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ABSTRACT 

Glioblastoma remains a difficult cancer to treat successfully despite the multimodal 

therapeutic strategy of surgery, radiation therapy and chemotherapy with 

temozolomide (TMZ). One factor that limits effective treatment is the presence of 

glioblastoma stem-like cells (GSLCs) that are associated with therapeutic resistance 

and tumor recurrence. The proliferation and survival of GSLCs require the mitogen-

activated protein kinase (MAPK) pathway, while Histone deacetylases (HDAC) 

decrease acetylation to drive the pathogenesis of glioblastoma. From a combined 

radiation and drug screening platform, we identified potential combinations of HDAC 

inhibitor (HDACi) and MAPK/ERK kinase inhibitors (MEKi) with ionizing radiation as a 

novel therapy against glioblastoma. 

To mimic the stem-like phenotype of glioblastoma, three established cell lines (LN229, 

U87 and U251) were enriched for GSLCs by spheroid culture in serum-free medium 

containing stem cell supplements (hereafter; LN229-sph, U87-sph and U251-sph). The 

response of these enriched glioblastoma-derived spheres was examined after 

treatment with the HDACi MS-275 and the MEKi TAK-733 and trametinib as single 

agents or in combinations following a single dose of 4 Gy irradiation. These were 

compared to the gold-standard treatment of TMZ and 4 Gy irradiation.  

After treatment with TMZ and radiation, there were no significant effects on the GSLC 

markers and on the dead cell population in any of the three cell lines, confirming that 

GSLCs are resistant to the standard treatment. In contrast, combining the HDACi and 

MEKi with radiation significantly reduced sphere formation in the enriched 

glioblastoma-derived spheres indicating loss of proliferation and self-renewal ability. 

Also, the individual and co-expression of GSLC markers (Nestin, CD44 and SOX2) 

were significantly decreased, while the dead cell population was increased upon the 

combined treatment with radiation.  

The differential response of CD44 to the combined treatment among the three 

glioblastoma-derived spheres suggested the response to combination therapy may be 

cell-dependent. Interestingly, there was a lack of correlation between the protein and 

mRNA expression of the GSLC markers after the combined treatment, suggesting an 

influence of the therapy on translation.  
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The efficacy of the combined treatment on targeting GSLCs offers an improvement to 

the standard treatment. Our findings indicate that this combination strategy may 

potentially improve therapy that could benefit glioblastoma patients.  

 

Figure 1: Graphical Abstract summarizing the effect of combining HDACi and MEKi with 

radiation on glioblastoma-derived spheres. The combined treatment targets the 

glioblastoma-derived sphere to eradicate glioblastoma by inhibition of sphere formation, 

reduction of expressed GSLC markers (Nestin, CD44 and SOX2) and increase in the dead cell 

population. 
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ZUSAMMENFASSUNG 

Das Glioblastom ist trotz der multimodalen Therapiestrategie aus Operation, 

Strahlentherapie und Chemotherapie mit Temozolomid (TMZ) nach wie vor eine 

schwer zu behandelnder Krebsart. Der in vielen Fällen unbefriedigende Therapieerfolg 

ist mit hoher Wahrscheinlichkeit auf das Vorhandensein von Stammzell-ähnlichen 

Glioblastomzellen (GSLCs) zurückzuführen, welche Therapieresistenz und 

Tumorrezidive fördern. Die Proliferation und das Überleben von GSLCs wird durch den 

Mitogen-aktivierten Proteinkinase (MAPK)-Signalweg gesteuert, während Histon-

Deacetylasen (HDAC) die Acetylierung verringern, um die Pathogenese des 

Glioblastoms zu fördern. Auf der Grundlage einer kombinierten Bestrahlungs- und 

Arzneimittel-Screening-Plattform haben wir potenzielle Kombinationen von HDAC-

Inhibitoren (HDACi) und MAPK/ERK-Kinase-Inhibitoren (MEKi) mit ionisierender 

Strahlung als neuartige Therapie gegen Glioblastom identifiziert. 

Um den stammähnlichen Phänotyp des Glioblastoms zu imitieren, wurden drei 

etablierte Zelllinien (LN229, U87 und U251) durch Sphäroid-Kultur in serumfreiem 

Medium mit Stammzellzusätzen mit GSLCs angereichert (im Folgenden: LN229-sph, 

U87-sph und U251-sph). Das Ansprechen dieser angereicherten Glioblastom-Sphären 

wurde nach einer Behandlung mit dem HDACi MS-275 und den MEKi TAK-733 und 

Trametinib als Einzel- oder Kombinationspräparat mit einer einmaligen 

Bestrahlungsdosis von 4 Gy Bestrahlung untersucht. Diese wurden mit der Standard-

Behandlung mit TMZ und 4-Gy-Bestrahlung verglichen.  

Nach der Behandlung mit TMZ und Bestrahlung gab es bei keiner der drei Zelllinien 

signifikante Auswirkungen auf die GSLC-Marker und auf die Population der toten 

Zellen, was bestätigt, dass GSLCs gegen die Standardbehandlung resistent sind. Im 

Gegensatz dazu führte die Kombination von HDACi und MEKi mit Strahlung zu einer 

signifikanten Verringerung der Sphärenbildung in den angereicherten Glioblastom-

Sphären, was auf einen Verlust der Proliferation und der Fähigkeit zur 

Selbsterneuerung hindeutet. Auch die individuelle und die Koexpression von GSLC-

Markern (Nestin, CD44 und SOX2) waren signifikant verringert, während die 

Population toter Zellen bei der kombinierten Behandlung mit Strahlung zunahm.  

Die unterschiedliche Reaktion von CD44 auf die kombinierte Behandlung in den drei 

Glioblastom-Sphären deutet darauf hin, dass die Reaktion auf die 



 

11 

 

 

Kombinationstherapie zellabhängig sein könnte. Interessanterweise gab es nach der 

Kombinationsbehandlung keine Korrelation zwischen der Protein- und mRNA-

Expression der GSLC-Marker, was auf einen Einfluss der Therapie auf die Translation 

schließen lässt.  

Die Wirksamkeit der kombinierten Behandlung auf die GSLCs stellt eine Verbesserung 

gegenüber der Standardbehandlung dar. Unsere Ergebnisse deuten darauf hin, dass 

diese Kombinationsstrategie das Potenzial hat, die Therapie zu verbessern, von der 

Glioblastom-Patienten profitieren könnten. 
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1 INTRODUCTION 

1.1 Glioblastoma  

Glioblastoma is the most common malignant tumor of the Central Nervous System 

(CNS). It originates from astrocytes and is therefore classified as a WHO grade IV 

astrocytoma [1]. Glioblastoma accounts for 12% to 15% of all intracranial tumors and 

50% to 60 % of astrocytic tumors [2]. The incidence of glioblastoma increases with age 

and affects men 1.58 times more frequently than women [3]. Due to the recurring 

nature of glioblastoma, it is characterised by a poor clinical outcome with a median 

survival of 15 months [4].  

Glioblastomas can be distinguished as either primary or secondary glioblastomas. 

Most glioblastomas are primary glioblastomas (~ 90%) and originate as de novo 

tumors of neural stem cells (NSCs), astrocytes or glial progenitors [1]. Primary 

glioblastomas develop mostly in elderly patients and are characterised by rapid 

progression and poor prognosis. Secondary glioblastomas progress from either low-

grade (WHO grade II) or anaplastic astrocytoma (WHO grade III) as shown in Figure 

2. They occur in younger patients (< 45 years) and have a significantly better prognosis 

[5].  

The understanding of the role of mutations in glioblastoma has evolved over the years. 

For example, the molecular status of isocitrate dehydrogenases 1 and 2 (IDH1/2) is 

used to distinguish between primary or secondary glioblastoma. The IDH1/2-wild-type 

is linked to primary glioblastomas with tumors located in the supratentorial region of 

the brain with extensive necrosis and mutations in p16INK4a, TP53, PTEN and EGFR 

[6]. The secondary glioblastomas on the other hand are IDH-mutant and are located 

on the frontal lobe of the brain with limited tumor necrosis and the presence of 

p16INK4a, TP53 and ATRX mutations [6]. A clinical study has confirmed that 

secondary glioblastomas with IDH-mutations are associated with improved survival [7].  

Despite this progress in molecular phenotyping, the overall prognosis and long-term 

survival of glioblastoma have remained dismal while differential responses to therapies 

have been observed. Therefore, an understanding of the connection between genetic 

changes and therapy response could help the development of more personalized 

therapies and improvement in the clinical outcome. For instance, the methylation 
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status of O6-methylguanine-DNA methyltransferase (MGMT) is now widely accepted 

as a predictive factor for response to the standard therapy [8].  

 

Figure 2: Genetic pathways to primary and secondary glioblastomas. Grade I - II are 

considered low grade because they are slower growing and less aggressive. Grade III – IV are 

higher grade as they are more aggressive and grow rapidly. The histological and genetic 

differences in types of glioblastoma (Grade IV) are shown. (LOH: loss of heterozygosity) 

(modified from [5]) 

1.2 Molecular subtype classification of glioblastoma  

Intertumoral heterogeneity is one of the characteristics of glioblastoma and includes 

variations in phenotypic, epigenetic and genetic features between tumors from different 

patients [8]. In an attempt to gain more knowledge on this, The Cancer Genome Atlas 

(TCGA) performed a gene expression-based molecular classification of glioblastoma 

in 2010 [9]. A set of 260 glioblastoma patient samples were compared using a 
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predictive list of 840 gene mutational events to cluster glioblastoma into four subtypes 

namely; mesenchymal, classical, proneural and neural [9]. The resultant key genetic 

markers that were used to classify each glioblastoma subtype are summarised in Table 

1. 

Table 1: Summary of glioblastoma molecular subtypes and the corresponding 

key genetic markers [9]. 

Glioblastoma molecular 

subtype 

Key genetic markers 

Mesenchymal NF1, PTEN, CHI3L, MET and NF-kB pathway 

Classical CDKN2A, EGFR, NES, Notch and SHH pathway 

Proneural PDGFRA, IDH1, TP53, OLIG2 and SOX genes 

Neural NEFL, GABRA1, SYT1, SLC12A5 

In 2017, the TCGA consortium performed a comprehensive gene expression profiling 

that narrowed down glioblastoma molecular classes into only three subtypes namely; 

mesenchymal, classical and proneural [10]. This was because the TCGA consortium 

identified the neural subtype as a normal neural lineage contamination that lacked 

characteristic gene abnormalities. The three subtypes are discussed more in detail 

below. 

