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Abstract: The molecular heterogeneity of glioblastoma has been linked to differences in survival
and treatment response, while the development of personalised treatments may be a novel way of
combatting this disease. Here we show for the first time that low passage number cells derived from
primary tumours are greater than an 86% match genetically to the tumour tissue. We used these
cells to identify eight genes that could be used for the personalisation of glioblastoma treatment and
discovered a number of personalised drug combinations that were significantly more effective at
killing glioblastoma cells and reducing recurrence than the individual drugs as well as the control
and non-personalised combinations. This pilot study demonstrates for the first time that whole
exome sequencing has the potential be used to improve the treatment of glioblastoma patients by
personalising treatment. This novel approach could potentially offer a new avenue for treatment for
this terrible disease.
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1. Introduction

Glioblastoma multiforme (GBM) is the most common malignant tumour of the central nervous
system (CNS) and is associated with poor prognosis, and with median survival rates of between 12 and
15 months [1,2]. GBM is characterized by its marked intratumoral heterogeneity [3–6] meaning that
there are a number of genetically different clones, each of which is resistant to different treatments. The
pre-existence of clones resistant to treatment has been demonstrated in various types of tumours [7,8].
These clones constitute the main cause of failure of targeted therapies and are responsible for tumour
relapse after treatment.

Personalised medicine has stemmed from an increased recognition of the importance of molecular
heterogeneity within tumour types on drug-response and survival [9]. Multiple studies have been
conducted to find molecular biomarkers for GBM that could be used as therapeutic targets as well
prognostic or predictive factors [10]. For example, Epidermal Growth Factor Receptor (EGFR)
amplification has been shown to lead to promotion of downstream signalling pathways that affect key
processes in tumorigenesis such as proliferation and inhibition of apoptosis [11]. Reduced expression
of the neurofibromin 1 (NF1) gene, as well as mutations in the Phosphatase and Tensin homolog
(PTEN) gene and high expression of chitinase 3 like 1 (CHI3L1) and MET proto-oncogene, receptor
tyrosine kinase (MET) have been shown to influence GBM growth [10].

A study into the effects of changes in growth control genes on patient survival supports the
importance of isocitrate dehydrogenase (IDH) 1 mutations in glioblastoma [12]. In this study, mutated
IDH1 was associated with better survival rates, as was reduced alpha thalassemia/mental retardation
syndrome X-linked (ATRX) expression and/or lower expression of TP53 [12]. The possibility of PTEN
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as a biomarker for GBM is supported by Han et al., who conducted a meta-analysis of PTEN mutation
and glioma survival rates, concluding that PTEN mutation is associated with poor prognosis [13].

Another key biomarker for GBM is the O6-methylguanine-DNA methyltransferase (MGMT) gene,
which encodes a DNA repair enzyme that removes alkyl lesions from DNA [14,15]. Silencing of
the promotor of this gene in GBM is associated with improved prognosis and increased response to
alkylating chemotherapy agents [14]. A meta-analysis of the Telomerase Reverse Transcriptase (TERT)
gene, a component of telomerase which is linked to immortalisation of cancer cells, highlighted it as
being an important biomarker for gliomas [16]. Mutations in the promotor of this gene correlated
with poor prognosis in glioma patients [16]. The association of the molecular profiles of GBM with
prognosis highlights the need for developing effective personalised treatments, with the molecular
make-up of the tumour informing the treatment regime for each individual patient. Such personalised
treatments will require characterisation of the key genetic factors that influence a tumour’s response to
different drugs.

The current standard treatment regime for GBM patients involves surgery, radiotherapy and
treatment with the chemotherapy drug temozolomide (TMZ) [11,17,18]. This regime remains largely
ineffective, with recurrence common and survival rates poor. Consequently, other treatment options
such as carboplatin, irinotecan and etoposide are being investigated [11]. Non-cytotoxic options are also
being studied, such as targeted inhibitors, stem cell treatment, gene therapy and immunotherapy [11].
An example of a targeted inhibitor is Bevacizumab, a monoclonal antibody for Vascular Endothelial
Growth Factor (VEGF)-A [17]. Other inhibitors are also being investigated, with targets including
EGFR, PDGFR, phosphatidylinositide 3-kinases (PI3K) and Protein kinase B (PKB) [17].

With MGMT promotor methylation being identified as an important factor influencing response
to TMZ it has consequently been used to stratify patients in clinical trials [14,15,18]. While this is
an important step in associating molecular factors to drug response, more biomarkers for response
to different therapies need to be identified. Oh et al. [19] performed a study to investigate if the
personalised treatment of GBM based on the molecular subtype of the tumour was possible. While the
researchers were able to demonstrate their proposed personalised treatments for each subtype were
effective, the effectiveness of each treatment was not exclusive to each subtype. This suggests there
are more molecular factors impacting drug response than those that classify the subtypes, and a fully
non-targeted approach may provide more information.

The aim of this study is to use Whole Exome Sequencing to analyse the genetic profile of six
GBM tumour samples and associated cells then correlate this with each tumour sample’s response to
treatment with the drugs captopril, celecoxib, copper glucomate, disulfiram, irinotecan, itraconazol,
pitavastatin, temozolomide and ticlopidine. Each of these drugs has been shown either clinically or
preclinically to have some efficacy against GBM. This data will then be used to develop personalised
combinations from these drugs which will be assessed for their cytotoxicity and ability to reduce
recurrence for each of the GBM samples.

2. Materials and Methods

2.1. Materials

Captopril, Celecoxib, Copper Glucomate, Disulfiram, Irinotecan, Itraconazol, Pitavastatin and
Ticlopidine were purchased from LGM Pharma (Erlanger, KY, USA). Temozolomide was purchased
from Sigma-Aldrich (Dorset, England). GBM tissue samples were retrieved from six patients who
received resection surgery at the Queen Elizabeth Hospital, Birmingham, UK.

2.2. Biopsy Collection, Dispersion and Culturing of the Patient Derived GBM Cells

The unfixed tumour core was collected directly from GBM patients undergoing craniotomies
at the Queen Elizabeth Hospital in accordance with ethical approval (application number: 11-029)
from the Human Biomaterials Resource Centre (HBRC). The samples were immediately placed in
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collection fluid and transported to the laboratory. The tumour tissue was subsequently immersed in
HBSS (Invitrogen-Life technologies, CA, USA), sliced into 1 mm3 fragments and washed with HBSS to
remove excess blood clots. Some of the tissue fragments were snap frozen in liquid nitrogen and stored
at −80 ◦C for whole exome sequencing. The remaining fragments were then suspended in 30 mL of
HBSS and digested with enzymes (Collagenase (0.25 mg/mL; Invitrogen-Life technologies, CA, USA),
Pronase (0.5 mg/mL; Roche, Basel, Switzerland) and DNase (0.4 mg/mL; Sigma-Aldrich, Gillingham,
UK)) for 30 min at both 37 ◦C and 4 ◦C with constant stirring. Any undigested material was then
sieved using 100 µm pore nylon mesh and the suspension layered onto 2 × 12 mL Ficoll-paque density
gradient cushions (Density: 1.077 ± 0.001 g/mL; GE healthcare life sciences, IL, USA) and centrifuged
at 400 g for 30 min at room temperature. The tumour cells that settled as a band at the interphase
were siphoned off, while the blood cells, which formed a pellet, were removed. An amount of 15 mL
of HBSS was then added to the tumour cells and the solution centrifuged for 5 min at 1200× g. The
supernatant was removed and the pellet re-suspended in 1 mL of HBSS ready for the viability check.
Cell viability was determined using the Trypan blue exclusion method, with viability scores between
98% and 100%. The cells were snap frozen in liquid nitrogen and stored at −80 ◦C until needed.

2.3. Whole Exome Sequencing of the GBM Tumour Tissue and Cells

DNA was extracted from the tissue fragments and corresponding cells using a modified DNEasy
protocol (Qiagen, Hilden, Germany). Briefly the tissue fragments and cells were incubated with ATL
buffer and proteinase K overnight at 56 ◦C with intermittent vortexing. Samples were then processed
according to the manufacturer’s instructions. Library preparation was performed using Illumina
TruSeq exome library preparation kit according to the manufacturer’s instructions with the following
modifications: 300 ng of material was used as starting input, no size selection was performed after
end repair and DNA fragments were amplified with 12 cycles of PCR. Enrichment was performed
using a bead ratio of 0.8, then samples were combined into pools of 3 plex for coding exome probe
hybridisation and subsequent clean up. Then, 10 cycles of amplification were performed to enrich the
final libraries which were then pooled into 1 final 12 plex library. Sequencing was performed on an
Illumina NextSeq 550 75 cycles paired end reads high output flow cell.

