to quantify the drug effect-dissimilarity) between synergistic drug pairs and 
between drugs belonging to the same process was calculated. For this, known pathway/
target ontology information was used: DNA integrity/ checkpoint, AKT/MTOR, CDKs, JAK/
STAT, IGF/SRC/ABL, RAS/MEK/ERK (see Table S2). The drug distances within these processes 
are relatively small as expected since most drugs in the same pathway/process give a similar 
dose-effect onto cell lines with similar tumor driving processes. We compared these to 
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5. Experimental validation of the model in glioblastoma 
(GBM) 
To independently provide evidence for our hypothesis, we selected 12 
drugs for which GBM cell lines are particularly sensitive as shown from 
the drug sensitivity atlas (Figure 5A, as well as from reports from the 
literature, see references supplemental methods) and that commonly show 
a large drug-distance (Figure 5B). The drugs were tested in 30 dif ferent 
combinations (Table 1) onto 9 glioblastoma (GBM) cell lines (also part of 
the CCLE dataset). To normalize individual drug-effects and to prevent 
off-target effects, drugs were titrated to a maximum dose to reach a 50% 
inhibitory concentration (Figure S5A, and Table S5A). Drugs were titrated in 
a 6x6 matrix (Figure 5C) in triplicate and the combination index was based 
on the global minimum rather than local fluctuations (Figure 5D, raw data 
are shown in Figure 5E, S5B). Considerable inter-experimental variation 
was observed and therefore some experiments had to be repeated until 
sufficient consistency was observed (Figure S5C, S5D).  

A substantial number of tested combinations showed synergy. The 
magnitude of the synergy is shown on the drug-atlas and is indicated by the 

distances between the curated synergistic drugs which showed that cophenetic distance of 
curated synergistic drug-pairs commonly exceeds the within-pathway/process distances, 
which indicates that most synergistic drug pairs act outside pathways/processes. To calculate 
the cluster distance, WARD.D2  clustering was used. The dynamic window of all possible 
drug-distances is shown on the right of the histogram. (B) Histogram showing retrospective 
classification of the curated synergistic drug pairs as acting between processes rather than 
within processes. (C) Sankey diagram showing the synergistic interactions between (red) 
versus within (pink) processes of the curated data. (D) Our model predicts that sensitivity 
for both drugs is necessary for synergy to occur. Since we have used CCLE cell lines for 
our curation, we were able to use the matching IC50 values which showed that synergistic 
drugs show a significant higher sensitivity compared to the over-all sensitivity for the 
corresponding drug. Sensitivities are shown as IC50 concentrations normalized to 1, which 
represents the average IC50 for a particular tumor type. (E) The observed higher sensitivity 
for drugs that show synergy is seen over most tumor types. Numbers indicate the number of 
times observed in the literature (data was restricted to at least 6 observations per tumor type; 
the heterogeneous class of “Other” was omitted). p-values A, D, E, student T-test. Error bars 
histograms, standard error; box-and-whiskers plot, minimum, 25th percentile, median, 75th 
percentile, and maximum.

Nr. Drug A Drug B Nr. Drug A Drug B Nr. Drug A Drug B
1 AKTinhibitorVIII AS601245 11 AZD6482 Gemcitabine 21 Docetaxel Torin1
2 AKTinhibitorVIII Docetaxel 12 AZD6482 JNKinhibitorVIII 22 Embelin Erlotinib
3 AKTinhibitorVIII Embelin 13 AZD6482 PAC1 23 Embelin Torin1
4 AKTinhibitorVIII Erlotinib 14 AZD6482 Rapamycin 24 Erlotinib Torin1
5 AKTinhibitorVIII Torin1 15 Crizotinib Gemcitabine 25 Gemcitabine JNKinhibitorVIII
6 AS601245 Docetaxel 16 Crizotinib JNKinhibitorVIII 26 Gemcitabine PAC1
7 AS601245 Embelin 17 Crizotinib PAC1 27 Gemcitabine Rapamycin
8 AS601245 Erlotinib 18 Crizotinib Rapamycin 28 JNKinhibitorVIII PAC1
9 AS601245 Torin1 19 Docetaxel Embelin 29 JNKinhibitorVIII Rapamycin

10 AZD6482 Crizotinib 20 Docetaxel Erlotinib 30 PAC1 Rapamycin

Table 1.  List of 30 tested drug combinations
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line width of the red lines (Figure 5F, data summary given in Table S5B). The 
cell lines U251, T98 and U118 showed a relative strong synergy between 
Erlotinib (EGFR inhibitor) and Torin (mTOR inhibitor). Most other cell lines 
showed synergy for this combination. Erlotinib frequently shows synergy 
with the cytotoxic drug Docetaxel (microtubule inhibitor). KNS-42, SNB75 
and SF268 showed weaker synergies (even though higher concentrations 
of drugs were used to reach the IC50). The cell lines U-87-MG (U87), AM-
38 and SF539 are particularly sensitive to PI3K/MTORC inhibition and 
show synergy of MTORC1/2 inhibitory drugs together with other drugs 
in agreement with Premkumar et al, 2005. These latter cell lines showed 
strong variations in the magnitude of drug responses after drug-treatment, 
mainly giving rise to varying antagonistic responses. 

Since the drug atlas enables visualization of all synergistic interactions, we 
were able to identify connections between three drugs and these drugs 
could work synergistic when combined in triplicate. Even though U-87-
MG shows many antagonistic drug combinations, there is still a similar 
interconnected synergy-triangle visible in this cell line. These data show that 
testing glioma cell lines with a set of drug combination that we expected 
to show synergy indeed showed a high frequency of occurrence of synergy 
(101 out of 270 pairs tested, 37%). In addition, the drug atlas enables to 
show complex relations between drugs which hints to the existence of 
synergistic multi-drug combinations (see also section 6, Identification of 
multi-drug synergy). We found that drugs that showed a consistent synergy 
over multiple cell lines also showed a large drug distance in agreement with 
our model (Figure S5E). We analyzed whether drug sensitivity correlated to 
the occurrence of synergy. For this we used 20 cell lines that were treated 
with dual combinations of Erlotinib, Docetaxel and Torin. This showed that 
the cell lines that show synergy with these drug combinations, commonly 
showed sensitivity to each of respective drugs (Pearson correlation of 
three drugs 0.518, p = 0.016, Figure S5F). In parallel, we predicted the 
occurrence of synergy based on molecular features (COSMIC annotated 
DNA mutations and RNA expressions) using a LOOCV model which led 
to Pearson correlations of up to 0.3 (not significant, also shown in Figure 
S5F). Of note, the drug sensitivity outperformed the quality of a therapy 
predictive RNA signature for all three drug-combinations. 