1.2.1 Mesenchymal molecular subtype 

The mesenchymal subtype is characterized by a focal hemizygous chromosomal 

deletion of a region at 17q11.2 containing neurofibromin 1 (NF1) resulting in low 

expression of NF1 [9]. Out of 20 samples with NF1 mutations, 14 of them were 

classified as the mesenchymal subtype [9]. Six out of seven samples with mutations of 

both NF1 and PTEN involved in the AKT pathway were further classed as 

mesenchymal subtype [9]. Genes involved in the tumor necrosis factor super family 

pathway and the NF-kB pathway are associated with the mesenchymal subtype [9]. 

Some markers highly expressed in this subtype are mesenchymal markers such as 

CHI3L1 and MET [11] as well as microglial markers such as CD68, PTPRC and TNF.  

1.2.2 Classical molecular subtype 

The classical subtype is associated with an astroglia gene expression signature and 

shows a distinct lack of additional aberrations in TP53, NF1, PDGFRA or IDH1 [9]. 
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100% of the classical glioblastoma subtype were characterised by chromosome 7 

amplification and chromosome 10 loss. A high level of EGFR amplification in 97% of 

the classical subtype was observed with 12 samples containing a point or vIII EGFR 

mutation [9]. Focal homozygous deletion of 9p21.3 that targets CDKN2A was 

significant and co-occurred with EGFR amplification in 94% of the classical subtype. 

This deletion was mutually exclusive with aberrations of the RB pathway genes such 

as RB1, CDK4 and CCDN2 [9]. Other highly expressed components of this subtype 

are the neural precursor and stem cell marker NES, Notch and Sonic hedgehog (SHH) 

signaling pathways.  

1.2.3 Proneural molecular subtype 

The two major characteristics of the proneural glioblastoma subtype were alterations 

of PDGFRA and point mutations in IDH1 [9]. This subtype was highly enriched with the 

oligodendrocytic signature and contained several proneural developmental genes 

such as SOX genes along with DCX, DLL3, ASCL1 and TCF4) [9]. Focal amplifications 

of the locus at 4q12 containing PDGFRA occurred at a much higher rate compared to 

other subtypes causing high levels in PDGFRA gene expression. Four proneural 

samples further harboured a PDGFRA point mutation. Eleven out of twelve mutations 

in IDH1 were observed with this subtype with most not having any alterations of 

PDGFRA. TP53 mutations and loss of heterozygosity was further observed in the 

samples. Generally, the proneural subtype was associated with younger age, 

PDGFRA overexpression, IDH1 and TP53 mutations that have been linked to 

secondary glioblastoma [12-14].  

1.2.4 Recent glioblastoma classification 

A more recent study in 2021 has grouped IDH wild-type glioblastoma into four sub-

groups using a form of classification based on the biological characteristics of single 

cells and bulk tumors [15]. The study identified phenotypic patterns of 36 adult 

glioblastomas from three independent datasets. The four sub-groups of glioblastoma 

in this study were classified as proliferative/progenitor, neuronal, mitochondrial and 

glycolytic/plurimetabolic [15]. Of all the four subgroups, the mitochondrial glioblastoma 

exhibited the most favourable clinical outcome with a marked susceptibility to inhibitors 

of oxidative phosphorylation. It is expected that this knowledge will help to better design 

patient therapy, classify clinical and experimental studies as well as develop precise 

categories for epidemiological studies.  
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1.3 Standard therapy of Glioblastoma and its limitations 

The standard multimodal therapy for glioblastoma is surgical resection followed by 

adjuvant radiotherapy combined with chemotherapy with temozolomide (TMZ). 

Recently, Tumor-treating fields are also being applied together with TMZ [4, 16]. These 

therapeutic strategies and their limitations are discussed more in detail below.  

Surgery is currently the initial procedure for the treatment of glioblastoma designed to 

reduce the tumor mass as well as provide material for histological diagnosis and 

genotyping of the tumor [17]. It is performed by safe maximal surgical resection of the 

tumor tissue with the goal of gross-total resection where possible. The benefits of 

surgical resection are limited due to the aggressive nature of glioblastoma that diffusely 

infiltrates surrounding tissues in the brain at the time of diagnosis. The acquisition of 

extensive tumor vascularization [18] that characterises glioblastoma makes complete 

removal of the tumor more difficult. There have been recent advances such as 

fluorescence-guided resection with 5-aminolevulinic acid (5-ALA) [19], preoperative 

imaging using functional MRI [20, 21] and awake brain mapping with intraoperative 

cortical electrodes [22]. These advances are being developed to optimise the extent of 

resection and increase safety. 

Radiotherapy has remained an important mode of treatment for glioblastoma that is 

demonstrated to improve survival. It is usually administered 3 to 4 weeks after surgery, 

delivering a total dose of 60 Gy as 2 Gy fractions over 6 weeks [4]. Typically, concurrent 

chemotherapy with TMZ is included. For elderly patients with a worse prognosis, 

hyprofractionated radiotherapy with concurrent and adjuvant TMZ is considered more 

appropriate due to results of a clinical trial that showed longer survival [23].  

A sub-population of cells within the tumor, glioblastoma stem-like cells (GSLCs), are 

highly resistant to radiation (reviewed by Huang, Z et al, 2010 [24]). GSLCs can 

efficiently repair DNA damage and have a high capacity for repopulation of the tumor, 

leading to recurrence. Therefore, the therapeutic effects of radiation alone are limited 

indicating the need for more targeted therapies to overcome radioresistance.  

Chemotherapy of glioblastoma is typically by TMZ (75 mg/m2 daily) during 

radiotherapy, followed by six cycles of adjuvant TMZ (150-200 mg/m2 for 5 days every 

28-day cycle) as maintenance [4]. TMZ is a DNA-alkylating agent and a second 
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generation imidazotetrazine with the ability to cross the blood-brain barrier (BBB) [25]. 

TMZ causes DNA damage by adding methyl groups to nucleotides, typically at the N7 

and O6 - positions of guanine. However, the DNA repair enzyme MGMT can efficiently 

repair this DNA damage. Hence, patients with tumors that have acquired epigenetically 

silencing of MGMT through promoter methylation benefit most from TMZ treatment. 

This has led to the MGMT status being widely used as a predictive factor for response 

to the standard therapy [8]. Another challenge to TMZ treatment is the occurrence of 

severe side effects, which include nausea, thrombocytopenia, neutropenia, 

myelotoxicity, ulcers and fatigue [26]. TMZ treatment has recently been associated with 

hyper-mutation and malignant transformation of low-grade glioma into a more 

aggressive form [27]. All of these limitations with TMZ treatment calls for the 

development of a more effective therapy.  

Due to the almost ubiquitous neo-angiogenesis of glioblastoma, the anti-angiogenic 

agent Bevacizumab has been tested in two randomized trials in combination with the 

standard radiochemotherapy. Disappointingly, the progression-free survival was 

prolonged in both trials, there was increased toxicity and no significant change in 

overall survival [28, 29].  

There are other clinical trials ongoing testing different combination modalities with or 

without the standard therapy to improve the treatment of glioblastoma [30]. Some of 

these include testing inhibitors of histone deacetylases and MAPK/ERK kinases which 

are described in sections 1.6 and 1.7. 

Tumor-treating fields (TTF) in combination with the standard chemotherapy TMZ has 

been approved by the FDA for the treatment of recurrent and newly diagnosed 

glioblastoma [31]. TTF is an anti-mitotic treatment approach that uses alternating 

electric fields with low intensity (1-3 V/cm) and intermediate frequency (100-300 kHz) 

delivered by transducer arrays placed on the scalp of patients [32]. The proposed anti-

tumor effect of TTF is suggested to be by inhibition of glioblastoma cell division and 

organelle assembly, inducing cell death and reducing tumor growth. The approval of 

TTF was based on results that demonstrated an improved progression-free survival 

and overall survival when TTF were added as an adjuvant therapy in combination with 

maintenance TMZ [16, 33]. However, the cost and benefit of TTF remains very 

controversial and uptake is limited [34]. 
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1.4 Glioblastoma stem-like cells (GSLCs) 

Many studies have supported the concept that there is a subpopulation of cells within 

tumors that possess stem cell properties and have the potential for cancer initiation 

and repopulation (reviewed by Huang, Z et al, 2010 [24]). These cells are called cancer 

stem cells (CSCs) and are considered to be drivers of tumor growth due to their 

capacity for self-renewal, proliferation and differentiation (reviewed by Bradshaw et al, 

2016  [35]). It is suggested that the presence of CSCs result in poor clinical outcome 

because of their resistance to therapy [36]. 

CSCs in glioblastoma are termed glioblastoma stem-like cells (GSLCs) because they 

share some characteristics with non-cancerous neural stem cells and are believed to 

originate from them [37]. Some of the GSLC characteristics include the ability to self-

renew and differentiate into the other cell types (astrocytes, oligodendrocytes and 

neurons) that form the bulk of the cells within the tumor resulting in intra-tumoral 

heterogeneity (reviewed by Chen et al, 2010 [38]). Glioblastoma cells may convert to 

GSLCs through a dedifferentiation process induced by epigenetic changes that cause 

phenotypic plasticity [39]. This interconversion between non-stem and stem state 

suggests further heterogeneity, making the treatment of glioblastoma tumors much 

more complex.   

In addition to cellular heterogeneities, the molecular signatures used to classify the 

glioblastoma subtypes (described in section 1.2) are expressed in GSLCs to some 

extent [40]. Hence, GSLCs have been classified into two distinct sub-groups as 

proneural or mesenchymal GSLCs [40]. The proneural GSLCs are reportedly similar 

to fetal neural stem cells while the mesenchymal GSLCs correspond to adult neural 

stem cells (reviewed by Morokoff et al, 2015 [41]). Mesenchymal GSLCs are 

associated with a worse outcome as they are more resistant to radiation and display 

an invasive phenotype [42]. They usually occur (de novo) in primary glioblastomas 

while proneural GSLCs are mostly found in Grade III gliomas and secondary 

glioblastomas (reviewed by Nakano et al, 2015 [43].  

GSLCs promote therapeutic resistance by their activation of the DNA damage 

response, which means they are rapidly able to recover from genotoxic stress and 

thus, contribute to the recurrence of glioblastoma [44-46]. Besides, the 

chemoresistance of CSCs has been reported in other tumor types and attributed to 
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increased expressions of ABC (ATP binding cassette) transporters that pump out 

chemotherapeutic agents [35, 47, 48]. This may suggest that GSLCs are more 

resistant to chemotherapy than non-stem glioblastoma cells  [49]. 