2.4. Determination of the Cytotoxicity of Each Individual Drug and Drug Combination Against the Patient
Derived GBM Cells

The cells were thawed and seeded at 2 × 105 cells/cm2 in culture media compromised of 1:1 ratio
of Dulbecco’s Modified Eagle’s Medium with L-glutamine and sodium bicarbonate (Sigma-Aldrich,
Gillingham, UK) supplemented with 10% Fetal Bovine Serum, 100 µM sodium Pyruvate, 0.05 mM
Non-essential Amino Acids and 1% Antibiotic-Antimycotic containing penicillin, streptomycin and
fungizone (Invitrogen-Life technologies, CA, USA) and incubated at 37 ◦C, 5% CO2 with fresh media
added every 2 days. Once confluent the cells were split by removing the culture media and adding
trypsin (Sigma-Aldrich, Gillingham, UK) (2.5 mL for 75 cm3 flasks and 1.5 mL for 25 cm3 flasks) to
the flask to detach the cells. An amount of 10 ml of fresh culture media was added to the flask and
subsequently transferred to a centrifuge tube. The suspension was centrifuged for 3 min at 1000 rpm,
the supernatant removed, and the pellet re-suspended in culture media and incubated at 37 ◦C, 5%
CO2. The cells were split a further two times, so that we were working with passage number 3. The
cells were split into two groups with one group sent for whole Exome sequencing and the others plated
for cell viability studies.

The cells were plated onto 96-well flat-bottomed microtitre plates and cultured in the presence of
200 µL of cell culture media containing varying concentrations (3.9, 7.8, 15.6, 31.25, 62.5, 125, 250, 500,
1000, 10,000, 100,000 nM) of the individual drug for 5 days when cytotoxicity testing was performed
using the standard 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) assay. For
the drug combinations, a solution containing each of the drugs was prepared and then added to the
cell culture media and the cells were cultured for 5 days when cytotoxicity testing was performed. To
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investigate the influence of both individual drugs and drug combinations on recurrence, the cells were
cultured for either 3, 5, 7, 9 or 11 days when cytotoxicity testing was performed. All experiments were
performed in triplicate.

3. Results

3.1. Comparison of Variants Between GBM Tumour Tissue and Associated Cells

Multiple Correspondence Analysis (MCA) and hierarchical clustering were performed using the
FactoMineR package in R to assess the similarity between each of the tumour tissue samples as well as the
similarity between the tumour tissue and the associated cells. The MCA plot showing dimensions 1 and 2
(Figure 1A) demonstrates that GBMs 1, 2 and 5 cluster together in the centre, while GBM 3, 4 and 6
are not only isolated from the other three tumours but also each other. This data demonstrates the
inter-tumoural heterogeneity of GBM, as from the six samples analysed, only three are closely related
molecularly while the other three are not only molecularly distinct from each other but also the others.
Furthermore, the cells that were cultured from the tumour tissue cluster closely to their associated
tissue, which demonstrates that they are molecularly similar to the tissue. The dendrogram produced
from hierarchical clustering (Figure 1B) further demonstrates that the cell and tumour tissue samples
from the same patient are molecularly similar to each other compared to samples from other patients.
This data demonstrates that our cell culturing protocol did not significantly alter the molecular nature
of the cells. Furthermore, comparing the fold change of the 24 most commonly mutated genes in GBM
on the Catalogue of Somatic Mutations in Cancer (COSMIC) database in both the tumour tissue and
associated cells demonstrated that our cells, at passage number 3, had a greater than 86% representation
of the original tumour tissue and supports their use in personalisation of treatment as a representation
of the tumour.

Genes 2020, 11, 173 4 of 19 

 

performed. To investigate the influence of both individual drugs and drug combinations on 
recurrence, the cells were cultured for either 3, 5, 7, 9 or 11 days when cytotoxicity testing was 
performed. All experiments were performed in triplicate. 

3. Results 

3.1. Comparison of Variants Between GBM Tumour Tissue and Associated Cells  

Multiple Correspondence Analysis (MCA) and hierarchical clustering were performed using 
the FactoMineR package in R to assess the similarity between each of the tumour tissue samples as 
well as the similarity between the tumour tissue and the associated cells. The MCA plot showing 
dimensions 1 and 2 (Figure 1A) demonstrates that GBMs 1, 2 and 5 cluster together in the centre, 
while GBM 3, 4 and 6 are not only isolated from the other three tumours but also each other. This 
data demonstrates the inter-tumoural heterogeneity of GBM, as from the six samples analysed, only 
three are closely related molecularly while the other three are not only molecularly distinct from 
each other but also the others. Furthermore, the cells that were cultured from the tumour tissue 
cluster closely to their associated tissue, which demonstrates that they are molecularly similar to the 
tissue. The dendrogram produced from hierarchical clustering (Figure 1B) further demonstrates that 
the cell and tumour tissue samples from the same patient are molecularly similar to each other 
compared to samples from other patients. This data demonstrates that our cell culturing protocol did 
not significantly alter the molecular nature of the cells. Furthermore, comparing the fold change of 
the 24 most commonly mutated genes in GBM on the Catalogue of Somatic Mutations in Cancer 
(COSMIC) database in both the tumour tissue and associated cells demonstrated that our cells, at 
passage number 3, had a greater than 86% representation of the original tumour tissue and supports 
their use in personalisation of treatment as a representation of the tumour. 

 
Figure 1. Cont.



Genes 2020, 11, 173 5 of 19

Genes 2020, 11, 173 5 of 19 

 

 

Figure 1. Dimensions 1 and 2 from Multiple Correspondence Analysis (MCA) of genomic variants in 
Glioblastoma multiforme (GBM) tumour tissue and cell samples (A). Dendrogram of GBM samples 
produced from hierarchical clustering of component values from dimensions 1-10 of the MCA (B). 

3.2. Selection of Mutated Genes for Personalisation 

Variants in the top 24 most commonly mutated genes in GBM on the Catalogue of Somatic 
Mutations in Cancer (COSMIC) database were analysed for function and exonic function to compare 
the genetic profiles of the samples and to identify possible variant genes of interest. Our focus was 
on exonic, nonsynonymous variants as these are the only variants likely to have an impact on 
tumour function and growth. Figure 2 presents the number of variants in each of the 24 genes for 
both the tissue and cells for each of the GBM samples. The first observation is that all of the genes 
have the same number of variants in both the tissue and cell sample from the same patient, further 
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3.2. Selection of Mutated Genes for Personalisation

Variants in the top 24 most commonly mutated genes in GBM on the Catalogue of Somatic
Mutations in Cancer (COSMIC) database were analysed for function and exonic function to compare
the genetic profiles of the samples and to identify possible variant genes of interest. Our focus was on
exonic, nonsynonymous variants as these are the only variants likely to have an impact on tumour
function and growth. Figure 2 presents the number of variants in each of the 24 genes for both the
tissue and cells for each of the GBM samples. The first observation is that all of the genes have the same
number of variants in both the tissue and cell sample from the same patient, further demonstrating that
the cells have a high molecular representation of the corresponding tissue supporting their use in the
personalisation of GBM treatment. The second observation is that there is no correlation between the
number of variants or the gene these variants occur in across all of the patients, further demonstrating
the inter-tumoural heterogeneity of GBM and the need for personalisation of treatment.
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A low (less than 10) number of variants were detected in all samples for the USH2A, PCLO and
MUC17 genes (Figure 2). MUC16 has a significantly higher (between 20 and 40) number of variants
compared to the other genes (Figure 2), which is not surprising as Tan et al. have demonstrated that
it has a high mutation frequency due it being a large protein with a low expression level and late
replication timing during the cell cycle [20]. There were 20 variants of FLG in GBM 1 and 2 (Figure 2). A
low number of ATRX variants were seen exclusively in GBM 4, 5 and 6 (Figure 2), however, according
to the pathology data (Table 1) only GBM 4 had a mutation of the ATRX gene. This makes sense as only
GBM 4 had a mutated IDH gene and ATRX mutations in brain tumours are frequently detected with
IDH mutations [21]. A low number of variants of TP53 were exclusive to GBM 1, 4 and 5 (Figure 2),
with only GBM 4 having a loss of p53 function (Table 1) as a result. GBM 4 had 6 variants of TP53,
while GBM 1 and 5 had 2 (Figure 2). Variants of PTEN were seen exclusively in GBM 1 and 5, while
variants of PKHD1 were seen in GBM 1, 4 and 6 (Figure 2). Only GBM 3 and 4 had variants of the
IDH gene (Figure 2), which correlates with the pathology data as both of these samples expressed the
mutant protein IDH1 variant R132H (Table 1), which is associated with a better response to treatment
(12). GBM 3 was the only sample to have variants of the PIK3R1 gene, while GBM 5 was the only
sample to have variants of the RB1, PIK3CA and CDKN2A genes (Figure 2).