These data show an independent validation of our model and reproduced 
our analysis of the curated data where a large drug-distance and drug 
sensitivity correlate to the occurrence of synergy. We have identified an 
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Figure 5. Validation of the parallel synergy model using 30 drug pairs in 9 GBM cell lines (A) 
A number of drugs (see Table 1) were selected for analysis of glioblastoma (GBM) cell lines. 
These drugs were chosen because they individually show a relative high sensitivity on the 
drug-atlas as shown. (B) In addition, these drugs showed a relative high cophenetic distance 
as shown from their corresponding position on the drug-atlas.  (C) Heatmap showing the 
relative viability as a result of the titration of two drugs in dif ferent combinations. Monotherapy 
effects are shown on the lower and right part of the graph. (D) Based on these viabilities, the 
combination index was calculated using the median effect principle by Chou and Tallalay 
(Chou & Talalay 1977). (E) Summary of the results of in vitro measurement of drug-drug synergy 
of 30 drug pairs tested in 9 GBM cell lines shown as heatmaps. Results shown are the average 
of triplicate experiments.  (F) Summary of the results of in vitro measurement of drug-drug 
synergies as plotted onto the drug atlas. Note that the line thickness corresponds to relative 
synergy (red) or antagonism (blue). Additive effects are shown in grey. Cell line names used 
in this study are shown in each upper lef t corner of each hexagon. Hence that some dual 
synergies connect three drugs (i.e. show triangles) that could indicate triple synergies for 
these combinations, see section 6. Results shown are the average of triplicate experiments. 
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interesting number of synergistic drug-pairs that potentially can improve 
treatment of GBM. 

6. Identification of multi-drug synergy
Multiple identified synergy pairs show connections on the drug-atlas. In 
a number of cases connected triangles can be observed where each pair 
of each axis has individually shown synergy (Figure 6A, B). We therefore 
analyzed whether we can use our methodology to identify triple-synergistic 
combinations. We tested the whole panel of cell lines for triple synergy 
with this drug combination of torin, erlotinib and docetaxel (Figure 6C, 
6D, all data are shown in Table S6). Strikingly, in all cases except for AM-
38, synergy of the triple combination is seen and a combination index of 
up to 0.18 (cell line T98) was observed. The loss of viability went down 
to below 10%. Although many drug antagonisms were observed in U-87, 
the triple combination led to a strong synergy (combination index of 0.21) 
accompanied to a viability drop to 17%. The effective concentration range 
of each drug was extended 8 to 16-fold and in some cases up to 64-fold 
(T98, U251). These data show that we have identified a bona-fide triple-
synergistic combination where each drug enhances the effect of the other, 
leading to a strong synergy (average combination index of 0.58) with a 
severe loss of viability (average viability is 12% compared to the control).  
We also tested Glioma Sphere Cultures (GSC), i.e. primary cultures that 
faithfully resemble glioma tumors in their genetic as well as developmental 
state. Combining three drugs led to severely decreased viabilities and 
enhanced the effect of dual combinations and led to more synergy for the 
triple combination for these drugs (Figure 6SA) resulting in a strong drop 
in viability (Figure S6B, Table S6). 

Given that drug sensitivity predicts dual synergy, we argued that dual 
synergy might be predictive for triple synergy. We therefore analyzed 
whether the amplitude of dual therapy synergy can be used to predict 
occurrence of triple synergy. For all dual treatments we correlated the 
corresponding CI to the independently obtained CI of the triple therapy. 
This clearly shows that there is a significant correlation between dual 
synergies and triple synergies (p = 0.0014, Pearson correlation between 
0.679 and 0.812, Figure 6D). Therefore, our methodology might be used 
to identify more triple therapies based on dual therapy effects. These data 
show that by using our drug-atlas approach, we are able to identify triple 
drug synergies that are otherwise dif ficult to identify given the enormous 
parameter space of the combination of three drugs. 
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In vivo efficacy of triple combination and generation of a prediction model
Until recently, RAD001 (MTOR1), temozolomide (Alkylating) and erlotinib 
(EGFR) have been tested in phase II trials (clinical trials# NCT00456833/
NCT00805961/NCT00039494) but have failed to show a significant effect 
(Hart et al, 2013; Prados et al, 2009; Ma et al, 2014; Maet al., 2015; Prados 
et al, 2009). TMZ and RAD001 have a good blood brain barrier passage in 
contrast to Erlotinib, which reaches a level that is 100-fold below the desired 
concentration that ensures target engagement. Although RAD001 lowers 
the necessary effective concentration of Erlotinib, the final concentrations 
are still expected to be insufficient to reach effective concentrations, also 
because RAD001 is a MTOR1 inhibitor in contrast to the MTOR1/2 inhibitor 
Torin1. 

Before we can translate the identified triple drug combination to clinical 
purposes, it might be useful to perform screens with more clinically 
relevant drugs for GBM patients, also taking toxicity and blood brain barrier 
transfer into account. We therefore chose to test a new panel of drugs that 
have overlapping targets with the previous set. We used Tagrisso (EGFR), 
AZD2014 (MTOR1/2) and Docetaxel (Microtubules, molecular structures 
are shown in Figure 7A) which all penetrate the blood brain barrier and, 
based on literature research, can reach concentrations that show efficacy 
in vitro in a panel of cell lines/ primary cultures that showed a response to 
the previous set of drugs (Figure S7A, Figure 7B). 