Apart from conferring therapeutic resistance, GSLCs may also promote tumor 

angiogenesis owing to their expression of vascular endothelial growth factor (VEGF) 

[50]. The expression of VEGF is reportedly higher in GSLCs than in non-stem 

glioblastoma cells indicating a greater angiogenic potential [35]. Further, it was shown 

that VEGF promoted stem-like phenotypes which eventually enhanced the tumor 

progression and therapeutic resistance of GSLCs in glioblastomas [51-53].   

Therefore, a successful therapy against GSLCs in glioblastoma would aim to 

secondarily inhibit angiogenesis and lower the DNA damage response as shown in 

Figure 3. 

 

Figure 3: Schematic overview of glioblastoma stem-like cells (GSLCs) in glioblastoma 

therapy. Residual GSLCs that are resistant to the conventional therapy will lead to recurrence 

of the tumor while a therapy against GSLCs in glioblastoma will lead to its eradication. Arrows 

facing down indicate inhibition.  



 

23 

 

INTRODUCTION 

1.5 Molecular markers of GSLCs  

GSLCs within glioblastoma can be potentially identified by their expression of 

molecular markers generally associated with stemness. The first GSLC marker 

discovered was CD133 (prominin-1 or PROM-1), a cell surface glycoprotein marker 

found on plasma membrane projections [54, 55]. A pioneering study revealed that a 

few CD133 positive (CD133+) human brain tumor cells were able to initiate a 

phenocopy of the original tumor when injected into immunodeficient mice, while CD133 

negative (CD133-) tumor cells did not [56]. Other studies in glioblastoma have shown 

that a higher proportion of CD133+ cells correlated with aggressiveness of the tumor, 

worse prognosis and a poor clinical outcome [57].  

Recurrent glioblastomas have been reported to contain a higher percentage of CD133+ 

cells compared to the primary tumor after radiotherapy and chemotherapy suggesting 

the expansion of GSLCs [58]. CD133+ glioma cells are further known to accelerate the 

growth of tumors indicating that it plays a role in tumor recurrence and invasion [59]. 

All of these studies lead to CD133 been accepted as an ideal GSLC marker. However, 

it was subsequently demonstrated in nude rats that CD133- cells can initiate 

glioblastoma tumors that subsequently include CD133+ cells in vivo [60]. Others 

confirmed this finding suggesting that CD133 may not be a perfect marker for early-

stage GSLCs [61, 62].  

Also, it is possible that no single marker expression will be uniformly informative to 

identify or target GSLCs due to heterogeneity within the tumor stem cell populations 

and their resultant expression of different markers (reviewed by Lathia et al, 2015  [63]). 

Several other markers expressed in GSLCs have been identified and categorized 

based on their cellular location. These include surface markers such as CD15, CD44 

and L1CAM; cytoskeletal proteins such as Nestin; transcription factors such as SOX2, 

OLIG2, OCT4 and NANOG and the cytosolic enzyme ALDH1A1 [35].  

1.5.1 CD44  

CD44 is a cell surface glycoprotein receptor for the extracellular matrix component 

glycosaminoglycan  hyaluronan (HA) [64]. It has multiple isoforms and is expressed in 

numerous tissues during development (reviewed by Sneath et al, 1998  [65]). CD44 

has been associated with pathological activities of cancer cells including cell 

differentiation, migration, angiogenesis, cellular adhesion and cytokine release [65, 
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66]. Paradoxically, even though increased expression of CD44 correlates with an 

increased risk for recurrence of mesenchymal-derived sarcomas [67], high CD44 

expression is associated with a better outcome in thyroid cancer [68], ovarian cancer 

[69], non-small-cell lung cancer [70] and soft tissue sarcomas [67]. This may be due to 

the studies reporting different variant isoforms or epitopes of CD44, indicating that 

more research is needed to determine its precise role in the pathology of different 

cancers. 

Nonetheless, it has been shown that glioblastoma cell lines express a higher level of 

CD44 variants (e.g. CD44s) compared to lower grade astrocytomas suggesting CD44 

may be responsible for invasiveness [71, 72]. Further, the inhibition of CD44 by the in-

vivo treatment with anti-CD44 monoclonal antibody in rats prevented the progression 

of highly invasive glioblastomas [73].  Thus, CD44 can be considered a GSLC marker 

as it is co-expressed with other stem cell markers and could be a therapeutic target to 

minimize tumor progression [74, 75]. 

1.5.2 Nestin 

Nestin is a class VI intermediate filament that was first identified in the cytoplasm of  

neuroepithelial stem cells [76]. It is not only localized in the cytoplasm, but also present 

in the nuclei and the cell surface [77, 78]. The expression of Nestin in glioblastoma is 

associated with the self-renewal capacity of GSLCs, differentiation into progenitor 

cells, aggressive growth, proliferation, migration, angiogenesis and cytoskeletal 

organization (reviewed by Tang et al, 2021  [79, 80]). These characteristics implicate 

Nestin as a putative GSLC marker while its co-expression with other GSLC markers 

may suggest a specific stem-like phenotype [81].  For instance, the increased co-

expression of Nestin and CD133 stem cell markers was proposed as an indicator for 

the aggressiveness and invasiveness of glioblastoma as well as low survival rates of 

patients [81].  

Staberg et al reported that colony formation capacity was reduced by downregulating 

the expression of Nestin through the induction of cellular differentiation (by culture in 

serum) in glioblastoma neurospheres containing GSLCs [82]. Thus, targeting the 

GSLC marker Nestin may supress the proliferation of the tumor to improve prognosis 

and clinical outcome. 
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1.5.3 SOX2 

SOX2 (Sex-determining region Y (SRY)-box 2) is a transcription factor that regulates 

embryonic development and plays important roles in the maintenance of neural stem 

cells in adults [83]. SOX2 is also involved in the maintenance of many other cancer 

stem cell types including GSLCs [35]. Schmitz et al first found that SOX2 is 

overexpressed in glioblastoma at the mRNA and protein level compared to normal 

brain tissue [83]. This study also reported that the SOX2 expression was restricted to 

the nuclei of the glioblastoma cells tested. Over the years, subsequent studies have 

confirmed the overexpression of SOX2 in glioblastoma tumor biopsies and its role in 

regulating the activity of GSLCs [84, 85].  

Along with other transcriptional factors such as OCT-4 and NANOG, high SOX2 

expression correlates with the aggressiveness and progression of glioblastoma [86, 

87]. Further, SOX2+ glioblastoma cells co-expressing CD133 are more resistant to 

radiotherapy and standard chemotherapy with TMZ compared to SOX2- glioblastoma 

cells [45]. These findings implicate SOX2 as a potential target to eliminate GSLCs 

within glioblastoma. Indeed, experimental downregulation of SOX2 in GSLCs results 

in the loss of their self-renewal properties, reduced migratory and invasive behaviour, 

and can lead to cell cycle arrest [88-91].  

The transcriptional factors POU3F2, SALL2 and OLIG2 are also essential for the 

propagation of glioblastoma [92]. All four factors (POU3F2, SALL2, OLIG2 and SOX2) 

may work together to activate regulatory elements involved in stemness and are able 

to fully reprogram differentiated glioblastoma cells into induced GSLCs that closely 

resemble the native GSLCs from humans [92]. Taken together, this evidence shows 

that SOX2 is required for the maintenance of GSLCs in glioblastoma and could be a 

suitable therapeutic target against the GSLC population.  

1.5.4 ALDH1A1 

ALDH (Aldehyde dehydrogenase) is a superfamily of enzymes with various isoforms 

that are differentially localised in the cytosol, nucleus and mitochondria (reviewed by 

Ma et al, 2011 [93]). The ALDH1 cytosolic isoform has been proposed as a functional 

universal stem cell marker for the isolation and identification of CSCs in breast cancer  

[94] with its increased activity associated with poor prognosis and low survival rates 

[93].  
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ALDH1 was suggested as a GSLC marker in human glioblastomas [95] while its 

increased expression has been linked to the pathogenesis of glioblastoma and poor 

overall survival [96]. It was also demonstrated that 99% of glioblastoma cells from 

human tumors tested showed ALDH1A1 expression in up to 49% of the tumor cells 

[97].  

Schäfer et al. showed that ALDH1A1 contributes to the resistance of glioblastoma to 

TMZ [98]. They also showed that the inhibition of ALDH1A1 could sensitize 

glioblastoma cells to TMZ treatment by increased cytotoxicity, reduced colony 

formation and induced cell cycle arrest. The same group also showed that ALDH1 

expressing glioblastoma cells efficiently form neurospheres, a feature indicating stem 

cell capacity [95]. As a result, ALDH1A1 is proposed to be a potential target for the 

treatment of glioblastoma.  

1.6 Histone deacetylases in the pathogenesis of glioblastoma  

The development of cancers such as glioblastoma is linked to epigenetic changes that 

include DNA methylation and post-translational histone acetylation. Of particular 

interest is the modification by histones by acetylation or deacetylation that alters the 

chromatin structure to regulate the expression of genes (reviewed by Mottamal et al, 

2015 [99]). This process is controlled by the opposing activities of two groups of 

enzymes; the Histone acetylases (HATs) and the Histone deacetylases (HDACs) as 

shown in Figure 4.  

  

Figure 4: Regulation of histone acetylation by HATs and HDACs. The chromatin structure 

comprises of nucleosomes formed by DNA (black line) wrapped around histones. Histone 

acetyltransferase (HATs) add acetyl groups (Ac) onto histone tails to relax the chromatin and 
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activate gene transcription. Histone deacetylases (HDACs) remove the Ac to condense the 

chromatin and repress transcription.   

HATs add acetyl groups to lysine residues on histones to relax the chromatin structure 

and activate transcription, while HDACs remove the acetyl group to condense the 

chromatin structure, repress transcription and silence gene expression (reviewed by 

Mottamal et al, 2015 [99]). An imbalance in the activities of HATs and HDACs 

contributes to the pathogenesis of cancers including glioblastoma (reviewed by 

Bezecny et al, 2014 [100]).  

The increased activity of HDACs in glioblastoma enhances the repression of tumor 

regulatory genes such as P21WAF1/Cip1 [101]. In addition, HDACs not only target 

histones, but also non-histone proteins such as the transcription factors P53 and NF-

kB, the DNA repair enzyme Ku70, hypoxia-inducible factor 1α (HIF-1α), the chaperone 

Hsp90, α-tubulin, the estrogen and androgen receptors and the signaling mediators 

(Stat3, Smad7) [99, 102-104]. With HDACs being involved in multiple signaling 

pathways and overexpressed in glioblastoma, inhibiting their activity can lead to the 

re-expression of silenced regulatory genes [105]. Hence, HDAC inhibitors have 

developed as promising therapeutic agents against glioblastomas [100].  