To make personalisation easier, it was decided to only focus on those genes that may be associated
with treatment response. To identify the function of the genes, Gene Ontology (GO) terms were
obtained from the gene2go file available on the NCBI FTP site [22–24]. From the GO processes the
function of each gene is summarised in Table 2, with the most promising candidate genes associated
with treatment response being those involved in transcriptional regulation (ATRX), tumour suppression
(TP53, PTEN and CDKN2A), proliferation and survival (IDH1, PKHD1, PIK3R1 and PIK3CA). These
genes will be used to personalise treatment.
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Table 1. Pathology data for each of the six GBM tumour samples.

Gene

Sample IDH ATRX P53 MGMT

GBM1 Wild Type Wild Type Wild Type Methylated

GBM2 Wild Type Wild Type Unspecified Unmethylated

GBM3 Mutated Wild Type Wild Type Unspecified

GBM4 Mutated Mutated Mutated Unspecified

GBM5 Wild Type Wild Type Wild Type Unmethylated

GBM6 Wild Type Wild Type Wild Type Unspecified

Table 2. Full name and function of the 13 genes associated with GBM treatment response.

Gene Full Name Function

ATRX Alpha Thalassemia/Mental Retardation
Syndrome X-Linked

Involved in transcriptional regulation and
chromatin remodelling

USH2A Usher Syndrome 2A Involved in hearing and vision

TP53 Tumor Protein P53 Tumour suppressor gene.

PTEN Phosphatase And Tensin Homolog Tumour suppressor gene

PKHD1 Polycystic Kidney And Hepatic Disease 1 Involved in cell adhesion, repulsion and
proliferation.

PIK3R1 Phosphoinositide-3-Kinase Regulatory
Subunit 1 Involved in cell proliferation and survival

PIK3CA Phosphatidylinositol-4,5-Bisphosphate
3-Kinase Catalytic Subunit Alpha Involved in cell proliferation and survival

PCLO Piccolo Presynaptic Cytomatrix Protein Cell scaffolding protein

MUC17 Mucin 17 Maintains homeostasis on mucosal surfaces

MUC16 Mucin 16 Provides a protective and lubricating
barrier at mucosal surfaces

IDH1 Isocitrate Dehydrogenase 1 Is necessary for many cellular processes

FLG Filaggrin
Involved in the structure of the epidermis
and plays an important role in the barrier

function of the epidermis

CDKN2A Cyclin Dependent Kinase Inhibitor 2A Tumour suppressor gene.

Mutations in the ATRX, TP53, PTEN, IDH1, PIK3R1 PIK3CA genes are known to be cancer drivers
in GBM according to the Cancer Genome Atlas Programme (TCGA). It is well understood that a
wild type IDH gene makes GBM more aggressive [25–28], while a wild type ATRX gene makes GBM
less sensitive to DNA damaging agents such as IRN and TMZ [29]. The p53 gene is mutated in 84%
of GBM patients, with these mutations responsible for GBM cell invasion, migration, proliferation,
evasion of apoptosis, and cancer cell stemness [30]. Therefore, variants in these genes make excellent
candidates for the personalisation of GBM treatment. Variants in the PTEN gene could also be useful
in the personalisation of GBM treatment as mentioned previously; Han et al. established a relationship
between PTEN mutations and GBM patient survival [13]. Jiang et al. demonstrated that PTEN
mutations are associated with therapeutic resistance [31]; while Benitez et al. demonstrated that PTEN
regulates GBM oncogenesis [32]. Mutations in the PIK3R1gene have been shown to promote the
growth and formation of gliomas [33], while PIK3CA missense mutations have been shown to promote
GBM pathogenesis [34].
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Mutations in the PKHD1 and CDKN2A genes are not known to be cancer drivers in GBM
according to the TCGA. However, Draaisma et al. demonstrated that mutations in the PKHD1 gene is
associated with poor prognosis in glioma patients [35], while studies have shown that mutations in the
CDKN2A gene results in a loss of expression in the p16 protein, an inhibitor of cell cycle progression,
and is associated with a significantly shorter survival in GBM patients [36–38].

USH2A, MUC16, MUC17 and FLG were not used in the personalisation of treatment as according
to GO they have no influence on the growth or survival of GBM (Table 2). Furthermore, we could find
no conclusive evidence in the literature that linked mutations in these genes to the growth and survival
of GBM. Even though studies have shown that mutations in the PCLO gene could be involved in GBM
growth and survival [39], it was removed from the personalisation process as every GBM sample had
variants of this genes (Figure 2), making it difficult to link it to drug response.

3.3. Drug Response vs. Variant

Based on background research we selected two cytotoxic drugs (Irinotecan and Temozolomide)
and seven non-cytotoxic drugs (Pitavastatin, Disulfiram, Copper Glucomate, Captopril, Celecoxib,
Itraconazole and Ticlopidine) to use in the drug response studies. These drugs were selected because
they are pharmacologically well characterized and had evidence for interfering with a recognized,
well-characterized growth promoting element of GBM [40–42] and when combined had a reasonable
likelihood of concerted activity against key biological features of GBM growth. An additional reason
for investigating the non-cytotoxic drugs is because they have a low likelihood of adding to a patient’s
side effect burden. Given the fact that in personalised GBM treatment we would be administering a
combination of drugs, it will be important to use drugs that do not add to the side effect burden of
the patient.

To find genes that may be associated with a patient’s response to the selected drugs, cell
viability testing was performed. Variants were classed as being associated with drug response if they
were present exclusively in all samples that responded to the treatment. Samples were considered
unresponsive to treatment if they failed to reach an IC50 value. A log IC50 value between 2 and 3 nM
was classed as a high response, a value between 3 and 4 nM as a medium response, a value between
4 and 5 nM as a low response and a value above 5 nM as a very low response. Figure 3A shows the
response of each GBM sample to all nine drugs. Many of the drugs tested produced either a low or
no response in all of the GBM samples. The two most interesting observations from Figure 3A are
that: (1) TMZ produced no response in any of the GBM samples, even though only GBM 2 and 4 had
an unmethylated MGMT, and (2) PTV produced a high response in all of the GBM samples except
for GBM 1. Only IRN produced a very low response in GBM 1, which is not surprising given that
it has a wild type IDH gene (Table 1) making it more aggressive [25–28]. This coupled with its wild
type ATRX gene (Table 1), which makes it less sensitive to DNA damaging agents such as IRN and
TMZ [29], would make it a very aggressive GBM. The lack of response, especially from TMZ, highlights
the problem with the current treatment regime for GBM and the need for improved therapy options.

CAP, CoGlu and TCP did not produce a response in any of the samples, while CEL, a non-steroidal
anti-inflammatory drug, which has been shown to stop the growth of GBM tumour cells by blocking
the enzymes necessary for their growth, produced a low response in GBMs containing variants in
the ATRX, TP53, PTEN, PIK3R1, PIK3CA, IDH 1 and CDKN2A genes (Figure 3A). GBMs containing
variants of the ATRX, TP53, PTEN, PKHD1, PIK3CA and CDKN2A genes responded to treatment
with IRN (Figure 3A), a semi-synthetic pro-drug [43], who’s active metabolite acts as an inhibitor of
the Topoisomerase I group of enzymes [44]. ITZ, an antifungal that has been shown to suppress the
growth of GBM through the induction of autophagy, produced a low response in GBMs with variants
in the ATRX, TP53, PTEN, PIK3CA and CDKN2A genes (Figure 3A). Even though DSF produced a
medium response in GBM 4 and low response in GBM 6 (Figure 3A) we could not identify any specific
gene involved.
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The fact that PTV produced a high response in five out of the six GBM samples (Figure 3A) makes
it difficult to identify any specific genes that it may target, which in turn makes personalisation difficult.
Jiang et al. demonstrated that PTV had an IC50 value of between 1.26 and 55.65 M across a range of
GBM cells [40], while our data has shown that PTV has an IC50 value between 0.1 and 1mM for GBMs
2 to 6. Jiang et al. suggested that PTV worked against GBM cells by inducing autophagy via the LC3
pathway [40]. The Microtubule-associated protein 1A/1B-light chain 3 (LC3) is encoded by the gene
MAP1LC3B gene; however, we detected no variants of this gene in any of our samples and thus we
would have expected PTV to have a similar response across all samples. In another paper Jiang et al.
demonstrated that PTV worked via targeting the mevalonate synthesis pathway, which is involved
in the synthesis of cholesterol [45]. GBM survival depends on cholesterol and thus its depletion via
blocking of the mevalonate synthesis pathway would lead to cell death [46]. Again, we detected no
variant in any of the genes (ACAT, HMGCS1, HMGCR, PMVK, MVK, MVD and IDI) involved in the
mevalonate synthesis pathway. Furthermore, if this pathway is involved in PTV’s mechanism of action
we would have expected all samples to have similar responses. GBMs have been shown to have higher
lipid levels compared to lower grade gliomas, while the more aggressive GBMs have been shown to
have higher lipid levels than less aggressive GBMs [47]. According to the pathology data (Table 1)
GBM 1 is very aggressive. Therefore, we hypothesise that the highest dose of PVT administered was
insufficient to reduce the lipid levels of GBM 1 to levels were its survival would be compromised. Our
observations support the hypothesis that PTV works by reducing the lipid levels in GBMs to levels
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where they can no longer survive and will only work on the least aggressive GBMs that already have
lower lipid levels.