When applying the triple combination in an orthotopic U87-FM cells 
transplantation model, we observed a mild toxicity, i.e. minimal 
hematopoietic depletion, minimal liver enzyme decrease or weight loss at 
the highest concentrations of the three drugs. Some mice (n=3 out of 7) 
experienced poor food-transport in the colon due to toxicity of docetaxel 
(summarized in Figure 7C). Interestingly the triple-drug combination showed 
a significant synergistic effect (p=0.01, combination index= 0.21 to 0.60, 
Figure 7D) when treated at doses that correspond to clinical application. 
After finishing the treatment at day 10, tumors progressed after day 14 
(Figure 7E) and no significant progression free survival benefit was seen 
(S7F). Our methodology therefore enables identification of synergistic 
triple therapy combinations with clinically relevant anti-cancer drugs.
Based on the independent confirmation of our hypothesis, we reasoned 
that we can use the identified distance distribution patterns of synergistic 
drug pairs to predict novel combinations of synergistic drugs. Based on our 
model we have built a prediction algorithm that can calculate predicted 
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Figure 6. Identification of triple combinations using the drug-atlas. (A) Plots showing a 
magnified part of drug-atlas containing the dual synergy results. The plots enable to identify 
putative triple synergistic drug combinations by connecting effective dual synergistic 
combinations. (B) One of the identified combinations was tested onto a panel of 20 cell lines/
primary cultures. (C) Synergy plots showing the results of triple drug combination testing 
in cell lines. Synergy was calculated by the adapted version of the median effect principle 
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drug synergies based on logistic regression or a supervised analysis 
methodology (Figure 7H). Commonly predicted target combinations 
show similarities to the curated data and show a relative strong presence 
of HER2/EGFR, SRC/IGFR/KIT, Microtubule, MTOR, JNK, BRAF, Farnesyl 
transferases, Proteasome and HDAC inhibitors. The list of most abundant 
predicted targets is given in Table S8 and shown in Figure 7I; combinations 
are shown in Figure S8A. The top 20 ranking drug targets shown in Table 
S8A are present in 50% of the predicted synergistic drug pairs. Since 
our drug combination screen indicates that double synergistic pairs can 
predict triple synergies, we calculated the number of combinations that 
could result in a triple therapy based on the distance model. The top 20 
of most predicted drugs were present in a certain combination in the top 
60 putative triple combinations (Table S7B). Interestingly, this number 
accounts for 0.05% of the number of possible triple combinations of drugs 
in the CCLE database (see also supplemental methods). Therefore, novel, 
(multi) drug-combination trials might become feasible in the near future 
(Figure S8B). 

DISCUSSION

Selections of combinations of FDA drugs that optimally match personalized 
features are pivotal for an efficient therapy. Since the number of possible 
double and triple combinations of FDA approved drugs is enormous, we 
have used a mechanism-of-action approach to identify synergistic drugs 
rather than a high throughput drug screen/biomarker based approach that 
is common practice in the field (Bansal et al, 2014; Sun et al, 2015, Kooistra 
et al 2016, Astra Zeneca DREAM drug synergy challenge 2016). 

Using public accessible drug dose-response data, we generated a functional 
topology visualization of multidimensional drug-sensitivity relations, 

(according to Chou and Talalay, 1977) by calculating the added effect of the third drug on top 
of the effect of the first two drugs. For this, two-fold dilutions that led to a IC50 effect were 
performed, using drug concentrations of Erlotinib (2-20 µM), Torin (0.4 µM) and Docetaxel 
(6.3-25  nM) as star t concentrations. Calculated synergies resulting from each dual and triple 
combination (see explaining figure on the right) are shown by the red intensity. (D) Viability 
plots used to generate the synergy data. Cell viability (indicated in grey) was measured af ter 
treatment using dual combinations (outer triangles) or triple combinations (inner triangles). 
Experiments were performed in triplicate and repeated independently. Viability was 
measured using Cell Titer Glo 3D. Drugs were administered for 72 hours. All data points were 
normalized to untreated controls. Experiments were performed in triplicate and repeated 
independently. (D) The combination indexes of dual synergies were significantly predictive 
for triple synergy as shown for 20 experimentally tested cell lines. p-value, non-zero slope. 
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Figure 7 In vivo toxicity and efficacy of triple therapy. (A) Structures of drugs chosen for 
the study. (B) In vitro efficacy of the three compounds when tested onto 5 cell lines/primary 
cultures that previously showed synergy. Synergy is shown in the upper panel and the 
according viability as measured af ter three days of drug treatment is shown on the lower 
panel. (C) Toxicity profile of the mice as a result of mono therapy versus combination therapy 
showing that body weight, hematopoietic-, liver- and brain-toxicity were within normal limits. 
Some mice experienced obstipation resulting in toxicity and weight loss. (D) Table containing 
calculated combination indexes af ter application of the triple therapy, showing a significant 
synergistic response (combination index between 0.21 and 0.60). (E) In vivo luminescence 
monitoring of tumor growth af ter or thotopic transplantation of Fluc-mCherry tagged U87-
GBM cells was followed af ter one week of engraf tment of the tumor cells. Measurement of 
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averages of luciferase activity in the orthotopically transplanted tumors showed a strong 
efficacy when the triple therapy was applied, resulting in a synergistic response. Luciferase 
levels were normalized to the levels used for stratification (one week af ter injection). The in 
vivo luminescence imaging of tumor growth one week af ter star t of the treatment (median of 
each group is shown) showing a clear decrease in luciferase activity when the triple therapy 
was applied. (F) Schematic representation of a distance matrix synergy-prediction model. (G) 
Sankey diagram showing the synergistic interactions that are predicted between processes/
pathways as based on distance matrix synergy-prediction model.

resulting in the drug atlas. Since our approach allowed normalizing of drug 
sensitivities towards a spectrum of targets, a framework is obtained that 
can be seen as a quantifiable model of cancer-pathways. The drug-atlas 
therefore reflects a pathophysiological landscape of cancer. 

To validate our approach, we used an information retrieval method and 
linked the obtained data to public databases (dose-response data, RNA 
expression, DNA mutations and chromosomal gains and losses). This 
resulted in identification of synergistic interactions among 181 human 
cancer cell lines where both the distance on the drug-atlas and the drug 
sensitivity positively correlated to the occurrence of synergy. Independent 
validation by drug-screening of GBM cell lines confirmed our hypothesis. 
This strengthened our hypothesis that parallel processes can drive tumor 
cell survival. Until recently, drug-drug synergies were considered to result 
from intimate process-connections because they result from maximal 
target, pathway or feedback inhibition as pointed out in the introduction. 
Synthetic lethal interactions are also driven by redundant networks within 
related processes (Srivas et al, 2016; Thomson et al, 2015). These functional 
redundancies or feedback compensation networks can attenuate drug 
responses and induce drug resistance. Since our methodology is based 
on effects of monotherapy, we avoid selection of drugs within these local 
clusters that might be prone to drug resistance and only provide partial 
responses. Our method to identify parallel vulnerabilities between distal 
networks therefore complements drug screens that act within local 
networks aimed at maximal target/pathway inhibition or interference with 
feedback/synthetic lethal interactions. 