1.6.1 HDAC inhibitiors and anti-tumor mechanisms 

HDAC inhibitors (HDACis) are small molecule drugs that can inhibit the activity of 

HDACs by binding the Zn2+ pocket that is required for their catalytic action [100]. 

HDACis have been classified into seven groups based on their targets and chemical 

structure as; Hydroxamic acid, Benzamides, cyclic peptides, short-chain fatty acids, 

electrophilic ketones, sirtuin inhibitors and miscellaneous (reviewed by Chen et al, 

2020 [105]). 

HDACis can inactivate various signaling pathways that would in turn inhibit the 

proliferation of tumor cells through the induction of cell cycle arrest, differentiation, 

autophagy and either the intrinsic (mitochondrial) or extrinsic (death receptor) apoptotic 

pathways [106]. These anticancer effects observed with HDACis has led to four of 

them being approved by the US Food and Drug Administration (FDA) for the treatment 

of haematological malignancies. The first drug to be approved for the treatment of 

cutaneous and/or peripheral T-cell lymphoma (CTCL/PTCL) was the hydroxamic acid 

SAHA (suberanilohydroxamic acid) also known as vorinostat (reviewed by Duvic et al, 
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2007 [107]). This was followed by the approval of the cyclic peptide Romidepsin, and 

the hydroxamic acids Belinostat and panobinostat [105]. 

In glioblastoma studies, several HDACis can reportedly cross the BBB to exert anti-

tumor effects. For instance, the HDACi trichostatin A (TSA) upregulated the cell cycle 

inhibitor p21Waf1/Cip1 to induce cell cycle arrest in glioblastoma cells [108]. In addition, 

HDACis such as romidepsin, belinostat and phenylbutyrate increased the levels of 

proapoptotic genes such as Bad, Bax, Puma and Bim while they decrease the anti-

apoptotic genes Bcl-xl and Bcl-2 in glioblastoma cell lines [109]. Additionally, HDACis 

block angiogenesis by inhibiting VEGF or by impairing vasculogenic mimicry in 

glioblastoma cells [110, 111]. HDACis can also potentiate damage to the DNA by 

increasing reactive oxygen species (ROS) through the downregulation of thioredoxin 

(Trx) that removes ROS, or upregulation of thioredoxin binding protein-2 (TBP-2) that 

blocks Trx [112].  

A more profound anti-tumor effect of HDACis in glioblastoma is their ability to target 

CSCs in glioblastoma [113]. For example, Chiao et al showed that the HDACi SAHA 

inhibited the growth of GSLCs (in-vivo) by inducing autophagy, reducing their 

proliferation rates and promoting their differentiation [114]. Alvarez et al also showed 

that the HDACis TSA and  valproic acid (VPA) were capable of reducing proliferation 

rates and stem cell marker expression in glioblastoma-derived stem cells [115].  

Preclinical studies in glioblastoma have shown that HDACis are promising anti-

glioblastoma agents but appear to have a limited efficacy as a single agent [116]. This 

was evident when clinical trials of glioblastoma revealed that treatment with HDACis 

did not improve survival [117]. The full therapeutic potential of HDACis in glioblastoma 

may possibly be achieved when combined with other cytotoxic agents such as ionizing 

radiation and other chemotherapeutic drugs (reviewed by Suraweera et al, 2018 [116]). 

Therefore, several HDACi combination therapies are ongoing in preclinical studies with 

some already in clinical trials in recurrent and newly diagnosed glioblastomas [105].  

The HDACis in preclinical studies of glioblastoma are MS-275, trichostatin A and 

FK228 while those that have also entered clinical studies are SAHA, Panobinostat, 

Valproic acid (VA) and Belinostat [105].  

In summary, the various anticancer effects of HDACis in glioblastoma are shown in 

Figure 5 and illustrates why HDACis were used in this study. 
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Figure 5: Effects of HDAC inhibitors (HDACis) on glioblastoma cells. The various 

antitumor pathways induced by HDACis are shown. Arrows pointing upwards represent 

upregulation while arrows pointing downwards represent downregulation. Modified from [99]. 

1.6.1.1 The HDAC inhibitor MS-275 

MS-275, also known as Entinostat, is a benzamide that selectively inhibits the class I 

HDACs. Eyupoglu et al. identified MS-275 as a promising chemotherapeutic through 

its ability to induce cell cycle arrest by upregulating p21WAF1/Cip1 in glioblastoma cells 

[118]. The treatment with MS-275 also reduced the growth of glioblastoma cell lines in 

vitro in a concentration dependent manner and induced apoptotic cell death. In 

addition, the ability of MS-275 to cross the BBB was demonstrated by the increased 

protein levels of acetylated Histone H3 in brain tissue of syngeneic rats after 

intratumoral injection. This was confirmed by another study suggesting MS-275 as a 

potent brain-region selective HDACi [119].  
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More striking is the ability of MS-275 to reduce the GSLC marker ALDH and inhibit 

sphere formation in glioblastoma-derived neurospheres [120]. This suggests that MS-

275 may have the ability to target GSLCs in glioblastoma.  

In combination studies, a phase I clinical study reported that MS-275 was well tolerated 

either as a single or combined agent with other cytotoxic therapies [121]. MS-275 has 

been indicated as a potent radiosensitizer of glioblastoma cell lines that was 

demonstrated by an inhibition of DNA repair after a combined treatment with 5 Gy X-

ray irradiation [122]. Further, MS-275 synergizes with other chemotherapies including 

TMZ, doxorubicin, etoposide and cisplatin to induce apoptosis in glioblastoma cells 

[123]. The ability of MS-275 to sensitize glioblastoma cells to receptor tyrosine kinase 

inhibitors (RTKi) has also been reported [124].  

1.7 MAPK signaling in glioblastoma 

The mitogen-activated protein kinase (MAPK) signaling pathway is one of the 

dysregulated pathways that plays a role in the initiation and progression of 

glioblastoma. By highlighting its main regulators, it is also known as the Ras-Raf-MEK- 

ERK pathway (reviewed by Fremin et al, 2010 [125]).  

The MAPK signaling can be activated via intrinsic or extrinsic stimulations by growth 

factors (GFs)  and cytokines that act through receptor tyrosine kinases (RTKs), 

cytokine receptors or G protein-coupled receptors [125]. Once the cells receive these 

stimuli at the plasma membrane, autophosphorylation of receptor tyrosine residues 

occurs, which activates Ras through the binding of guanine triphosphate (GTP) [125]. 

The activated GTP-Ras activates Raf kinases that undergo a series of phosphorylation 

events. The triggered Raf then functions as MAP Kinase Kinase Kinase (MAPKKK) 

which activates MAP Kinase Kinase (MAPKK or MEK1/2) to finally activate MAPK (or 

ERK) [125]. All activation is by phosphorylation, thus MAPK activation phosphorylates 

nuclear and cytoplasmic substrates to initiate cellular processes that drive the 

proliferation, growth, differentiation and survival of glioblastoma cells  [125]. The Ras-

Raf-MEK-ERK pathway also results in the activation of HIF1α to induce VEGF and 

promote angiogenesis [126]. Overall, the Ras-Raf-MEK-ERK pathway is summarised 

in Figure 6. 
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Figure 6: Overview of MAPK signaling. Stimulations of mutated RTKs at the plasma 

membrane leads to hyperactivation of downstream autophosphorylation events that activates 

MAPK. Activated MAPK phosphorylates nuclear and cytoplasmic substrates to drive cellular 

processes that promote survival of GSLCs in glioblastoma. The MEK inhibitors TAK-733 and 

trametinib stop downstream MAPK activation.  

The activating mutation or overexpression of membrane RTKs such as EGFR and 

PDGFR in glioblastoma leads to the hyperactivation of the MAPK cascade [127]. 

Hence, most glioblastomas contain high levels of phosphorylated (activated) MAPK (p-

MAPK) that has now become a prognostic marker for poor overall survival as well as 

an indicator of tumors that are resistant to radiotherapy [128]. Mutations of MAPK in 

glioblastoma are associated with highly invasive and proliferative phenotypes as they 

regulate proliferation and metastases [129]. Further, MAPK signaling also drives the 

proliferation and survival of GSLCs (reviewed by Bayin et al, 2014 [130]). This suggests 

that inhibiting MAPK activation could hinder the progression of GSLCs in glioblastoma. 

One way to do this is by inhibiting MAPKK (MEK), the direct activator of MAPK. 

1.7.1 MEK inhibitory drugs 

The development of MEK inhibitors (MEKi) to block the MAPK pathway has been 

researched for the treatment of cancers including glioblastoma with promising results 
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reported (reviewed by Cheng et al, 2017 [131]).  Some of the MEK inhibitors that have 

shown anti-tumor effects include TAK-733, selumetinib, trametinib and cobimetinib 

[131]. In this study, the MEKi TAK-733 and trametinib were used as illustrated in Figure 

6. 

1.7.1.1 TAK-733  

TAK-733 is a small molecule inhibitor that selectively binds and inhibits the activity of 

MEK [132]. It is an allosteric inhibitor of MEK that is orally bioavailable and non-ATP-

competitive. TAK-733 has not been fully explored in glioblastoma studies but has 

shown antitumor activities in several cancers, xenograft mouse models and has 

advanced to phase I clinical trials [133, 134]. Some anticancer effects of TAK-733 

include reduced proliferation, induction of cell cycle arrest, apoptotic cell death and 

reduced tumor growth in vivo [135, 136].  

TAK-733 demonstrated a safety profile and an efficient MAPK inhibition in the phase I 

clinical study of patients with uveal melanoma, colon cancer and cutaneous melanoma. 

However, only limited antitumor activity as a single agent was reported [132]. This 

suggested TAK-733 could be more potent when combined with other anticancer 

agents. Recently, it was shown that TAK-733 synergized with radiation to lower the 

migratory potential of breast cancer cells compared to either alone [133]. Apart from 

radiation, TAK-733 is also reported to synergize with proteasome and PI3K inhibitors 

to overcome chemoresistance in multiple myeloma [135]. Therefore, the antitumor 

effect of TAK-733 may be enhanced when combined with other cytotoxic agents and 

should be further explored. 

1.7.1.2 Trametinib 

Trametinib, also known as GSK1120212, is the first MEKi approved by the FDA for the 

treatment of melanoma [131]. Like TAK-733, it is a non-competitive allosteric inhibitor 

of MEK. Preclinical studies of trametinib showed its efficacy to inhibit tumor growth in 

vivo in a concentration dependent manner [131]. In clinical studies of melanoma, 

trametinib as a single agent significantly improved progression free survival and overall 

survival compared to the standard chemotherapy [137].  

The FDA and Europeans Medicine Agency (EMA) have approved the combination of 

trametinib and the BRAF inhibitor debrafenib for the treatment of BRAF-mutant 
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unresectable or metastatic melanoma. This was based on results from a phase III trial 

that showed an improved overall survival compared to dabrafenib alone [138]. 