3.4. The Influence of Personalisation on Cell Viability

To aid with the personalisation of treatment the cell viability data from Figure 3A and the variants
associated with drug response was summarised in Table 3. Before we began the personalisation process,
and to act as a control combination, we tested TMZ and IRN, which is a combination that has been
used in the clinic with promising results [48,49]. However, Figure 3B demonstrates that for this group
of patient samples combining TMZ with IRN provided no additional benefit compared to IRN alone
(Figure 3A). Therefore, in a clinical setting these patients would suffer the additional side-effects of
TMZ with no treatment benefit. Using the data from Table 3 we selected three, three-drug combinations
that would target as many of the candidate genes associated with treatment response as possible. In
the initial stages of personalisation, we decided not to use PVT as it gave a high response to all of
the GBM samples, except for GBM 1, and we felt that this would obscure any additional benefit seen
from personalisation. Furthermore, to confirm our hypothesis that personalising treatment is more
effective than non-personalisation of treatment and to demonstrate that cell death was not due to a
‘cocktail’ of ‘random’ drugs we used a combination of drugs (CAP/TCP/TMZ) that had no response
when used individually.

Table 3. Summary of the genes involved with the response of each drug.

Gene Tumour Cells Drug

ATRX GBM 4, 5 and 6 CEL, IRN, ITZ and PTV

TP53 GBM 4 and 5 CEL, IRN, ITZ and PTV

PTEN GBM 5 CEL, IRN, ITZ and PTV

PKHD1 GBM 1, 4 and 6 IRN

PIK3R1 GBM 3 CEL and PTV

PIK3CA GBM 5 CEL, IRN, ITZ and PTV

IDH1 GBM 3 and 4 CEL and PTV

CDKN2A GBM 5 CEL, IRN, ITZ and PTV

When we combine CEL and DSF with IRN we see an increased response across all GBM samples
except for GBM 1 and 3 (Figure 3B). This is not surprising as based on Table 3 this combination targets
all eight of the candidate genes associated with GBM growth. For example, CEL, DSF and IRN all
target candidate genes that are present in GBM 4 and 6 and we see a high response, were as only
CEL and IRN target the candidate genes that are present in GBM 2 and 5 and in this case we see a
medium response. For GBM 1 only IRN targets the candidate genes that are present, and thus we see
no increase in response when compared to IRN alone (Figure 3A). The same observation is made with
GBM 3 (Figure 3) were only CEL targets the mutated genes present (Table 3).

When we replace DSF with ITZ in the combination we also see and increased response across
all GBM samples, however, the pattern of increase is different (Figure 3B). For example, with the
CEL/DSF/IRN combination GBM 5 had a medium response, whereas with the CEL/IRN/ITZ combination
it has a high response. This is because DSF does not target any of the candidate genes associated with
GBM growth that are present in GBM 5, whereas ITZ does (Table 3). When CEL is replaced with DSF
(DSF/IRN/ITZ), the pattern of drug response changes again (Figure 3B). The level of response in GBM
2 decreases from medium to low and there is no response with GBM 3. This because DSF does not
target any of the candidate genes present in GBM 2, while none of the drugs target the IDH1 or PIK3R1
genes, which are only targeted by CEL (Table 3). These observations make sense, as Quayle et al.
demonstrated that mutations of the PIK3R1 gene promote the formation and development of gliomas
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and that GBM patients whose tumours carry mutant PIK3R1 alleles may benefit from treatment with
inhibitors of Protein kinase B (PKB)/Akt [33]. Liu et al. have shown that CEL regulates apoptosis and
autophagy via the PI3K/Akt signalling pathway in SGC-7901 gastric cancer cells [50]. Based on our
data and the observations from Quayle et al. and Liu et al., CEL should be considered as a treatment
option in GBM patients who have mutations in the PIK3R1 gene.

The response for GBM 5 decreased from high to medium (Figure 3B), again as a consequence
of DSF not targeting any of the candidate genes present in GBM 5 (Table 3). Once again, this data
makes sense according to the literature. Only GBM 5 contained variants of the PIK3CA gene (Figure 2).
Missense mutations in this gene have been shown to make GBMs more sensitive to treatment with a
combination containing a phosphoinositide 3-kinase (P3K) inhibitor and a mitogen-activated protein
kinase (MEK) inhibitor [34]. CEL has been shown to be both a P3K and MEK inhibitor [50,51], thus
removing it from the combination reduced the combinations efficacy against GBM 5 (Figure 3B).
The above observations demonstrate that by personalising the treatment through the selection of a
combination of drugs based on the genetic variants present in a particular GBM patient’s tumour we
can improve the level at which that GBM responds to treatment and thus potentially improve survival.

As a negative control and to demonstrate that our observations were due to personalisation and
not to treating the cells with a random cocktail of drugs we tested a combination (CAP/TCP/TMZ)
made up of drugs that provided no response when used individually (Figure 3B). As expected, this
combination provided no response across all GBM samples except for GBM 4. However, the cell
viability achieved at a concentration of log 5 nM was 48.9% and thus just below the 50% required to be
considered a response. Furthermore, TMZ alone had a cell viability of 52.1% when used to treat GBM
4, therefore, the combination offered no significant benefit (P value = 0.12) compared to TMZ alone.

The cytotoxicity of DSF has been shown to be dependent on the presence of copper(II) (Cu)
or some other transition bivalent metal ions [52–55]. Therefore, it was decided to add CoGlu to a
combination of DSF and IRN to assess its influence on response rate (Figure 3B). The addition of CoGlu
results in an increase in response rate across all GBM samples. GBM 1, 2, 3 and 5 saw an increase
in response even though they did not respond to either CoGlu or DSF individually (Figure 3). We
believe that this is due to the production of reactive oxygen species (ROS) as a result of CoGlu and
DSF forming a Diethyldithiocarbomate (DDC)/Cu complex as well as the cytotoxicity associated with
the DDC/Cu complex [55] rather than being associated with any specific candidate genes present in
the GBM samples. The un-specific nature of CoGlu/DSF results in it inducing some level of response
across all GBM samples as it does not rely on any particular gene mutation.

For our last set of combinations we included PTV. Firstly, we combined PTV with IRN, which
resulted in a high response for all GBM samples except GBM 1, which had a very low response
(Figure 3B). The responses are similar when compared to the drugs individually (Figure 3A). Then, we
included PTV in the CEL/IRN/ITZ combination, the most promising three-drug combination. Again,
there was a high response for all GBM samples except GBM 1 (Figure 3B). These observations are
due mainly to PTV, which induces a high response in all GBM samples except for GBM 1 when used
on its own. However, even when combined with other drugs it still does not induce a response in
GBM 1 (Figure 3B). This is because only IRN targets the candidate gene PKHD1 that is present in GBM
1 (Table 3). This data further supports the personalisation of GBM treatment to a particular tumour
based on the genes that are present. Finally, we decided to combine CoGlu, DSF, IRN and PTV, which as
expected resulted in a high response rate for GBM samples 2, 3, 4, 5 and 6 as a result of PTV being included
(Figure 3B). However, this time we achieved a medium response rate in GBM 1 as a result of the generation
of ROS and the DDC/Cu complex (Figure 3B). This data would suggest that the best approach to treating
GBM is personalisation combined with an un-specific treatment option such as DSF/CoGlu or PTV.