Our methodology might complement ongoing personalized medicine 
approaches since we found that a significant fraction of drug synergies have 
a direct relation to the presence of mutations that can be targeted by small 
molecule drugs. By projecting the synergy data from dual drug screens 
onto the drug-atlas, new drug combinations were identified. Triangular 
relationships between Erlotinib (RTK), Torin1 (mTOR) and Docetaxel 



140

A
 C

A
N

C
ER D

RU
G

-A
TLA

S EN
A

B
LES PRED

IC
TIO

N
 O

F PA
R

A
LLEL 

D
RU

G
 V

U
LN

ER
A

B
ILITIES

(cytotoxic) were reported in five out of nine cell lines. This putative triple 
drug combination was experimentally validated in 20 out of 22 cell lines/
primary cell cultures and showed lower combination indexes compared 
to treatment with two drugs. In two cases (AM-38, CAS-1) the effect was 
additive. 
Using the triple-combination, we searched for clinically relevant drugs that 
have overlapping targets, good blood brain barrier transfer and low toxicity 
and selected Tagrisso (Osimertinib, AZD9291, targets EGFR), AZD2014 
(Vistusertib, targets MTOR1/2) and Docetaxel (targets Microtubules). 
Tagrisso has been shown to pass the blood brain barrier transfer (Ballard 
et al, 2016) and although it was developed to target EGFR-T790M, it has 
an EGFR inhibitory effect. AZD2014 passes the blood brain barrier and 
has shown target engagement (). Although Docetaxel poorly penetrates 
the blood brain barrier, it can be given at such hight concentrations that 
effective concentrations can be reached in the brain.

Based on our distance model, we could generate a drug-synergy classifier 
resulting in as synergy prediction model. This model provides a unique 
advantage over empirical approaches (i.e. testing all combinations), which 
often results in data-congestion (i.e. testing 16,000,000 possible triple 
drug-combinations of FDA approved drugs per patient) and can guide 
the selection of synergistic drugs and enables to test drug combination in 
clinical trials where monotherapy has failed (Figure S8B).

A major obstacle for implementing combination treatment in the clinic is 
the occurrence of synergistic toxicities. In many cases, these accumulated/
synergistic toxicities are a result of toxicities that are shared between the 
combined drugs. Examples of accumulating toxicities include Everolimus 
combined with exemestane  (Baselga et al, 2012); MEK inhibitor combined 
with AKT inhibitor (Tolcher et al, 2015); Ipilimumab combined with 
nivolumab ( Larkin et al, 2015) and BRAF inhibition combined with MEK 
inhibition (Flaherty et al, 2012). These accumulated toxicities can be 
avoided by using drug combinations that have mutual exclusive toxicities.
A possible link between the synergistic triangle of EGFR inhibition, 
mTOR inhibition and cytotoxicity found in our study could be survivin. 
This inhibitory protein of apoptosis (IAP) was proven to be a prognostic 
factor in human gliomas (Chakrabarti et al, 2002). Resistance to Erlotinib 
and Docetaxel was shown to be reversed when survivin was inhibited 
(Okamoto et al, 2012; Wang et al, 2008). Secondly, mTOR inhibition was 
shown to enhance Docetaxel cytotoxicity by downregulation of survivin 
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(Niu et al, 2011; Morikawa et al, 2012). Inhibition of mTOR with Rapamycin 
could sensitize GBM cells for Erlotinib by disturbing crosstalk between RTK 
and PI3K pathway (Wang et al, 2006). AKT and mTOR are shown to work 
upstream of survivin, which implicates that mTOR inhibition is necessary 
for survivin inhibition and Erlotinib sensitization (Vaira et al,2007). We can 
conclude that when survivin is inhibited by mTOR, Docetaxel and Erlotinib 
work optimal, which requires inhibition of mTOR as well to further activate 
survivin. Altogether, these findings imply that a combination of a cytotoxic 
drug, an mTOR inhibitor and EGFR inhibition might overcome intrinsic drug 
resistance. 

In conclusion, by using a phenotype based approach we have found that 
parallel synergies vulnerabilities represent an important class of drug 
combination targets. We have developed a method to identify these 
vulnerabilities and interestingly, our methodology might be used in more 
contexts where parallel vulnerabilities play a role and where sufficient high 
quality data is available. This can be performed such as for large scale 
drug library phenotypic screens, clinical datasets, and data from immune 
disorders or neurogenerative diseases. 
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CONCEPTUAL ADVANCES 

Cancer is frequently associated with a dysfunction of one or a few specific 
genes in molecular pathways that regulate cell growth, proliferation, 
motility and survival (Hanahan and Weinberg, 2011). Overactivity of a single 
oncogene on which growth and survival of cancer cells depend is called 
‘oncogene addiction’ of the cancer cell (Weinstein & Joe, 2008). Targeted 
inhibition of these oncogenes may interrupt oncogene addiction, resulting 
in tumor growth arrest and induction of apoptosis.

The PI3K/MAPK pathway is one of the key pathways that is frequently 
disturbed in glioblastoma (GBM). The pathway is controlled by various 
receptor tyrosine kinases (RTK) on the cell membrane which are activated 
upon ligand binding. The pathway is also pivotal in processing DNA-damage 
after irradiation. Targeted inhibition of the receptors and downstream 
molecules of the PI3K/MAPK pathway may therefore sensitize the effect of 
radiation in glioma cells.