Recently, the combination of trametinib and dabrafenib was further investigated in a 

phase II trial of patients with BRAF-mutant non-small cell lung cancer (NSCLC) [139]. 

The results showed that there was an improved overall response rate and a prolonged 

progression free survival compared to the dabrafenib group only.  

More recently in brain tumor studies, trametinib is being investigated in a phase II trial 

of patients with pediatric low-grade gliomas (PLGG) or plexiform neurofibroma (PN) 

[140]. Other institutional investigations have suggested trametinib as an effective 

treatment for patients with recurrent or progressive PLGG [141, 142].  

Generally, trametinib has shown good safety profile as both monotherapy and 

combination therapy, thus its efficacy in other treatment combinations for aggressive 

tumors such as glioblastoma should be explored.  

1.8 Combination treatment of tumors with HDACi and MEKi  

Combination therapy using HDAC and MEK inhibitors has emerged as a 

chemotherapeutic strategy for the treatment of many cancers with favourable results 

reported. This was because of an in vitro study that showed that MEKi sensitized 

human colon, lung and prostate cancer cells to HDACi-induced cell death [143]. This 

study combined the MEKi PD184352 and the HDACi HC-toxin and reported that the 

cancer cell death was enhanced compared to either compound alone. Since then, 

other groups have confirmed this enhanced cell killing effect by testing the combination 

of other types of HDAC and MEK inhibitors on pancreatic cancer cells, prostate cancer 

cells and human tumor xenograft models [144-146].  

The HDACi MS-275 has been tested in combination with several MEK inhibitors as a 

combination treatment of cancer. For instance, the MEK inhibitors PD184352 and 

AZD6244 enhanced the efficacy of MS-275 to supress tumor growth in human colon 

and lung tumor xenograft models [146]. Also, the combination of MS-275 with the 

MAPK pathway inhibitor sorafenib has entered a phase I trial of patients with solid 

tumors or acute myeloid leukemia (AML) [147].  
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In brain tumor studies, combination of the HDACi sodium butyrate (NaB) and MEKi 

U0126 impaired the survival of Medulloblastoma cells more efficiently than either 

inhibitor alone [148]. A phase II study of patients with recurrent high-grade glioma is 

currently ongoing testing the triple combination of sofranib with the HDACi Valproic 

acid and sildenafil (NCT01817751). This combination is based on the predicted ability 

of sorafenib to enhance the activity of valproic acid while the addition of sildenafil is 

based on its ability to block ABC drug efflux pumps to increase the drug concentrations 

in the brain.  

1.9 Hypothesis 

Overall, the evidence provided from preclinical and clinical studies suggest that 

combining HDAC and MEK inhibitors offers a new therapeutic approach to treat 

aggressive cancers such as glioblastoma. However, the effect of this combination 

together with radiation has not been explored in glioblastoma. Moreover, it is not known 

if this combination of HDAC and MEK inhibition plus radiation is effective against the 

resistant GSLC population. In this study, we used MS-275 as the HDACi and TAK-733 

or trametinib as the MEKi because of their activities against HDACs and MEK. 

Therefore, the main hypothesis of this study proposes that the combination of a HDACi 

(MS-275) and a MEKi (TAK-733 or trametinib) together with radiation treatment will be 

more effective than the current standard therapy by targeting highly resistant GSLCs 

in glioblastoma. 

To test this hypothesis, we have: 

I. Identified the GSLC markers expressed in the glioblastoma cell lines and 

determined the effect of radiation on their expression. 

 

II. Experimentally enriched the GSLC population by glioblastoma cell line culture 

as spheres in serum free medium. 

 
III. Analysed the sphere forming ability of the GSLCs-enriched spheres after 

combined radiochemotherapy. 

 
IV. Analysed the expression of GSLC markers at the protein and RNA level after 

the combined radiochemotherapy.



2 MATERIALS  

2.1 Antibodies 

2.1.1 Primary antibodies for immunoblotting 

Target 
Protein 

Target 
Molecular 

weight 
(kDa) 

Antibody 
Catalog 
number 

Dilution 
used 

Company 

Actin 42 Mouse A5441 1:20000 
Sigma Aldrich, 

Steinheim, Germany 

ALDH1A1 55 Rabbit 
PA5-

32127 
1:500 

Thermo Fisher 
Scientific, Rockford, 

USA 

CD133 97 Rabbit Ab16518 1:500 Abcam, Cambridge, UK 

CD44 80 Mouse 3570s 1:1000 

Cell Signaling 
Technology, Danvers, 

MA, USA 

Nestin 250 Mouse MA1-110 1:500 
Thermo Fisher 

Scientific, Rockford, 
USA 

SOX2 35 Rabbit 3579s 1:500 
Cell Signaling 

Technology, Danvers, 
MA, USA 

MAPK 42/44 Rabbit 9101 1:1000 
Cell Signaling 

Technology, Danvers, 
MA, USA 

pMAPK 42/44 Rabbit 9102 1:1000 
Cell Signaling 

Technology, Danvers, 
MA, USA 

Histone-H3 17 Rabbit 9677 1:500 
Cell Signaling 

Technology, Danvers, 
MA, USA 

Acetyl-H3 17 Rabbit 4499 1:500 
Cell Signaling 

Technology, Danvers, 
MA, USA 
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2.1.2 Secondary antibodies for immunoblotting 

Secondary 
antibodies 

Origin Catalog 
number 

Dilution 
used 

Company 

Goat anti-
mouse 

Goat A16066 1:20000 Invitrogen, MD, USA 

Goat anti-
rabbit 

Goat A16096 1:20000 Invitrogen, MD, USA 

     

2.1.3 Primary antibodies for immunoflourescent staining 

Target 
Protein 

Antibody 
Catalog 
number 

Dilution 
used 

Company 

ALDH1A1 Rabbit  36671 1:100 
Cell Signaling Technology, Danvers, 

MA, USA 

CD44 Mouse 3570s 1:400 
Cell Signaling Technology, Danvers, 

MA, USA 

CD133 Rabbit Ab16518 1:100 Abcam, Cambridge, UK 

Nestin Mouse MA1-110 1:100 
Thermo Fisher Scientific, Rockford, 

USA 

SOX2 Rabbit 3579s 1:300 
Cell Signaling Technology, Danvers, 

MA, USA 

 

2.1.4 Secondary antibodies for immunoflourescent staining 

Secondary 
antibodies  

Colour   
Catalog 
number  

Dilution 
used 

Company  

Alexa flour 488 
(Goat-anti-mouse) 

Green A11029  1:200 Life Technologies, OR, USA  
 

Cy3 (Goat anti-
rabbit) 

Red A10520  1:300 Life Technologies, OR, USA 
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2.1.5 Antibodies for flow cytometry 

Target Protein / 
Controls  

Flourophores  
Catalog 
number 

Company  

ALDH1A1 FITC LS-C251174-200 LifeSpan Biosciences, USA 

Nestin APC MA5-23650 
Thermo Fisher scientific, 

Darmstadt, Germany 

SOX2 PerCP-cy 5.5 561506 BD Biosciences, USA 

Isotype control PerCP-cy 5.5 550795 BD Biosciences, USA 

CD44 BV 785 103041  Biolegend, CA, USA 

Live/dead staining  Zombie aqua 423102 Biolegend, CA, USA  

    

2.2 Buffers and solutions 

0.2% Triton X (permeabilization buffer) 

Triton X 100       2 ml 

PBS        to 998 ml 

 

 

Antibody Blocking solution (immunofluorescence staining) 

1% BSA       10 g 

0.15% Glycin       1.5 g 

PBS        to 1 L 

 

 

4% Paraformaldehyde (PFA) fixative  

PFA        4 g 

PBS        200 ml 

 

 

1M Tris pH 8.8/6.8 

Tris base       121.1 g 

Distilled water      to 1 L  

HCL        volume to adjust pH 
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10% Sodium dodecyl sulfate (SDS; for gel preparation) 

SDS        10 g 

Distilled water      add to 100 ml 

 

 

10% Ammonium persulfate (APS; for gel preparation) 

APS        10 g 

Distilled water      add to 100 ml 

 

 

FACS Buffer (wash buffer for flow cytometry) 

0.5% BSA       2.5 g 

PBS        add to 500 ml 

 

 

Towbin Buffer (for transfer of separated proteins) 

Tris base        3.03 g 

Glycine       14.4 g 

Distilled water      700 ml 

Methanol       200 ml 

Distilled water       up to 1 L 

 

 

10X TBS-T (Tris-buffered saline, 0.1% Tween 20; 1X as washing buffer) 

Tris        4.24 g 

Tris-HCL       26 g 

NaCl         80 g 

Distilled water      to 1 L 

Tween 20        10 ml 

 

 

10X Running Buffer (1X for electrophoresis run) 

Tris base       121.1 g 

Glycine       576 g 

Distilled water      to 4 L 

20% SDS       200 ml 
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Ponceau-S-Red Solution (for protein band visualization) 

Ponceau-S-Red      0.2% w/v 

Acetic acid       0.5% v/v  

Distilled water      to 500 ml 

2.3 Chemicals and Drugs 

Chemicals  Company  

APS (Ammonium persulfate) EMD Millipore, Darmstadt, Germany  

Schwalbach  

 

Bovine serum albumin (BSA) Sigma-Aldrich, Steinheim, Germany  

Steinheim  

s 

Steinheim  

 

Steinheim  

 

Compensation beads 

San Diego, CA, USA) 

BD Biosciences, San Diego, USA 

DMSO (Dimethyl sulfoxide)  Sigma-Aldrich, Steinheim, Germany  

Steinheim  

s 

Steinheim  

 

Steinheim  

 

FBS (Fetal bovine serum) Bio&Sell, Neuherberg, Germany  

Glycine  EMD Millipore, Darmstadt, Germany  

Milk powder Roth, Karlsruhe, Germany  

Paraformaldehyde (PFA) Sigma-Aldrich, Steinheim, Germany  

Phosphatase inhibitor cocktail (PhosSTOP) Roche, Mannheim, Germany  

Phosphate Buffered Saline (PBS) Merck, Darmstadt, Germany   

Protease inhibitor cocktail  Roche, Mannheim, Germany  

SDS (Sodium dodecyl sulfate) Serva, Heidelberg, Germany  

ServaGel (4-12%) Serva, Heidelberg, Germany  

TEMED (Tetramethylethylenediamine) Roth, Karlsruhe, Germany  

Tissue Protein Extract Reagent (T-PERTM) Thermo Fisher Scientific, Rockford, USA 

Tris-base EMD Millipore, Darmstadt, Germany 

Triton X  AppliChem Biochemica, Darmstadt, 

Germany 
Trypsin-EDTA 0.05% Life Technologies, Darmstadt, Germany 

Vectashield mounting medium + DAPI Biozol, Eching, Germany  
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2.4 Commercial kits 