3.5. The Influence of Personalisation on GBM Recurrence

One of the biggest issues with GBM treatment is recurrence. Therefore, to demonstrate if by
personalising treatment through the selection of a combination of drugs based on the genes they target
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we can decrease recurrence, we evaluated the cytotoxicity of the individual drugs (Figure 4A,B) and
the combinations (Figure 5A,B) over an 11-day period. We choose GBM 4 as it was the most responsive
sample and GBM 1 as it was the least responsive. Figure 4A,B demonstrate that with the individual
drugs we see a similar trend for all drugs across both samples. The cell viability increases significantly
(P values < 0.04) by day 11. For example, high dose (5 log nM) CAP, CoGlu, TCP and TMZ reduced the
cell viability of GBM 4 to between 88.2% and 99.1% at day 5. However, by day 11 the cell viability had
increased to between 187.3% and 202.1% (Figure 4A). A similar trend was seen with high dose CEL,
DSF, IRN and ITZ, with cell viability decreasing to between 23.7% and 39.2% by day 5, but increasing
to between 128.7% to 163.2% by day 5 (Figure 4A). With PVT cell viability decreased to 8.5% by day 5,
increasing to 108.9% by day 11 (Figure 4A). Even with drugs that have a high response rate for this
particular GBM, we still see recurrence. With GBM 1 only high dose IRN was capable of providing any
significant reduction (P value = 0.015) in cell viability, reducing it to 47.9% at day 3. However, cell viability
increased to 179.7% by day 11 (Figure 4B). The other drugs had no significant (P values > 0.212) influence
on reducing cell viability, which reached between 227.6% and 236.7% by day 11. This data demonstrates
that single drug therapy will never be enough to stop or reduce recurrence in GBM treatment.

With the personalised combinations we do see a reduction in recurrence, particularly for those
combinations that have a significant reduction on cell viability over the first seven days (Figure 5A,B).
For example, with GBM 4 the three personalised combinations (CEL/DSF/IRN, CEL/IRN/ITZ and
DSF/IRN/ITZ) reduced cell viability to 3.1%, 7.9% and 3.5% by day 7 respectively, with the cell viability
increasing to 51.3%, 71.2% and 50.4% at day 11 (Figure 5A). Comparing this to the individual drugs
(Figure 4A) were cell viability never went below 23% and increased to above 128%, clearly demonstrates
that personalisation has the potential to be more effective, while also reducing recurrence. This is
further strengthened when we compare the personalised combinations to the IRN/TMZ combination,
which has been used in the clinic with promising results. The IRN/TMZ combination reduced cell
viability for GBM 4 to 30.7% at day 3, which increased to 129.7% by day 11 (Figure 5A). To demonstrate
that the effect on recurrence is not due to a ‘random cocktail’ of drugs, but due to personalisation,
we evaluated the combination CAP/TCP/TMZ for its effect on recurrence. Figure 5A shows that
this combination only reduced cell viability to 75.2%, which increased to 191.6% by day 11 clearly
demonstrating that the results for the personalised combinations were not due to a random cocktail of
drugs, but to personalising the treatment based on candidate genes found in the GBM.
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When we look at the recurrence data for the personalised combination that includes PTV
(CEL/IRN/ITZ/PTV) we see a significant (P Values < 0.009) improvement in efficacy and reduction
in recurrence (Figure 5A). The cell viability is reduced to 0% by day 7 and remains there until day
11. We believe that this is again due to personalisation, rather than the inclusion of PVT because
although the IRN/PVT combination does have improved efficacy when compared to the drugs
individually (Figure 4A) the cell viability was reduced to 7.3% by day 5, but increased to 89.9%
by day 11. The un-specific combination of CoGlu/DSF/IRN reduced cell viability to 2.7% by day 7,
however, it did not stop recurrence as the cell viability increased to 45.5% by day 11 (Figure 5A). The
CoGlu/DSF/IRN/PTV combination reduced cell viability to 0 by day 7, were it remained until day 11
(Figure 5A), demonstrating that it has the potential to be effective while also reducing recurrence.

The real test for personalisation was going to be GBM 1 which was a highly aggressive GBM
that responded to none of the individual drugs, except a very low response to IRN (Figure 3A).
Furthermore, it had very low responses to all of the combinations except for CoGlu/DSF/IRN and
CoGlu/DSF/IRN/PTV (Figure 3B), while the recurrence data shows a similar trend (Figure 5B). Although
the personalised combinations did manage to decrease cell viability to between 42.1% and 45.7% by day
5, it increased again to between 187.6% and 193.4% by day 11 (Figure 5B). The IRN/TMZ combination
had a similar profile decreasing cell viability to 44.7% by day 5, which increased to 191.8% by day
11, while the random (CAP/TCP/TMZ) combination only managed to decrease cell viability to 89.2%,
which then increased to 235.6% by day 11 (Figure 5B). The fact that the personalised combinations did
not perform significantly better (P value = 0.245) than the IRN/TMZ combination in this particular
sample supports the hypothesis of increased efficacy due to personalisation rather than a random
cocktail of drugs. If it was due to a random cocktail of drugs, we would have expected at least one of
the personalised combinations to outperform the IRN/TMZ combination.

The inclusion of PVT into the personalised combination (CEL/IRN/ITZ/PTV) did not significantly
(P value = 0.201) improve its efficacy (Figure 5B). This is not surprising given the fact that PVT did
not target any of the candidate drugs in GBM 1 (Table 3), adding further weight to the importance of
personalisation. The un-specific combination of CoGlu/DSF/IRN reduced cell viability to 12.2% by day
7, however, it did not stop recurrence as the cell viability increased to 44.3% by day 11 (Figure 5B).
The CoGlu/DSF/IRN/PTV combination had a similar trend reducing cell viability to 11.5% by day 7,
increasing to 42.1% by day 11 (Figure 5B).
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4. Discussion

This study clearly demonstrates that serum-cultured cells up to passage number 3 are genetically
similar to the primary tumour tissue they were cultured from when considering variants likely to
influence treatment response. This is significant as it supports the use of serum-cultured cell lines
in these types of studies, whereas previous studies have suggested this method gives insufficient
representation of tumours [56–59]. Whole Exome Sequencing identified eight promising candidate
genes associated with treatment response. The genes identified were involved in transcriptional
regulation (ATRX), tumour suppression (TP53, PTEN and CDKN2A), proliferation and survival
(IDH1, PKHD1, PIK3R1 and PIK3CA). The cell viability data highlighted the problem with the current
treatment regime for GBM and the need for improved therapy options as TMZ produced no response
in any of the GBM samples, even though only GBM 2 and 4 had an unmethylated MGMT. Of the eight
other drugs investigated, only five (CEL, DSF, IRN, ITZ and PTV) induced a response in any of the
GBM samples. From these five drugs, it was possible to identify variant genes for three (CEL, IRN and
ITZ) of them that might be involved in their response. A series of three-drug personalised combinations
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that targeted all or most of the eight genes above significantly improved cytotoxicity when compared
to the drugs on their own or a series of control combinations. DSF and PTV were identified as working
via un-specific mechanisms: the generation of ROS and the reduction in lipid levels, respectively. The
inclusion of PTV into the personalised three-drug combination further increased cytotoxicity. One
of the biggest issues with GBM treatment is recurrence. The use of personalised combinations and
personalised combinations containing an un-specific drug such as DSF or PTV significantly reduced
recurrence and in some cases stopped it all together when compared to the drugs individually and
the control combinations. In this study, we did not investigate or identify each of the individual
variants of a gene to see if this variant was responsible for the responsiveness of a drug. We believe
that this level of detailed analysis is not needed or logistically possible when dealing with a number
of different genes. What this study has demonstrated is that the choice of drug should be based on
whether or not a particular gene has mutated variant, not the nature of that variant. By narrowing this
to cancer driver genes, that when mutated have a high possibility of causing or enhancing tumour
growth and a small group of drugs that have shown to be effective against GBM, we move closer to
the possibility of personalizing treatment. We do appreciate that some of these drugs may not cross
the blood brain barrier (BBB), which will be an issue for most drugs used to treat GBM. However,
with improvements in convection enhanced delivery and the development of implantable devices,
these combinations could be delivered directly into the tumour resection cavity thus by-passing the
BBB. Furthermore, preclinical toxicity and efficacy studies would allow for an exact local dose of each
drug in the combination to be determined, which will more than likely be lower than the systemic
dose. This would potentially reduce the side effects associated with GBM treatment improving the
patient’s quality of life. This pilot study demonstrates for the first time that whole exome sequencing
has the potential to improve the treatment of GBM patients by using exonic, nonsynonymous variants
in commonly mutated cancer driver genes and drug response to personalise treatment. This novel
approach could potentially offer a new avenue of treatment for this terrible disease.