The PI3K/MAPK pathway as a target to improve radiotherapy of GBM 
patients – The PI3K/MAPK pathway is under control of various receptor 
tyrosine kinases (RTK) on the membrane that are activated upon ligand 
binding and/or mutations. Activation of these RTKs drives growth, 
proliferation, motility and survival. Inhibition of these pathways can reduce 
cancer growth and induce apoptosis and thus provide oncogene addiction. 
However, inhibition of these targets failed or showed only weak therapeutic 
improvement over current standard of care for GBM in the clinic (Prados 
et al. 2009, Erlotinib, NCT0018746; Gilbert et al. 2014, Bevacizumab, 
NCT00884741; Hainsworth et al. 2010, Sorafenib, NCT00544817; Ma et 
al. 2014, Everolimus). We investigated the radiosensitizing potential of 
novel targeted agents in the PI3K/MAPK pathways in glioma in vitro and 
describe an oncogene-addiction independent role of the MAPK pathway. 
This role was until now overlooked and could be revealed only under 
specific growth conditions that better mimic the clinical situation, i.e. in 
3D multicellular glioma spheroids maintained in culture for weeks after 
irradiation, allowing evaluation of long term effects. Importantly, since 
short pulses of the MAPK inhibitor MEK162 are given, drug resistance is 
avoided in contrast to oncogene addiction where a constant alleviation 
of the growth/survival cue may be necessary (Becker et al, 2011; Sun et al, 
2014). The preclinical data presented in this thesis show for the first time 
that MEK inhibition combined with radiotherapy may be a novel therapeutic 
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strategy for glioblastoma patients. Our in vitro and in vivo findings provide 
a strong basis for clinical evaluation. 

Parallel and multidrug synergies – By building a model based on 
retrospective analysis of reports of drug-drug synergy from the literature 
and by matching these data to public dose-response data, we found 
that many reported synergies target processes that affect independent 
pathways. From these analyses, we have developed a new concept that we 
have called ‘parallel synergy’ (see Figure 1). Given that inhibition of parallel 
survival pathways represents a new category of drug combination therapy, 
a major challenge remains to identify relevant inhibitors from the thousands 
of possible combinations. We showed a general strategy to identify these 
vulnerabilities. Importantly, since our method is based on monotherapy 
data, we can predict interactions that go beyond the scope of already 
tested combinations. After identification of parallel vulnerabilities, therapy 
predictive molecular markers may be identified to enable personalized 
therapies. In addition to this concept, there is an ongoing effort in linking 
high throughput synergy data to omics-based prediction models including 
the recent AstraZeneca synergy DREAM challenge (Menden et al., 2017 
submitted). 

Figure 1. Strategies for synergistic combination therapies described in this thesis (see also 
chapter 1)
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SPECIFIC CHALLENGES: 

1 Selecting a biological rationale 
The literature study presented in chapter 2 demonstrated the importance 
of the AKT-pathway in the response of GBM to irradiation. Aberrations 
of the phosphatidylinositol 3-kinase (PI3K)/AKT pathway have been 
frequently reported in GBM and are responsible for disturbed cell growth 
and increased cell survival leading to a competitive growth advantage, 
metastatic potential and therapy resistance. Both the importance of AKT 
pathway in GBM biology and in DNA damage response are described, 
highlighting the PI3K-AKT pathway as a rational therapeutic target in GBM 
treatment. Furthermore, an overview is given of specific inhibitors of AKT 
which have been tested in preclinical and in early phase clinical studies.

In chapter 3, we investigated the potential of the allosteric AKT inhibitor 
MK2206 to enhance current standard therapy, consisting of irradiation and 
temozolomide (TMZ) in GBM cell cultures either growing as monolayer 
or as multicellular spheroids. Effects were assessed on cell proliferation, 
clonogenic cell survival, cell invasion, cell migration and protein 
expression by Western blot. Low dose MK2206 reduced phosphorylation 
of AKT in both adherent cells and spheroids, delayed spheroid growth 
and sensitized spheroids to both irradiation and TMZ in a synergistic way. 
Effective inhibition of cell invasion and cell migration was observed only at 
higher doses of MK2206. The data presented show that MK2206 has potent 
synergistic efficacy to the current standard of care for GBM patients.

In chapter 4, glioma spheroid cultures were treated with a panel of small 
molecule targeted drugs, as single treatment and in combination with 
irradiation. Spheroid growth after exposure to MEK162 and radiation led 
to a synergistic growth inhibition of spheroids. MEK162 down-regulated 
and dephosphorylated the cell cycle checkpoint proteins while increasing 
DNA damage signals. Combined with radiation, this led to a prolonged 
DNA damage signal. In vivo data in tumor bearing animals demonstrated a 
significantly reduced growth rate, increased growth delay and prolonged 
survival time. In addition, RNA expression of responsive cell cultures 
correlated to mesenchymal stratification of patient expression data. In 
conclusion, the MAPK inhibitor MEK162 was identified as radiosensitizer in 
GBM spheroids in vitro and in orthotopic GBM xenografts in vivo. The data 
are supportive for implementation of this promising targeted agent in an 
early phase clinical study in GBM patients.
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In chapter 5, we created a cytostatic and cytotoxic accumulation of 
autophagosomes by inhibiting both mTOR and the fusion between 
autophagosomes and lysosomes. U87 and U251 human glioma cells were 
exposed to the allosteric mTOR inhibitor RAD001 or the active site mTOR 
inhibitor MLN0128 in combination with the late stage autophagy inhibitor 
chloroquine. In addition, the radiosensitizing potential of this combination 
treatment was evaluated. Our preliminary data demonstrate that a 
combined inhibition of mTOR and autophagy has a more than additive 
inhibitory effect on GBM cell proliferation. However, the combination 
neither induced glioma cell death, nor sensitized glioma cells to radiation. 
Based on preliminary mechanistic data obtained after exposure to inhibitors 
in combination with irradiation, the timing parameters of the experiments 
may be improved to reach higher efficacies.

In chapter 6 we tested our hypothesis that tumors carrying the KIAA1549:
BRAF fusion are probably particularly sensitive to mTOR and MEK inhibition 
since it was described that KIAA1549:BRAF induces neuroglial cell growth 
through an MEK-mediated, mTOR dependent manner (Kaul et al, 2012). To 
study this, mTOR was inhibited by MLN0128 (ATP-competitive mTORC1/2 
inhibitor) and MEK was inhibited by AZD6244 (MEK1/2 inhibitor). The 
combination reduced the cell viability in a BRAFV600E and BRAF:KIAA1549 
background which correlated with down-regulation of MAPK and AKT/
mTOR targets. Alternative RAS/MAPK activation by loss of NF1 cells 
resulted in moderate sensitivity to AZD6244 and showed increased 
apoptosis compared to NF1 wild type cells. Additionally, reactivation 
of MAPK and mTOR activity was seen when treated with MLN0128 and 
MLN0128+AZD6244. Proliferation of NF1 wild type cells could neither be 
inhibited with single agent AZD6244 nor in combination with MLN0128, 
this despite visible down-regulation of MAPK and mTOR targets. Together, 
combinatorial mTOR + MEK targeting shows synergistic interaction in vitro 
which might be beneficial for a subset of glioma patients diagnosed with 
BRAFV600E, BRAF:KIAA1549 alterations or NF1 loss. Therefore, we think 
that this combination is an example of maximal pathway inhibition that 
could have clinical implications. 