 

Commercial Kit  Company  

ECLTM Select Western Blotting Detection GE Healthcare, Little Chalfont, UK   

PierceTM BCA protein assay kit Thermo scientific, Rockford, USA 

Precision Plus ProteinTM Standard Bio-Rad Laboratories, Munich, Germany 

CellTiter-Glo® Luminescent Cell Viability 
Assay 

Promega, Madison, WI, USA 

Foxp3/transcription factor staining Buffer set Thermo Fisher Scientific, Darmstadt, 
Germany 

PowerUp™ SYBR™ Green Master Mix Thermo Fisher Scientific, Vilnius, 
Lithuania 

RT2 First Strand kit (50) Qiagen, Maryland, USA 

RT² SYBR Green ROX qPCR 

Mastermix (12) 

Qiagen, Hilden, Germany 

Custom RT2 PCR Array - 96 well 

plate 

Qiagen, Hilden, Germany 

QuantiTect® Reverse Transcription Kit Qiagen, Hilden, Germany 

Maxwell® 16 miRNA Tissue Kit Promega, Madison, WI, USA 

MycoAlert Detection Kit Lonza Group Ltd., Basel, Switzerland 

Drugs   Catalog number  Company  

MS-275 S1053 Selleck Chemicals, Houston, TX, USA 

TAK-733 S2617 Selleck Chemicals, Houston, TX, USA 

Temozolomide SC-203292 Santa Cruz Biotechnology, Dallas, TX, 

USA 

Trametinib S2673 Selleck Chemicals, Houston, TX, USA 
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2.5 Consumables 

Consumables  Company  

12-well, 96-well ultra-low attachment plates  Corning, NY, USA 

25 cm2, 75 cm2 ultra-low attachment flasks Corning, NY, USA 

1.5 ml, 2.0 ml Reaction tubes Eppendorf, Hamburg, Germany 

0.2 ml PCR single cap tubes Biozym, Hessisch Oldendorf, Germany 

96-well plates Applied Biosciences, Woolston, UK 

96-well White opaque Tissue Culture Plate Corning Incorporated, Wiesbaden, 
Germany 

T75, T175 Culture flasks  Greiner Bio-one GmbH, Frickenhausen, 
Germany 

15 ml, 50 ml Reaction tubes Greiner Bio-one GmbH, Frickenhausen, 
Germany 

Pipettes glass 1, 5, 10, 25, 50 ml Sigma-Aldrich, Taufkirchen, Germany 

Eppendorf tubes Greiner Bio-one GmbH, Frickenhausen, 
Germany 

Cell scraper 25 cm Sarstedt. Inc., Nuembrecht, Germany 

CryotubeTM vials (1 ml) Kisker Biotech GmbH, Steinfurt, 
Germany 

FACS tubes with cell strainer caps  Corning, NY, USA 

Filter papers Bio-rad, Carlifonia, USA 

Nitrocellulose blotting membrane, 

AmershamTM ProtranTM 0.2 μm 

GE Healthcare, Munich, Germany 

PCR 96-well TW-MT-Plates Biozym, Hessisch Oldendorf, Germany 

Adhesive clear qPCR seal Biozym, Hessisch Oldendorf, Germany 

Glass cover slips VWR, Darmstadt, Germany 

Microscope slides Thermo scientific, Rockford, USA 

NunclonTM Delta surface (96-well plates) Thermo scientific, Rockford, USA 

Slide chamber Sarstedt, Nümbrecht, Germany 
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2.6 Equipment 

Equipment Company  

X-Strahl RS225 radiation device X-Strahl LTD, UK 

Bead bath Memmert, Schwalbach, Germany  

Centrifuge Rotina 420R Andreas Hettich, Tuttlingen, Germany 

Centrifuge Eppendorf 5424R Eppendorf, Hamburg, Germany 

Centrifuge Biofuge pico Heraeus Instruments, Osterode, Germany 

Cytoflex LX  Beckman coulter, IN, USA  

Dual Gel caster Hoefer, Holliston, USA 

Gel electrophoresis chamber Hoefer, Holliston, USA 

Keyence BZ 9000 Microscope Keyence, Fankfurt, Germany 

Microbiological safety cabinet (MSC) Heraeus, Hanau, Germany  

Microscope Axiovert Zeiss, Jena, Germany 

Trans-blot cell Bio-Rad, Carlifonia, USA 

Maxwell® 16 MDx instrument Promega, Madison, WI, USA 

Nanodrop spectrophotometer PeqLab Biotechnology, Germany 

Operetta Imaging System PerkinElmer Waltham, MA, USA 

Pipettes  Eppendorf, Hamburg, Germany 

Rectangular glass plates Hoefer, Holliston, USA 

StepOnePlusTM Real-Time PCR System Applied Biosystems, Darmstadt, Germany 

Thermomixer Eppendorf, Hamburg, Germany 

UV-Transilluminator and gel 
documentation system 

Alpha Innotech, Kasendorf, Germany  

UV-spectrophotometer infinite M200 TECAN, Crailsheim, Germany  

Z1 Coulter Particle Counter Beckman Coulter, Krefeld, Germany 
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2.7 Software 

Name  Company  

Alpha View v. 1.2.1.0 Alpha Innotech, San Leandro, CA, USA 

AxioVision AC v. 4.2 Carl Zeiss, Oberkochen, Germany 

BZ-II-Analyzer v.1.0 Keyence Cooperation, Osaka, Japan 

CytExpert v.2.4.0.28 Beckman coulter, IN, USA 

Flowing Software v. 2.5.0 www.flowingsoftware.com  

i-control v.1.10 Tecan Group, Männedorf, Switzerland 

ImageJ v. 1.50i https://imagej.net  

Columbus v. 2.9.1 PerkinElmer Watham, MA, USA 

StepOne™ Software v2.3 Applied Biosystems, Darmstadt, Germany 

GraphPad Prism 5 www.graphpad.com/scientific-software/prism/ 

  

2.8 Cell lines 

2.8.1 Human Glioblastoma cell line (A172) 

The A172 human glioblastoma cell line was originally established from the 

glioblastoma of a 53-year-old male [149]. The Catalogue of Somatic Mutations In 

Cancer (COSMIC) lists 3,131 mutations of A172 cells [150] and is characterised by 

PTEN mutation and P14ARF/P16 deletion [151]. The cell line was supplied by Sirion 

Biotech, Martinsried, Germany from stock ATCC® CRL-1620™. 

2.8.2 Human Glioblastoma cell line (LN229) 

The LN229 glioblastoma cell line was originally established from a 60-year-old white 

female with right frontal parieto-occipital glioblastoma [PubMed. 10416987]. The 

COSMIC database lists 3,897 mutation of LN229 [150] including TP53 mutation and 

P14ARF/P16 deletion [151]. The LN229 cells were obtained as a kind gift from the 

Institute of Radiation Medicine, Munich Germany from stock ATCC® CRL-2611™. 

2.8.3 Human Glioblastoma cell line (U251) 

The U251 glioblastoma cell line cell line was originally established from a 75-year-old 

male with grade III-IV astrocytoma [152]. 2,059 mutations of U251 were listed in the 

http://www.flowingsoftware.com/
https://imagej.net/
http://www.graphpad.com/scientific-software/prism/
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COSMIC database [150] including mutations of TP53 and PTEN with  P14ARF/P16 

deletion [151]. The cell line was donated by Sirion Biotech, Martinsried, Germany from 

stock ATCC® HTB-17™. 

2.8.4 Human Glioblastoma cell line (U87) 

The U87 glioblastoma cell line was formerly named U87-MG and is believed to be 

originally established from a 44-year old Caucasian female with grade IV glioma [153]. 

2,008 mutations of U87-MG were listed in COSMIC database [150] while PTEN 

mutation and P14ARF/P16 deletion have been reported [151]. The cell line was provided 

by Sirion Biotech, Martinsried, Germany from stock ATCC® HTB-14™. 

The stocks of each cell line obtained were defined as passage N + 1. The used stocks 

for all experiments were up to passage N + 8. 

2.8.5 Glioblastoma-derived spheres 

The four human glioblastoma cell lines (A172, LN229, U87 and U251) were each 

grown as spheres to enrich the stem-like population (hereafter named A172-sph, 

LN229-sph, U87-sph and U251-sph). The spheres were cultured and used after a 

minimum of eight passages. 

2.9  Culture medium and Supplements 

2.9.1  Cell lines and culture medium 

Glioblastoma cells       Culture medium Company  

U87, U251, A172 Dulbecco’s Modified Eagles 

Medium (DMEM) 1X (+ GlutaMAX 

+ 4.5 g/l D-Glucose + Pyruvate) + 

10% FBS 

Gibco Life 

Technologies, 

Darmstadt, Germany  

LN229  DMEM/F12 1X (+ GlutaMAX + 4.5 

g/l D-Glucose + Pyruvate) + 20% 

FBS 

Gibco Life 

Technologies, 

Darmstadt, Germany 
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Glioblastoma spheres      Culture medium Company  

A172-sph, LN229-sph, 

U87-sph, U251-sph 

DMEM/F12 1X (+ GlutaMAX + 4.5 

g/l D-Glucose + Pyruvate) + 

Penicillin-Streptomycin solution 

(1X) + stem cell medium 

supplements 

Gibco Life 

Technologies, 

Darmstadt, Germany 

   

2.9.2  Stem cell medium supplements  

Name Company  

B-27 supplement (50X) Gibco Life Technologies, Darmstadt, 
Germany 

N-2 supplement (100X)  Gibco Life Technologies, Darmstadt, 
Germany 

GlutaMAX supplement (100X) Gibco Life Technologies, Darmstadt, 
Germany 

D – (+) – Glucose solution 45% in H20 
(1X) 

Sigma-Aldrich, Steinheim, Germany 

Fibroblast Growth factor (FGF) – Basic 
Human + (25 µg stock; 20 ng/mL in final 
medium) 

Sigma-Aldrich, Steinheim, Germany 

Epidermal Growth Factor, (EGF) Human 
+ (0.5 MG stock; 20 ng/mL in final 
medium) 

Sigma-Aldrich, Steinheim, Germany 

  



3 METHODS 

3.1 Cell culture 

3.1.1 Maintenance of human glioblastoma cell lines in monolayer culture 

All human glioblastoma cell lines were passaged as monolayers in tissue-culture T175 

flasks. The growth medium (2.9.1) was DMEM supplemented with 4.5 g/l glucose and 

10% FBS (for A172, U251, U87) or DMEM/F12 supplemented with 4.5 g/l glucose and 

20% FBS (for LN229). The glioblastoma cell lines were maintained under standard cell 

culture conditions at 37 °C and a humidified atmosphere with 5% carbon dioxide (CO2). 