Author Contributions: S.L. processed the tumour tissue, cultured the primary cell and conducted the cytotoxicity
studies. A.-M.G. processed and interpreted the Whole Exome Sequencing data and performed the personalisation
of treatment. C.M. designed and supervised all of the experiments. C.M. wrote the manuscript with all authors
contributing. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ostrom, Q.T.; Gittleman, H.; Fulop, J.; Liu, M.; Blanda, R.; Kromer, C.; Wolinsky, Y.; Kruchko, C.;
Barnholtz-Sloan, J. CBTRUS Statistical report: Primary brain and central Nervous system tumors diagnosed
in the United States in 2008–2012. Neuro Oncol. 2015, 17, iv1–iv62. [CrossRef]

2. Louis, D.N.; Perry, A.; Reifenberger, G.; von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.;
Wiestler, O.D.; Kleihues, P.; Ellison, D.W. The 2016 world health organization classification of tumors of the
central nervous system: A summary. Acta Neuropathol. 2016, 131, 803–820. [CrossRef]

3. Snuderl, M.; Fazlollahi, L.; Le, L.P.; Nitta, M.; Zhelyazkova, B.H.; Davidson, C.J.; Akhavanfard, S.; Cahill, D.P.;
Aldape, K.D.; Betensky, R.A.; et al. Mosaic amplification of multiple receptor tyrosine kinase genes in
glioblastoma. Cancer Cell 2011, 20, 810–817. [CrossRef]

4. Szerlip, N.J.; Pedraza, A.; Chakravarty, D.; Azim, M.; McGuire, J.; Fang, Y.; Ozawa, T.; Holland, E.C.;
Huse, J.T.; Jhanwar, S.; et al. Intratumoral heterogeneity of receptor tyrosine kinases EGFR and PDGFRA
amplification in glioblastoma defines subpopulations with distinct growth factor response. Proc. Natl. Acad.
Sci. USA 2012, 109, 3041–3046. [CrossRef]

5. Cancer Genome Atlas Research Network. Comprehensive genomic characterization defines human
glioblastoma genes and core pathways. Nature 2008, 455, 1061–1068. [CrossRef]

6. Friedmann-Morvinski, D. Glioblastoma heterogeneity and cancer cell plasticity. Crit. Rev. Oncog. 2014, 19,
327–336. [CrossRef]

http://dx.doi.org/10.1093/neuonc/nov189
http://dx.doi.org/10.1007/s00401-016-1545-1
http://dx.doi.org/10.1016/j.ccr.2011.11.005
http://dx.doi.org/10.1073/pnas.1114033109
http://dx.doi.org/10.1038/nature07385
http://dx.doi.org/10.1615/CritRevOncog.2014011777


Genes 2020, 11, 173 16 of 19

7. Nguyen, K.S.; Kobayashi, S.; Costa, D.B. Acquired resistance to epidermal growth factor receptor tyrosine
kinase inhibitors in non-small-cell lung cancers dependent on the epidermal growth factor receptor pathway.
Clin. Lung Cancer 2009, 10, 281–289. [CrossRef]

8. Nickel, G.C.; Barnholtz-Sloan, J.; Gould, M.P.; McMahon, S.; Cohen, A.; Adams, M.D.; Guda, K.; Cohen, M.;
Sloan, A.E.; LaFramboise, T. Characterizing mutational heterogeneity in a glioblastoma patient with double
recurrence. PLoS ONE 2012, 7, e35262. [CrossRef]

9. Prados, M.D.; Byron, S.A.; Tran, N.L.; Phillips, J.J.; Molinaro, A.M.; Ligon, K.L.; Wen, P.Y.; Kuhn, J.G.;
Mellinghoff, I.K.; de Groot, J.F.; et al. Toward precision medicine in glioblastoma: The promise and the
challenges. Neuro Oncol. 2015, 17, 1051–1063. [CrossRef]

10. Verhaak, R.G.W.; Hoadley, K.A.; Purdom, E.; Wang, V.; Qi, Y.; Wilkerson, M.D.; Miller, C.R.; Ding, L.; Golub, T.;
Mesirov, J.P.; et al. An integrated genomic analysis identifies clinically relevant subtypes of glioblastoma
characterised by abnormalities in PDGFRA, IDH1, EGFR and NF1. Cancer Cell 2010, 17, 98–110. [CrossRef]

11. Alifieris, C.; Trafalis, D.T. Glioblastoma multiforme: Pathogenesis and treatment. Pharmacol. Ther. 2015, 152,
63–82. [CrossRef] [PubMed]

12. Chaurasia, A.; Park, S.H.; Seo, J.W.; Park, C.K. Immunohistochemical analysis of ATRX, IDH1 and p53 in
glioblastoma and their correlations with patient survival. J. Korean Med. Sci. 2016, 31, 1208–1214. [CrossRef]
[PubMed]

13. Han, F.; Hu, R.; Yang, H.; Liu, J.; Sui, J.; Xiang, X.; Wang, F.; Chu, L.; Song, S. PTEN gene mutations correlate
to poor prognosis in glioma patients: A meta-analysis. Onco Targets Ther. 2016, 9, 3485–3492. [PubMed]

14. Hegi, M.E.; Diserens, A.C.; Gorlia, T.; Hamou, M.F.; de Tribolet, N.; Weller, M.; Kros, J.M.; Hainfellner, J.A.;
Mason, W.; Mariani, L.; et al. MGMT gene silencing and benefit from temozolomide in glioblastoma. N. Engl.
J. Med. 2005, 352, 997–1003. [CrossRef]

15. Weller, M.; Stupp, R.; Hegi, M.E.; van den Bent, M.; Tonn, J.C.; Sanson, M.; Wick, W.; Reifenberger, G.
Personalized care in neuro-oncology coming of age: Why we need MGMT and 1p/19q testing for malignant
glioma patients in clinical practice. Neuro Oncol. 2012, 14, 100–108. [CrossRef]

16. Yuan, Y.; Qi, C.; Maling, G.; Xiang, W.; Yanhui, L.; Ruofei, L.; Yunhe, M.; Jiewen, L.; Qing, M. TERT mutation
in glioma: Frequency, prognosis and risk. J. Clin. Neurosci. 2016, 26, 57–62. [CrossRef]

17. Tanase, C.P.; Enciu, A.M.; Mihai, S.; Neagu, A.I.; Calenic, B.; Cruceru, M.L. Anti-cancer therapies in high
grade gliomas. Curr. Proteom. 2013, 10, 246–260. [CrossRef]

18. Domingo-Musibay, E.; Galanis, E. What next for newly diagnosed glioblastoma? Future Oncol. 2015, 11,
3273–3283. [CrossRef]

19. Oh, Y.; Cho, H.J.; Kim, J.; Lee, J.H.; Rho, K.; Seo, Y.J.; Choi, Y.S.; Jung, H.J.; Song, H.S.; Kong, D.S.; et al.
Translational validation of personalized treatment strategy based on genetic characteristics of glioblastoma.
PLoS ONE 2014, 9, e103327. [CrossRef]

20. Tan, H.; Bao, J.; Zhoua, X. Genome-wide mutational spectra analysis reveals significant cancer-specific
heterogeneity. Sci. Rep. 2015, 5, 12566. [CrossRef]

21. Leeper, H.E.; Caron, A.A.; Decker, P.A.; Jenkins, R.B.; Lachance, D.H.; Giannini, C. IDH mutation, 1p19q
codeletion and ATRX loss in WHO grade II gliomas. Oncotarget 2015, 6, 30295–30305. [CrossRef] [PubMed]

22. The Gene Ontology Consortium. Expansion of the Gene Ontology Knowledgebase and Resources. Nucleic
Acids Res. 2017, 45, D331–D338. [CrossRef] [PubMed]

23. Ashburner, M.; Ashburner, M.; Ball, C.A.; Blake, J.A.; Botstein, D.; Butler, H.; Cherry, J.M.; Davis, A.P.;
Dolinski, K.; Dwight, S.S.; et al. Gene Ontology: Tool for the unification of biology. The gene ontology
consortium. Nat. Genet. 2009, 25, 25–29. [CrossRef] [PubMed]

24. National Centre for Biotechnology Information. Gene2go [Data File]. The NCBI FTP Site. 2017. Available
online: Ftp://ftp.ncbi.nlm.nih.gov/gene/DATA/ (accessed on 19 July 2019).