In chapter 7, we show that identification of synergistic drug combinations 
by using an empirical setting (by actual testing all combinations) can be 
complemented by a novel approach that we call the drug atlas. The drug 
atlas enables to identify a limited number of molecular mechanisms for 
cell survival/proliferation and hits these by combinations of targeted 
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drugs. We validated this by performing a drug-combination screen against 
9 glioblastoma cell lines using 30 drug combinations. Benchmarking 
of our prediction model showed that our model meets the predictive 
power of landmark datasets but only needs a fraction of the predictive 
features to train these models. From identified dual-therapies we were 
able to predict and validate a triple-drug synergy. This approach could 
lead to identification of unforeseen personalized multi-drug combination 
approaches and preferably drug-combinations that cross the blood brain 
barrier and that have long term cytostatic/cytotoxic effects should be 
selected for clinical translation.

2 The blood-brain barrier 
We performed two in vivo studies wherein the transfer of drugs over the 
blood brain barrier may have affected the outcome of the experiments. In 
chapter 4 we validated the in vivo efficacy of the combination of the MEK-
inhibitor MEK162 with fractionated irradiation, but the combination was less 
effective than we had anticipated based on the in vitro data. The end point 
of the experiments was tumor volume measured by bioluminescence; the 
study was not limited by toxicity. MEK162 is known to be actively eliminated 
out of the brain by P-gp and BCRP efflux pumps located at the blood 
brain barrier (personal communication Dr. O. van Tellingen, Netherlands 
Cancer Institute). Since MEK162 may not pass the blood-brain barrier in 
sufficient amounts, other MEK inhibitors may be better candidates, such 
as trametinib which can reach 200 nM levels in the brain (preclinical data, 
Vaidhyanathan et al, 2014). Furthermore, fractionated irradiation could 
improve the delivery of small molecules by transient disruption of the 
blood brain barrier (Appelboom et al, 2016). 

In chapter 7 we used a triple-combination of targeted drugs which were 
selected based on their clinically relevance and on matching molecular 
targets, good blood brain barrier transfer and low toxicity. Thus, we selected 
Tagrisso (Osimertinib, AZD9291) which targets EGFR, AZD2014 (Vistusertib) 
which targets MTOR1/2, and docetaxel, a cytostatic drug which targets 
microtubules. Tagrisso has been shown to pass the blood brain barrier 
(Ballard et al, 2016). Although Tagrisso was developed to target EGFR-
T790M, it has an EGFR inhibitory effect. AZD2014 passes the blood brain 
barrier and has shown target engagement in the brain. Although docetaxel 
poorly penetrates the blood brain barrier, the synergistic combination of 
drugs will allow target engagement (i.e. disruption of microtubules) by 
docetaxel at much lower doses than required when given as a single drug, 



152

SU
M

M
A

RY A
N

D
 D

ISC
U

SSIO
N

without causing intolerable systemic toxicity.

3 Drug resistance, inter- and intratumoral molecular 
heterogeneity
Based on inter-patient dif ferences in treatment outcome to combined MEKi + 
radioherapy in chapter 4, we have generated RNA signatures and classified 
patients accordingly in potential good or poor responding groups. Good 
responders to MEKi + radiotherapy were seen for the group of patients 
with poor survival outcome, indicating those patients may benefit from 
the combination treatment. In addition, patients with the mesenchymal 
GBM subtype, which are characterized with high tumor invasion and drug 
resistance, could potentially also benefit from the combination approach. Of 
note, since NF1 mutations are frequently observed in mesenchymal tumors, 
this patient group might profit from MEKi treatment strategies (chapter 6). 
These predictions based on RNA signatures should be interpreted with 
caution, since in vitro derived signatures may not be extrapolated to the 
clinical context. Moreover, these predictions may be prone to overfitting 
as a result of small sample numbers compared to the number of features, 
which may cause false-positive as well as false negative outcomes. 

Corollary to the MEKi + radiotherapy response described in chapter 6, 
in chapter 7, we generated therapy response predictive models for triple 
drug combination treatments. In this chapter, the predictive model was 
based on experimental drug sensitivity data rather than on molecular 
features. As we also found in the previous chapter 6, there is a chance that 
false positive or negative results are obtained as a result of overfitting. 

4 Pharmacodynamics/Pharmacokinetics and Toxicity
In chapter 7 we used a triple-combination and for this study we used drugs 
that were predicted to give low toxicity (see also Challenge 2). As described 
above, we evaluated the potential acute and/or sub-acute toxicity of 
Tagrisso, AZD2014 and Docetaxel, in female Athymic Nude-Foxn1nu mice. 
The conditions of this drug combination toxicity (safety) screen were 
based on information obtained from in vivo drug studies reported in the 
literature. In this study, we found that drug combinations at dose levels 
inferred from extrapolated clinical doses, gave noticeable toxicity after 10-
days of treatment. The present literature on the pharmacokinetics of the 
three drugs suggests that there only is a limited time window of six hours 
after drug administration wherein synergy can be expected on tumor 
growth delay. A major challenge remains to find the optimal drug doses, 
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sequence and administration timing to yield a maximal tumor effect with 
minimal toxicity. 