The cells were monitored under a microscope and passaged once 80 - 90% confluence 

was reached.  

To passage the cells, the spent medium was removed and the cells were rinsed with 

1X PBS to remove medium. From 0.05% trypsin-EDTA solution, 2 ml was added in a 

dropwise manner and incubated for 5 mins to detach adherent cells. The trypsin-EDTA 

reaction was stopped by the addition of 8.5 ml medium. From the suspension, 0.5 ml 

aliquot was removed to count cells using a Z1 Coulter counter. The remaining cells 

were centrifuged at 300 x g for 5 mins and the supernatant discarded. The pellet was 

resuspended in fresh media containing serum to give a split ratio of 1:3 per 25 ml in 

the culture flasks. 

3.1.2 Cell line authentication 

To verify the identity of the glioblastoma cell lines used, a genetic profiling service 

performed by Eurofins, Ebersberg Germany was employed. For this, approximately 

106 cells were pelleted and stored at -20 °C before they were sent to the company. 

Eurofins isolated the DNA from the samples and performed short tandem repeat (STR) 

profiling using the Promega PowerPlex® 21 system. This used 21 independent loci (20 

STR markers and Amelogenin sex determination) from the DNA samples. The cell line 

profiles were then compared by Eurofins to the DSMZ STR profile database. The result 

showed that all the glioblastoma cell lines identified correctly.  

The cell lines were also checked once for mycoplasma contamination using a 

MycoAlert Detection Kit according to the manufacturer’s instructions. 
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3.1.3 Glioblastoma-derived spheres. 

The human glioblastoma cell lines A172, LN229, U87 and U251 were each cultured in 

T75 Ultra-low attachment (ULA) culture flasks to enable sphere formation and thereby 

enrich the stem cell population. The stem cell medium was prepared as shown in 2.9.1 

and 2.9.2. Since the biological activity of the growth factors reduces with time, they 

were always added immediately before use. Spent medium was changed every 2-3 

days or when the medium began to change colour. The glioblastoma-derived spheres 

were maintained under standard cell culture conditions without disturbance at 37 °C 

and 5% CO2. 

The glioblastoma-derived spheres (hereafter labelled; A172-sph, LN229-sph, U87-sph 

and U251-sph) were passaged every 7 days or when the spheres were more than 200 

µm in diameter. To do this, the medium containing the spheres was collected into 50 

ml falcon tubes and centrifuged at 300 x g for 5 mins. Afterwards the supernatant was 

discarded and the spheres resuspended in 5 ml PBS. To discard the PBS, the spheres 

were centrifuged again at 300 x g for 5 mins and the supernatant discarded.  

In order to dissociate the spheres into single cells for counting, 2 ml accutase (or 1 ml 

depending on the pellet size) was added to the spheres and incubated for 20 - 25 mins. 

After 10 and 20 mins of incubation, the spheres were gently pipetted up and down to 

ensure an even distribution of accutase and aid the break-up of the spheres. Once a 

single cell suspension was achieved, the accutase was neutralised by adding 8.5 ml 

medium followed by centrifugation at 300 x g for 5 mins. Fresh stem cell medium was 

added to the single cells from which 0.5 ml was used for counting. Afterwards, 2 x 106 

was calculated and diluted to give a total volume of 20 ml stem cell medium in the 

culture flasks for formation of new spheres. The spheres were passaged in this manner 

for at least eight times before they were used for further experiments.  

3.1.4 Cryopreservation and thawing of glioblastoma cells and spheres 

After the passaging of either the cells or spheres, about 4 x 106 cells per tube were 

cryopreserved using labelled 1 ml cryo-tubes. To do this, 10% DMSO (100 µl) was 

added to the tubes as a cryoprotectant. This was followed by the addition of 4 x 106 in 

a volume of 900 µl medium so that total volume in the cryo-tube was 1 ml. Working 

quickly, the cryo-tubes containing the cell suspension were transferred into a Nalgene 
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Cryo Freezing container and placed in a -80 °C freezer for at least 24 h. Afterwards, 

the cells are transferred to liquid nitrogen at -196 °C for long term storage. 

To cryopreserve the stem cell enriched sphere-forming cells after eight passages, 

single cell suspensions were first made before proceeding with the above steps.  

The thawing process was carried out as quickly as possible since the cryoprotectant 

(DMSO) is harmful to the thawed cells. First, the cryo-tubes were taken out of the liquid 

nitrogen tank and placed on ice for 5 mins to slow down the thawing process. The cryo-

tubes were then placed at room temperature (~ 1 min) until the cell suspension was 

melted. Quickly the cell suspension was transferred into 15 ml falcon tubes containing 

5 ml medium and centrifuged at 300 x g for 5 mins. The supernatant containing DMSO 

was discarded and the cell pellets resuspended in 5 ml medium containing serum. This 

was transferred to a T175 flask containing 20 ml medium to give a total volume of 25 

ml. The same thawing process was performed for glioblastoma-derived spheres, 

except for the use of T75 ULA flasks containing a total volume of 20 ml single cell 

suspension of sphere-forming cells. Then the culture flasks containing the cells were 

stored in an incubator at 37 °C and 5% CO2. 

3.2 Bioinformatic analysis of glioblastoma stem cell marker 
expression 

The GEPIA web server (http://gepia.cancer-pku.cn) was used to provide the 

glioblastoma stem cell marker expression (accessed  on 19th January 2021) in non-

cancerous and glioblastoma samples [154]. Since the expressions of CD44, Nestin, 

SOX2 and ALDH1A1 could be detected in the glioblastoma cell lines (4.2), we decided 

to compare their levels of expression between non-cancerous and glioblastoma 

samples. To do this, box plots were generated and downloaded comparing CD44, 

Nestin, SOX2 and ALDH1A1 between 207 non-cancerous brain tissue and 163 

glioblastoma tumor samples from the TCGA and Genotype tissue expression (GTEx) 

databases. This comparison was done to validate the concept that the glioblastoma 

stem cell marker expression is higher in glioblastoma compared to non-cancerous 

brain tissues.  

http://gepia.cancer-pku.cn/
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3.3 Treatment of glioblastoma cells and spheres 

3.3.1 Treatment with drugs 

The drugs used were a HDAC inhibitor (MS-275), MEK inhibitor (TAK-733, and/or 

Trametinib) and Temozolomide (TMZ). The drugs were purchased as powder and 

dissolved in DMSO to produce stock concentrations of 10 mM stored at -20 °C (or -80 

°C in the case of TAK-733). For treatment, the volume of all drugs diluted in DMSO 

was prepared such that it only contributed 1% of the total culture volume. The control 

cultures were treated with 1% DMSO to exclude the effect of DMSO on the cells. The 

working dilutions of the drugs were prepared in DMSO from 10 mM stock solutions to 

achieve a 100-fold final concentration range. The treatment of adherent cells was 

performed 24 h after cell seeding while the treatment of glioblastoma-derived spheres 

was performed 3 days after seeding to allow enough time for sphere formation.  

3.3.2 Irradiation 

The irradiation of cells or spheres was performed 24 h after drug treatment of cells or 

glioblastoma-derived spheres using the RS225 X-ray source. The irradiation rate at 

195 kv and 10 mA was 0.826 Gy/min using a 3 mm aluminium filter and placing the 

plate holding the culture flasks at a distance of 60 cm. A sheet of paper with the 

diameter dimensions was always used to ensure the even radiation field in the closed 

chamber unit. The flasks containing the cells or glioblastoma-derived spheres were 

irradiated at room temperature using an exposure of 4 Gy. The sham-irradiated 

controls were handled under the same conditions but were not exposed to radiation. 

3.4 Immunocytochemistry 

Immunocytochemistry was performed to determine and compare the expression of the 

GSLC markers ALDH1A1, CD44, CD133, Nestin and SOX2 between the glioblastoma 

cells and the enriched glioblastoma-derived spheres. This was done by 

immunofluorescence staining using the corresponding antibodies against the GSLC 

markers and comparing fluorescent signal intensities. 

Cell seeding, fixing and blocking: After counting, 3 x 105 cells in 1 ml medium were 

seeded onto 76 mm microscopic slides placed in a 4-well chamber. The cells were left 

for 30 mins to allow cell attachment. This was followed by the addition of medium to a 

total volume of 4 ml per well and incubation under standard conditions for 24 h. After 

this, the cells were fixed with 50 ml of 4% paraformaldehyde in a staining jar for 15 
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mins at RT and washed three times with PBS. After washing, the cells were placed in 

0.2% Triton X-100 for 5 mins to permeabilize the cell membranes and allow antibody 

binding inside the cells. This step was skipped for the staining of CD133 and CD44 

since they are localized on the cell surface. After permeabilization, the cells were 

washed twice in PBS for 5 mins and then placed in a blocking solution containing 1% 

BSA and 0.15% Glycine dissolved in PBS. This was done for 1 h at RT to block non-

specific antibody binding in the cells. 

Application of primary antibody: The primary antibodies were applied in pairs using 

antibodies from different species (see 2.1.3) to allow double staining (see Table 2). 

The antibody cocktails were diluted in the blocking solution from which 75 µl was added 

as 3 drops onto the slides to ensure even distribution. This was done in a cold room 

and incubated in the dark overnight at 4 °C in a wet slide chamber. 

Application of secondary antibody: The following day, the slides were washed in 

PBS three times for 5 mins to remove the primary antibody. The relevant pair of 

secondary antibodies was prepared and diluted 1:300 for Goat Anti-rabbit (red; cy3) 

and 1:200 for Goat Anti-mouse (Green; Alexa flour® 488) in blocking solution (see 

Table 2). The pairs were selected to match the source of primary antibody so as to 

enable the simultaneous visualization of two GSLC markers. 