25. Chen, J.R.; Yao, Y.; Xu, H.Z.; Qin, Z.Y. Isocitrate dehydrogenase (IDH)1/2 mutations as prognostic markers in
patients with glioblastomas. Medicine 2016, 95, e2583. [CrossRef] [PubMed]

26. Juratli, T.A.; Kirsch, M.; Robel, K.; Soucek, S.; Geiger, K.; von Kummer, R.; Schackert, G.; Krex, D. IDH
mutations as an early and consistent marker in lowgrade astrocytomas WHO grade II and their consecutive
secondary high-grade gliomas. J. Neurooncol. 2012, 108, 403–410. [CrossRef] [PubMed]

27. SongTao, Q.; Lei, Y.; Si, G.; YanQing, D.; HuiXia, H.; XueLin, Z.; LanXiao, W.; Fei, Y. IDH mutations predict
longer survival and response to temozolomide in secondary glioblastoma. Cancer Sci. 2012, 103, 269–273.
[CrossRef]

http://dx.doi.org/10.3816/CLC.2009.n.039
http://dx.doi.org/10.1371/journal.pone.0035262
http://dx.doi.org/10.1093/neuonc/nov031
http://dx.doi.org/10.1016/j.ccr.2009.12.020
http://dx.doi.org/10.1016/j.pharmthera.2015.05.005
http://www.ncbi.nlm.nih.gov/pubmed/25944528
http://dx.doi.org/10.3346/jkms.2016.31.8.1208
http://www.ncbi.nlm.nih.gov/pubmed/27478330
http://www.ncbi.nlm.nih.gov/pubmed/27366085
http://dx.doi.org/10.1056/NEJMoa043331
http://dx.doi.org/10.1093/neuonc/nos206
http://dx.doi.org/10.1016/j.jocn.2015.05.066
http://dx.doi.org/10.2174/1570164611310030007
http://dx.doi.org/10.2217/fon.15.258
http://dx.doi.org/10.1371/journal.pone.0103327
http://dx.doi.org/10.1038/srep12566
http://dx.doi.org/10.18632/oncotarget.4497
http://www.ncbi.nlm.nih.gov/pubmed/26210286
http://dx.doi.org/10.1093/nar/gkw1108
http://www.ncbi.nlm.nih.gov/pubmed/27899567
http://dx.doi.org/10.1038/75556
http://www.ncbi.nlm.nih.gov/pubmed/10802651
Ftp://ftp.ncbi.nlm.nih.gov/gene/DATA/
http://dx.doi.org/10.1097/MD.0000000000002583
http://www.ncbi.nlm.nih.gov/pubmed/26945349
http://dx.doi.org/10.1007/s11060-012-0844-1
http://www.ncbi.nlm.nih.gov/pubmed/22410704
http://dx.doi.org/10.1111/j.1349-7006.2011.02134.x


Genes 2020, 11, 173 17 of 19

28. Houillier, C.; Wang, X.; Kaloshi, G.; Mokhtari, K.; Guillevin, R.; Laffaire, J.; Paris, S.; Boisselier, B.; Idbaih, A.;
Laigle-Donadey, F.; et al. IDH1 or IDH2 mutations predict longer survival and response to temozolomide in
low-grade gliomas. Neurology 2010, 75, 1560–1566. [CrossRef]

29. Conte, D.; Huh, M.; Goodall, E.; Delorme, M.; Parks, R.J.; Picketts, D.J. Loss of Atrx sensitizes cells to DNA
damaging agents through p53-mediated death pathways. PLoS ONE 2012, 7, e52167. [CrossRef]

30. Zhang, Y.; Dube, C.; Gibert, M.; Cruickshanks, N.; Wang, B.; Coughlan, M.; Yang, Y.; Setiady, I.; Deveau, C.;
Saoud, K.; et al. The p53 Pathway in glioblastoma. Cancers 2018, 10, 297. [CrossRef]

31. Jiang, Z.; Pore, N.; Cerniglia, G.J.; Mick, R.; Georgescu, M.M.; Bernhard, E.J.; Hahn, S.M.; Gupta, A.K.;
Maity, A. Phosphatase and tensin homologue deficiency in glioblastoma confers resistance to radiation
and temozolomide that is reversed by the protease inhibitor nelfinavir. Cancer Res. 2007, 67, 4467–4473.
[CrossRef]

32. Benitez, J.A.; Ma, J.; D’Antonio, M.; Boyer, A.; Camargo, M.F.; Zanca, C.; Kelly, S.; Khodadadi-Jamayran, A.;
Jameson, N.M.; Andersen, M.; et al. PTEN regulates glioblastoma oncogenesis through chromatin-associated
complexes of DAXX and histone H3.3. Nat. Commun. 2017, 8, 15223. [CrossRef] [PubMed]

33. Quayle, S.N.; Lee, J.Y.; Cheung, L.W.; Ding, L.; Wiedemeyer, R.; Dewan, R.W.; Huang-Hobbs, E.; Zhuang, L.;
Wilson, R.K.; Ligon, K.L.; et al. Somatic mutations of PIK3R1 promote gliomagenesis. PLoS ONE 2012, 7,
e49466. [CrossRef] [PubMed]

34. McNeill, R.S.; Stroobant, E.E.; Smithberger, E.; Canoutas, D.A.; Butler, M.K.; Shelton, A.K.; Patel, S.D.;
Limas, J.C.; Skinner, K.R.; Bash, R.E.; et al. PIK3CA missense mutations promote glioblastoma pathogenesis,
but do not enhance targeted PI3K inhibition. PLoS ONE 2018, 13, e0200014. [CrossRef] [PubMed]

35. Draaisma, K.; Wijnenga, M.M.; Weenink, B.; Gao, Y.; Smid, M.; Robe, P.; van den Bent, M.J.; French, P.J.
PI3 kinase mutations and mutational load as poor prognostic markers in diffuse glioma patients. Acta
Neuropathol. Commun. 2015, 3, 88. [CrossRef]

36. Korshunov, A.; Sycheva, R.; Golanov, A. The prognostic relevance of molecular alterations in glioblastomas
for patients age <50 years. Cancer 2005, 104, 825–832.

37. Ohgaki, H.; Dessen, P.; Jourde, B.; Horstmann, S.; Nishikawa, T.; Di Patre, P.L.; Burkhard, C.; Schüler, D.;
Probst-Hensch, N.M.; Maiorka, P.C.; et al. Genetic pathways to glioblastoma: A population-based study.
Cancer Res. 2004, 64, 6892–6899. [CrossRef]

38. Kamiryo, T.; Tada, K.; Shiraishi, S.; Shinojima, N.; Nakamura, H.; Kochi, M.; Kuratsu, J.; Saya, H.; Ushio, Y.
Analysis of homozygous deletion of the p16 gene and correlation with survival in patients with glioblastoma
multiforme. J. Neurosurg. 2002, 96, 815–822. [CrossRef]

39. Park, A.K.; Kim, P.; Ballester, L.Y.; Esquenazi, Y.; Zhao, Z. Subtype-specific signaling pathways and genomic
aberrations associated with prognosis of glioblastoma. Neuro Oncol. 2019, 21, 59–70. [CrossRef]

40. Jiang, P.; Mukthavaram, R.; Chao, Y.; Bharati, I.S.; Fogal, V.; Pastorino, S.; Cong, X.; Nomura, N.; Gallagher, M.;
Abbasi, T.; et al. Novel anti-glioblastoma agents and therapeutic combinations identified from a collection of
FDA approved drugs. J. Trans. Med. 2014, 12, 13. [CrossRef]

41. Kast, R.E.; Boockvar, J.A.; Brüning, A.; Cappello, F.; Chang, W.W.; Cvek, B.; Dou, Q.P.; Duenas-Gonzalez, A.;
Efferth, T.; Focosi, D.; et al. A conceptually new treatment approach for relapsed glioblastoma: Coordinated
undermining of survival paths with nine repurposed drugs (CUSP9) by the International Initiative for
Accelerated Improvement of Glioblastoma Care. Oncotarget 2013, 4, 502–530. [CrossRef]

42. Kast, R.E.; Karpel-Massler, G.; Halatsch, M.E. CUSP9* treatment protocol for recurrent glioblastoma:
Aprepitant, artesunate, auranofin, captopril, celecoxib, disulfiram, itraconazole, ritonavir, sertraline
augmenting continuous low dose temozolomide. Oncotarget 2014, 5, 8052–8082. [CrossRef]

43. Ramesh, M.; Ahlawat, P.; Srinivas, N. Irinotecan and its active metabolite, SN-38: Review of bioanalytical
methods and recent update from clinical pharmacology perspectives. Biomed. Chromatogr. 2010, 24, 104–123.
[CrossRef] [PubMed]