OUTLOOK FOR MEKI + RADIOTHERAPY STUDY IN GBM 
PATIENTS

MEK as a radiosensitizer in the clinic – Given the long-term effect that 
we have seen of MEK inhibition in combination with radiotherapy in our 
preclinical models (chapter 4), we think that this therapy is the best 
candidate for clinical application.  Currently, at the VU University medical 
center, a clinical study is in preparation to investigate a MEK-inhibitor in 
combination with radiotherapy in GBM patients after completion of an 
ongoing preclinical study to identify MEK inhibitors with a better blood 
brain barrier penetrating ability (see also de Gooijer et al, 2018). For the 
clinical study for which written informed consent is required, GBM patients 
will by pre-treated with the MEK inhibitor for two weeks before surgery 
(i.e. the time needed to reach a steady state concentration of the drug 
in the tumor). During surgery, tumor tissue will be obtained for analysis 
to determine the inhibitory effect of the drug in the tumor, by measuring 
the phosphorylation of key target proteins (e.g. pErk) and their effectors 
(i.e. DNA damage response through yH2AX measurement). Drug levels in 
the tumor will be measured using HPLC. Next, based on the data from 
the former study, a clinical Phase I feasibility study will be performed in 
GBM patients, consisting of hypofractionated radiotherapy (40,05 Gy in 
15 fractions of 2.67 Gy), temozolomide and MEK inhibitor.  If necessary, 
addition of a P-glycoprotein and/or BCRP BBB pump inhibitors such as 
elacridar will be investigated in five additional patients. If this second step 
shows tolerability of the combination treatment, a next step is to determine 
the maximum tolerated dose of drug in combination with radiotherapy and 
concurrent and adjuvant temozolomide. In this phase I-II study, the dose of 
the MEK inhibitor will be increased in subsequent groups of five patients 
until the maximum tolerable dose is reached. 
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NEDERLANDSE SAMENVATTING:

RADIOSENSITISERENDE EN SYNERGISTISCHE 
THERAPIEËN TEGEN GLIOBLASTOMA

Kanker is een van de meest ernstige ziektes waar jaarlijks in Nederland 
ongeveer 45.000 mensen aan overlijden. Het primaire hooggradige glioom 
(GBM), is het meest fatale hersenkanker type. Ondanks behandeling 
bestaande uit chirurgie, radiotherapie en chemotherapie, overlijden 
nagenoeg alle GBM patiënten binnen enkele jaren na diagnose.   Helaas 
is er geen curatieve therapie beschikbaar. Door het uitblijven van 
alternatieve, effectieve monotherapieën is huidig onderzoek gericht op 
combinatietherapieën   om een beter anti-tumor effect te bewerkstelligen, 
zonder toename van bijwerkingen. Combinatiebehandelingen zijn gericht 
op het verkrijgen van synergie: door sensitizering is de combinatie 
effectiever dan de som van beide afzonderlijke behandelingen.  

In dit proefschrif t beschrijven we twee methodes die we hebben ontwikkeld 
om te onderzoeken welke combinatietherapie de groei van glioblastoma 
cellen het beste onderdrukt, en daarmee perspectief biedt voor klinische 
toepassing Effectieve, synergistische en radiosensitizerende combinaties 
werden geidentificeerd (1) op grond van biologische eigenschappen van 
het GBM (hoofdstuk 2 t/m 6) en (2) door objectief voorspellingen te doen 
met algoritmes gebaseerd op bestaande GBM datasets (hoofdstuk 7).

In hoofdstuk 1 hebben we de belangrijkste (moleculaire) kenmerken van 
glioblastoma uiteengezet, en hoe op basis daarvan de standaardbehandeling 
uitgebreid zou kunnen worden met gerichte combinatie therapieën. In dit 
hoofdstuk beschrijven we de belangrijkste uitdagingen bij de identificatie 
en implementatie van combinatie therapieën. Deze zijn: 1) biologische 
motivatie voor de combinatie, 2) de bloed-hersenbarrière, 3) resistentie, 
inter- en intratumorale heterogeniteit, en 4) farmacodynamica en toxiciteit. 

Hoofdstuk 2 geeft een literatuuroverzicht over de PI3K-AKT-mTOR route, 
de belangrijkste moleculaire signaalroute van glioblastoma, die in 90% van 
de GBMs  overactief is en zorgt voor ongeremde groei en therapieresistentie. 
Het moleculaire mechanisme van deze belangrijke signaalroute wat betreft 
therapie resistentie in GBM en vele andere tumortypen wordt beschreven. 
Uit ons literatuuronderzoek komt naar voren dat de kinase AKT een cruciale 
rol speelt in radioresistentie van tumoren en dat remming van AKT een 
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sensitiserend effect zou kunnen hebben op DNA-schade inducerende 
therapieën zoals bestraling en sommige chemotherapeutica.  
In hoofdstuk 3 worden n de resultaten gepresenteerd van de experimenten 
die zijn voortgekomen uit het literatuuronderzoek (hoofdstuk 2). Het 
onderzoek werd verricht met de toen net beschikbaar gekomen AKT-
remmer, MK2206. Deze allosterische remmer bindt aan alle isomeren 
van AKT en is daarom zeer effectief in het uitschakelen van AKT. De 
belangrijkste bevinding was dat effectieve AKT-inhibitie niet leidde tot 
chemo-radiosensitisatie wanneer de U87 glioma cellen als monolaag in een 
kweekfles groeien maar wel wanneer de cellen in 3D vorm als sferen groeien. 
Het sferoiden model heeft een groot aantal voordelen voor onderzoek naar 
de effectiviteit van nieuwe behandelcombinaties. Het model simuleert de 
klinische situatie dan ook beter dan 2D onderzoeksmodellen. 

In hoofdstuk 4 zijn we verder gegaan met het U87 glioma sferoiden model. 
Door langere vervolgtijd hebben we de de clonogene teruggroei capaciteit 
van de sferoiden kunnen  meten. Verschillende doelgerichte drugs die elk 
een ander molecuul in de PI3K- en MAPK-signaalroutes remmen werden 
getest:  MK2206 (AKT); BKM120 (PI3K), RAD001 (mTORC1), MLN0128 
(mTOR), BEZ235 (PI3K/mTOR) en MEK162 (MEK1/2). Uit de experimenten 
bleek  dat al deze drugs op dag 15  een synergistische werking vertoonden 
met gefractioneerde bestraling. Uit analyse van hergroei van de sferoïden 
– na groeiremming in de eerste instantie - liet alleen de MEK1/2-remmer 
MEK162 een significante groeivertraging zien. Dit hebben we  verder 
gevalideerd in vervolg experimenten met primaire cellijnen die werden 
gekweekt uit patiëntenbiopten en tevens in een muismodel waarin  primair 
humane tumorcellen orthotopisch, dus in het brein, werden  geïnjecteerd. 
De resultaten uit dit hoofdstuk hebben de aanzet gegeven tot een Phase I/
II klinische studie op GBM patiënten. 