44. Xu, Y. Irinotecan: Mechanisms of tumor resistance and novel strategies for modulating its activity. Ann.
Oncol. 2002, 13, 1841–1851. [CrossRef] [PubMed]

45. Jiang, P.; Mukthavaram, R.; Chao, Y.; Nomura, N.; Bharati, I.S.; Fogal, V.; Pastorino, S.; Teng, D.; Cong, X.;
Pingle, S.C.; et al. In vitro and in vivo anticancer effects of mevalonate pathway modulation on human
cancer cells. Br. J. Cancer 2014, 111, 1562–1571. [CrossRef] [PubMed]

46. Pirmoradi, L.; Seyfizadeh, N.; Ghavami, S.; Zeki, A.A.; Shojaei, S. Targeting cholesterol metabolism in
glioblastoma: A new therapeutic approach in cancer therapy. J. Investig. Med. 2019, 67, 715–719. [CrossRef]

http://dx.doi.org/10.1212/WNL.0b013e3181f96282
http://dx.doi.org/10.1371/journal.pone.0052167
http://dx.doi.org/10.3390/cancers10090297
http://dx.doi.org/10.1158/0008-5472.CAN-06-3398
http://dx.doi.org/10.1038/ncomms15223
http://www.ncbi.nlm.nih.gov/pubmed/28497778
http://dx.doi.org/10.1371/journal.pone.0049466
http://www.ncbi.nlm.nih.gov/pubmed/23166678
http://dx.doi.org/10.1371/journal.pone.0200014
http://www.ncbi.nlm.nih.gov/pubmed/29975751
http://dx.doi.org/10.1186/s40478-015-0265-4
http://dx.doi.org/10.1158/0008-5472.CAN-04-1337
http://dx.doi.org/10.3171/jns.2002.96.5.0815
http://dx.doi.org/10.1093/neuonc/noy120
http://dx.doi.org/10.1186/1479-5876-12-13
http://dx.doi.org/10.18632/oncotarget.969
http://dx.doi.org/10.18632/oncotarget.2408
http://dx.doi.org/10.1002/bmc.1345
http://www.ncbi.nlm.nih.gov/pubmed/19852077
http://dx.doi.org/10.1093/annonc/mdf337
http://www.ncbi.nlm.nih.gov/pubmed/12453851
http://dx.doi.org/10.1038/bjc.2014.431
http://www.ncbi.nlm.nih.gov/pubmed/25093497
http://dx.doi.org/10.1136/jim-2018-000962


Genes 2020, 11, 173 18 of 19

47. Srivastava, N.K.; Pradhan, S.; Gowda, G.A.; Kumar, R. In vitro, high-resolution 1H and 31P NMR based
analysis of the lipid components in the tissue, serum, and CSF of the patients with primary brain tumors:
One possible diagnostic view. NMR Biomed. 2010, 23, 113–122. [CrossRef]

48. Yung, W.K.A.; Jiang, S.X.; Reardon, D.A.; Desjardins, A.; Vredenburgh, J.J.; Friedman, A.H.; Sampson, J.H.;
McLendon, R.E.; Herndon, J.E.; Friedmancorresponding, H.S. Combination of temozolomide (TMZ) and
irinotecan (CPT-11) showed enhanced activity for recurrent malignant gliomas: A North American Brain
Tumor Consortium (NABTC) phase II study. J. Clin. Oncol. 2005, 23, 1521. [CrossRef]

49. Gruber, M.L.; Buster, W.P. Temozolomide in combination with irinotecan for treatment of recurrent malignant
glioma. Am. J. Clin. Oncol. 2004, 27, 33–38.

50. Liu, M.; Li, C.M.; Chen, Z.F.; Ji, R.; Guo, Q.H.; Li, Q.; Zhang, H.L.; Zhou, Y.N. Celecoxib regulates apoptosis
and autophagy via the PI3K/Akt signaling pathway in SGC-7901 gastric cancer cells. Int. J. Mol. Med. 2014,
33, 1451–1458. [CrossRef]

51. Du, L.X.; Jia, Y.Q.; Meng, W.T.; Shi, F.F.; Zhong, X.S.; Ma, L.L.; Yuan, J.; Zeng, J.S. COX-2 inhibitor celecoxib
can suppress the proliferation of FLT3-ITD positive acute myeloid leukemia cells with prominent down
regulation of MEK/MCL-1 expression in vitro. Zhongguo Shi Yan Xue Ye Xue Za Zhi 2013, 21, 1157–1161.

52. Liu, P.; Brown, S.; Goktug, T.; Channathodiyil, P.; Kannappan, V.; Hugnot, J.P.; Guichet, P.O.; Bian, X.;
Armesilla, A.L.; Darling, J.L.; et al. Cytotoxic effect of disulfiram/copper on human glioblastoma cell lines
and ALDH-positive cancer-stem-like cells. Br. J. Cancer 2012, 107, 1488–1497. [CrossRef]

53. Safi, R.; Nelson, E.R.; Chitneni, S.K.; Franz, K.J.; George, D.J.; Zalutsky, M.R.; McDonnell, D.P. Copper
signaling axis as a target for prostate cancer therapeutics. Cancer Res. 2014, 74, 5819–5831. [CrossRef]

54. Buac, D.; Schmitt, S.; Ventro, G.; Kona, F.R.; Dou, Q.P. Dithiocarbamate-based coordination compounds as
potent proteasome inhibitors in human cancer cells. Mini Rev. Med. Chem. 2012, 12, 1193–1201. [CrossRef]
[PubMed]

55. Tawari, P.E.; Wang, Z.; Najlah, M.; Tsang, C.W.; Kannappan, V.; Liu, P.; McConville, C.; He, B.; Armesilla, A.L.;
Wang, W. The cytotoxic mechanisms of disulfiram and copper(ii) in cancer cells. Toxicol. Res. 2015, 4,
1439–1442. [CrossRef] [PubMed]

56. Birgersdotter, A.; Sandberg, R.; Ernberg, I. Gene expression perturbation in vitro—A growing case for
three-dimensional (3D) culture systems. Semin. Cancer Biol. 2005, 15, 405–412. [CrossRef] [PubMed]

57. Harma, V.; Virtanen, J.; Makela, R.; Happonen, A.; Mpindi, J.P.; Knuuttila, M.; Kohonen, P.; Lötjönen, J.;
Kallioniemi, O.; Nees, M. A Comprehensive panel of three-dimensional models for studies of prostate cancer
growth, Invasion and Drug Responses. PLoS ONE 2010, 5, e10431. [CrossRef]

58. Elliott, N.T.; Yuan, F. A Review of Three-dimensional in vitro tissue models for drug discovery and transport
studies. J. Pharm. Sci. 2010, 100, 59–74. [CrossRef]

59. Hubert, C.G.; Rivera, M.; Spangler, L.C.; Wu, Q.; Mack, S.C.; Prager, B.C.; Couce, M.; McLendon, R.E.;
Sloan, A.E.; Rich, J.N. A Three-dimensional organoid culture system derived from human glioblastomas
recapitulates the hypoxic gradients and cancer stem cell heterogeneity of tumors found in vivo. Cancer Res.
2016, 76, 2465–2477. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/nbm.1419
http://dx.doi.org/10.1200/jco.2005.23.16_suppl.1521
http://dx.doi.org/10.3892/ijmm.2014.1713
http://dx.doi.org/10.1038/bjc.2012.442
http://dx.doi.org/10.1158/0008-5472.CAN-13-3527
http://dx.doi.org/10.2174/138955712802762040
http://www.ncbi.nlm.nih.gov/pubmed/22931591
http://dx.doi.org/10.1039/C5TX00210A
http://www.ncbi.nlm.nih.gov/pubmed/27708770
http://dx.doi.org/10.1016/j.semcancer.2005.06.009
http://www.ncbi.nlm.nih.gov/pubmed/16055341
http://dx.doi.org/10.1371/journal.pone.0010431
http://dx.doi.org/10.1002/jps.22257
http://dx.doi.org/10.1158/0008-5472.CAN-15-2402
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Biopsy Collection, Dispersion and Culturing of the Patient Derived GBM Cells 
	Whole Exome Sequencing of the GBM Tumour Tissue and Cells 
	Determination of the Cytotoxicity of Each Individual Drug and Drug Combination Against the Patient Derived GBM Cells 

	Results 
	Comparison of Variants Between GBM Tumour Tissue and Associated Cells 
	Selection of Mutated Genes for Personalisation 
	Drug Response vs. Variant 
	The Influence of Personalisation on Cell Viability 
	The Influence of Personalisation on GBM Recurrence 

	Discussion 
	References