In hoofdstuk 5 en 6 hebben we verschillende therapiecombinaties 
bestudeerd waarvoor vanuit de literatuur een biologische motivatie 
kon worden gedefinieerd. Hoofdstuk 5 is gericht op de z.g. autofagie 
signaleringsroute, welke GBM cellen zou kunnen beschermen tegen 
bestraling. We hebben twee middelen gekozen, thymoquinone en 
chloroquin, die sterk verwant zijn aan de quininen die tegen malaria 
worden gebruikt. Beide middelen hebben we gecombineerd met een 
tweetal mTOR remmers en bestraling die het  autofagie proces mogelijk  
activeren. Wij vonden dat chloroquine en mTOR-remming een meer dan 
additive werking had op GBM cellen,  de combinatie vertoonde echter geen 
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radiosensitiserend effect. In hoofdstuk 6, is uit een andere biologische 
overweging gekeken naar mTOR remming in combinatie met MEK remming 
bij specifieke activerende mutaties in het gen van het molecuul BRAF 
(V600E en KIAA1549 fusie) in de MAPK signaalroute. De experimenten 
lieten zien dat de combinatie van mTOR remming en MEK1/2 een sterk 
synergistisch effect heeft op de groeiremming van glioma cellen die deze 
specifieke mutaties bezitten. 

In hoofdstuk 7 beschrijven we een nieuwe methode om drug combinaties 
te identificeren door empirische experimentatie te combineren met 
een voorspellend algoritme, de z.g. drug atlas. Deze atlas geeft een 
voorspellende waarde aan mogelijke drug combinaties per tumor type. 
Deze voorspellingen hebben we gevalideerd in een set 9 klassieke - en 10 
primaire GBM cellijnen met 30 drug combinaties. Hieruit bleek dat de atlas 
een vergelijkbare voorspellende waarde geeft als andere in de literatuur 
beschreven modellen. Echter, het grote voordeel van onze atlas is, dat die 
gebaseerd is op minder voorspellende kenmerken om het algoritme op te 
trainen. Samenvattend zijn we van mono-drug effectiviteit naar effectieve 
duale-drug  combinaties gegaan, van waaruit  op dezelfde manier 
effectieve triplet-drug combinaties konden worden  geïdentificeerd. 
Vervolgens hebben we in proefdieren met een hersentumor  aangetoond 
dat deze triplet combinatie ook in-vivo synergistisch werkt op het remmen 
van tumorgroei. De conclusie is dan ook dat via onze drug atlas, effectieve, 
synergistische en mogelijk zelfs radiosensitizerende duale en triplet drug 
combinaties kunnen worden geïdentificeerd, welke het meest veelbelovend 
kunnen zijn voor de behandeling van de individuele GBM patiënt.

Hoofdstuk 8 bevat een samenvatting van de belangrijkste onderzoeksdata  
in de context van de uitdagingen die in hoofdstuk 1 zijn gepostuleerd. 
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redden. Zonder jullie hulp met het voorkantje was het boekje niet zo mooi 
en professioneel geworden en lag het sowieso niet op tijd bij de drukker. 
Écht bedankt!

Amber, jij hebt mij ook ECHT geholpen met jouw design inzichten voor de 
lay-out. Met een paar klikken op de laptop staat iets lelijks ineens wél heel 
mooi. Hoe dan!?

Ook wil ik mijn paranymfen, Wietske en Femke, in het bijzonder benoemen. 
Zussen van elkaar en nu ook mijn zusjes. Wietske, zoals ik al eerder benoem 
kennen wij elkaar vanaf het eerste jaar Biomedische wetenschappen. Ik 
kan met niemand beter ruzie maken dan met jou en op niemand kan ik zo 
boos worden en zoveel van houden tegelijkertijd. Wiets, bedankt voor alle 
keren dat je luisterde, advies gaf, mij op mijn kop gaf en mij er doorheen 
trok.  Daarom kan ik me ook zooo hard aan je ergeren en daarom houd ik 
ook zo veel van jou :). Femke, mijn dag één van mijn PhD was jouw eerste 
dag stage in de apotheek van het VUmc. Op dag één was jij nog het zusje 
van. Op dag twee waren wij BFFs en op dag drie zat ik met jou in een auto 
naar Groningen. Onze vriendschap was gelijk zo sterk dat zelfs Wietske 
er jaloers van werd ;). Ik houd ook echt ontzettend veel van jou en jij hebt 
mij over de jaren heen super veel beïnvloedt in positieve zin. Dat kwam 
helemaal tot uiting toen wij de planning gingen maken over hoe wij dit 
proefschrif t af gingen ronden. Maar het allerbelangrijkst is HOE HARD wij 
samen kunnen lachen. 
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Lieve Vid, little sis. You are 5 years, 5 months younger than me but last 
year you could already put the title Drs. in front of your name. Now you 
are following your big brothers footsteps by also doing a PhD, because 
offcourse you know that only after a PhD you become a REAL Dr. ;). Wij 
zeggen nooit hardop hoe trots wij zijn op elkaar. Maar nu krijg je ‘m van me, 
op papier, in een boekje met een ISBN nummer. Ik ben super trots op je en 
ik houd van je! Take it and go.  

Dear Mom and Dad, thanks for everything you have done for me, are still 
doing for me and wil probably keep doing for me. All of this is only possible 
because of your support and wisdom. I am also thankfull that you allow me 
to not follow your wisdom and let me make my own choices, like starting 
a PhD ;). But any choice I make, you always support me to ensure the best 
possible outcome. I love you and thank you. 

En dan uiteraard mijn lieve Mandy, lieve Pini, door jouw onvoorwaardelijke 
steun het afgelopen jaar was ik in staat om het eindelijk af te ronden. Dat 
is zeker niet zonder de nodige ruzies verlopen, maar ondanks alles bleef je 
mij achter mijn broek aanzitten en heb je ervoor gezorgd dat ik mijn PhD 
ging afronden. Jij haalt altijd het allerbeste uit mij naar boven, je weet echt 
PRECIES hoe ik ben en jij weet al wat ik ga doen voordat ik het zelf weet. 
Daarom is het ook écht moeilijk om jou te verassen. Jij hebt mij in één 
jaar tijd ZO positief veranderd: ik heb een agenda, ik kom mijn afspraken 
(meestal) na, ik ga vroeger naar bed en je betaalt mijn personal trainer. 
Door jou ben ik gewoon een beter persoon geworden, bedankt honni, ik 
houd ontzettend veel van jou!
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