Table 2: Double-stained immunoflourescence antibodies for GSLC marker 

expression 

Primary antibodies and dilutions  Secondary antibodies and dilutions  

Anti-CD44 (Mouse; 1:400) + Anti-CD133 

(Rabbit; 1:100) 
Goat Anti-mouse (Green; Alexa flour® 

488; 1:200) + Goat Anti-rabbit (red; cy3; 

1:300) 

 

Anti-ALDH1A1 (Rabbit; 1:100) + Anti-

Nestin (Mouse; 1:100) 

Anti-Sox2 (Rabbit; 1:300) + Anti-Nestin 

(Mouse; 1:100) 

A volume of 75 µl from the antibody cocktail was added to each slide and incubated 

for 2 h at RT in the dark. A negative control in which cells were stained with only 

secondary antibody was included to detect non-specific binding of secondary antibody. 
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Application of DAPI (4′,6-diamidino-2-phenylindole): In order to stain the nuclei of 

the cells with DAPI after immunofluorescence staining, the cells were first washed 

three times in PBS for 5 mins to remove all secondary antibody residues. Afterwards, 

vectashield mounting medium containing DAPI was applied as a drop onto the cells on 

the slides. Then the slides were covered with glass cover slips and left to incubate for 

an hour before viewing under the microscope. 

Visualization and image acquisition: To visualize the immunofluorescence staining, 

a Keyence BZ 9000 fluorescence microscope was used. Images of each slide were 

acquired using a 20x or 40x magnification. The negative control slides were viewed 

first to check for any background fluorescence from the experiment. The BZ-II-Analyzer 

software was used to visualize and acquire overlapping images of the cells showing 

the double immunofluorescence staining. Up to 50 cells of each cell line were 

visualized and acquired, while three independent biological replicates were performed.   

3.5 CellTiter-Glo® Luminescent Cell Viability Assay 

This assay was done to determine how cell viability of the stem cell-enriched sphere-

forming cells was affected by the various treatments. The assay was performed using 

CellTiter-Glo® Luminescent Cell Viability Assays according to the manufacturer’s 

instructions. The CellTiter-Glo® assay is based on the quantitation of ATP in the cells 

as a luminescent signal representing metabolic activity of viable cells.   

To perform the experiment the enriched glioblastoma-derived spheres were 

dissociated into cells and seeded at 3 x 105 cells per well in 12-well ULA plates. The 

spheres were allowed to form for 72 h followed by treatment with increasing 

concentrations (1 µM, 10 µM and 50 µM) of MS-275, TAK-733, trametinib and TMZ. 

The following day the spheres were either sham-irradiated or irradiated at 4 Gy and 

incubated for 72 h. After this period, the spheres were dissociated with accutase for 

counting, re-seeded at 1 x 104 per well in 96-well white opaque plates and left for 72 h 

under cell culture conditions. Afterwards, the cell CellTiter-Glo® Reagent was added 

to the cells and incubated for 10 mins at RT on an orbital shaker gently to avoid 

dissociating the spheres. The luminescent signal was recorded using a UV-

spectrophotometer infinite M200 plate reader and measurements performed in 

quadruplicate for three independent biological replicates. 
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3.6 Sphere formation assay 

The sphere formation assay was initially developed to isolate and culture neural stem 

cells [155]. It is now commonly used as an in vitro method to assess the cancer stem 

cell population and their properties [156, 157]. This assay was done to investigate the 

sphere forming ability of the enriched glioblastoma-derived spheres after treatment 

with drugs, radiation or both. 

The experiment was carried out by first dissociating the enriched spheres into cells. 

This followed by seeding 1 x 106 cells in T25 ULA flasks and incubation at 37 °C and 

5% CO2 for three days to allow sphere formation. After this time, the spheres were 

treated with single or combined treatments of MS-275, TAK-733 and trametinib (see 

3.3.1) and the standard TMZ. The following day the spheres were sham irradiated or 

irradiated at 4 Gy and harvested 72 h later. To do this the spheres were dissociated 

with accutase into a single cell suspension for cell counting. After counting, 200 cells 

per well were seeded in 96-well ULA plates with a total volume of 100 µl stem cell 

medium in each well. The cells were incubated for 21 days to allow enough time for 

sphere formation. After this period, images of each well were taken using the operetta 

high content imaging system. The number of spheres formed were counted in each 

image by eye. The sphere formation assay consisted of three technical replicates per 

experiment and three biological replicates. The sphere formation rate was determined 

by the equation below. 

Equation 1: 𝑆𝑝ℎ𝑒𝑟𝑒 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (%) =
𝑁𝑜.  𝑜𝑓 𝑠𝑝ℎ𝑒𝑟𝑒 𝑓𝑜𝑟𝑚𝑖𝑛𝑔 𝑐𝑒𝑙𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑜.  𝑜𝑓 𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑐𝑒𝑙𝑙𝑠
       𝑋     100 

3.7 Western Blot analysis 

The western blot technique of protein immunoblotting was used to quantify proteins in 

cells or tissues. It is based on the binding of antibodies to the protein of interest that 

can be quantitatively detected and visualized on a membrane under a 

chemiluminescent imaging system. This experiment was done to determine how the 

protein expression of GSLC markers in glioblastoma cells and spheres were influenced 

by treatment with drugs, radiation or both. The steps in carrying out the western blotting 

procedure are described below. 
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3.7.1 Cell seeding, lysis and protein extraction 

The glioblastoma cells grown as monolayer were plated in duplicate at a concentration 

of 4 x 105 cells in 6-well coated plates and cultured for 24 h prior to compound 

treatment. The following day, the cells were sham-irradiated or irradiated at 4 Gy and 

incubated for 72 h before harvesting. To harvest the cells the medium was removed 

and the cells washed with PBS followed by manual detachment using a cell scraper. 

A volume of 1 ml medium was used to collect the cells in falcon tubes and centrifuge 

them at 300 x g for 5 mins. The supernatant was discarded and the pellets stored at       

-20 °C. 

In the case of the enriched glioblastoma-derived spheres, they were dissociated into 

single cells and seeded in T25 ULA flasks at a concentration of 3 x 106 cells and 

cultured for 72 h prior to treatment as described above. To harvest the spheres, the 

medium containing the spheres were collected in corresponding falcon tubes and 

centrifuged at 300 x g for 5 mins. The spheres were then dissociated by resuspending 

in 1 ml accutase and stopping the reaction with 5 ml medium once a single cell 

suspension was achieved. The cells were centrifuged at 300 x g for 5 mins and the 

supernatant discarded to resuspend the cells in PBS for washing. After this, the cells 

were centrifuged, supernatant discarded and cell pellets stored at -20 °C. 

The pellets (from cells or spheres) were lysed in 40 - 60 μl (depending on size) T-PER 

(Tissue Protein Extraction Reagent) lysis buffer supplemented with a Protease Inhibitor 

Cocktail and PhosSTOP (Phosphatase Inhibitor Cocktail). This was followed by 

incubation on ice for 1 h and centrifugation at 4 °C and 10,000 x g for 10 mins. The 

supernatant was collected into fresh eppendorf tubes and stored at -20 °C.  

3.7.2 Measurement of protein concentration and sample preparation  

To measure the protein concentration, the samples were diluted 1:25 in water. Using 

the Pierce BCA protein assay kit. Albumin protein standards supplied with the kit were 

prepared at different concentrations namely; 1000 mg/ml, 850 mg/ml, 700 mg/ml, 550 

mg/ml, 450 mg/ml, 350 mg/ml, 275 mg/ml, 200 mg/ml, 150 mg/ml, 100 mg/ml, 50 mg/ml 

and water as control. 10 μl of the protein sample or standard were pipetted in duplicates 

into wells of a Nunclon 96-well-plate. Next, 200 µl of the working reagent (reagent A 

and reagent B) supplied with the kit were added per well and the plate incubated for 

30 mins at 37 °C.  
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Afterwards, the absorbance was measured at 562 nm using an Infinite 200 microplate 

reader. A standard curve of the absorbance as a function of the standard’s protein 

concentration was plotted. With the linear regression equation of the curve (y = mx + 

c), the protein concentration of the samples was calculated and corrected for the 

dilution factor. Sample amount for 20 µg of protein was calculated and mixed with 3 µl 

4X Laemmli buffer and varying volumes of water so that all samples were of equal 

volume. The protein samples were denatured at 95 °C for 5 mins, immediately cooled 

on ice for a few minutes and briefly spun down. The samples were either stored at -20 

°C until use or loaded immediately for gel electrophoresis. 

3.7.3 Immunoblotting 

Preparation of separating and stacking gel: A 12% SDS poly-acrylamide gel was 

prepared for electrophoretic separation of proteins according to their molecular weight. 

The components for preparing the separating gel were mixed in the order shown in 

Table 3.  

Table 3: Components of a 12% SDS poly-acrylamide gel  

Materials Volume for 12% gel (ml) 

Acrylamide 20% / Bis AA 1% 2 

H2O 1.05 

1M Tris pH 8,8 1.9 

10% SDS 0.05 

Mixed  

10% APS 0.05 

TEMED 0.005 

The mixture was pipetted between glass and aluminum plates separated by spacers, 

followed by an overlay of 1 ml isopropanol to smooth the gel surface. The gel was left 

to polymerize at RT for about 30 mins and the isopropanol removed.  
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The components for the stacking gel were prepared in the order shown in Table 4. The 

stacking gel mixture was pipetted on top of the separating gel, after which gel combs 

were inserted. The gel was left to polymerize at RT for about 45 mins or until solid. 

Table 4: Stacking gel preparation  

Materials Volume (ml) 

Acrylamide 20% / Bis 
acrylamide 1% 

0.3 

H2O 1.4 

1M Tris pH 6,8 0.25 

10% SDS 0.02 

Mixed  

10% APS 0.02 

TEMED 0.002 

Separation of proteins by SDS-PAGE: The gel combs and clippers were removed 

and the gels fitted into an electrophoresis chamber already filled with 1X running buffer. 

On the first well of each gel, 10 µl of a protein molecular weight marker (Precision plus 

ProteinTM Standard Marker Dual Color) was applied followed by the loading of samples. 

Electrophoresis was run at 160V for about 2 h at RT.  

Transfer of proteins: After the gel electrophoresis was completed, the gels were 

removed from the plates and rinsed in 1X Towbin buffer for about 10 mins on a shaker 

to achieve equilibrium. The wet electroblotting method was used to transfer the 

separated proteins from the gel to a nitrocellulose membrane. To do this, first filter 

papers, sponges and nitrocellulose membrane were pre-equilibrated in 1X Towbin 

buffer. Afterwards a sandwich was prepared on the transparent side of a gel holder 

cassette in the following order; sponge - filter paper - membrane - gel - filter paper - 

sponge. Bubbles were removed with a spatula before closing the cassette and the gel 

sandwich placed in a trans-blot cell filled with cold 1X Towbin buffer. A cool pack was 

added to keep the temperature low and a magnetic stirrer used to maintain 

homogeneous conditions. To further prevent overheating, the trans-blot cell was 
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placed in a box containing ice on a magnetic stirrer plate and the transfer run at 100V 

for 90 mins. After transfer the membrane was incubated in Ponceau-S-red to check 

the efficiency of the transfer. When the protein bands became visible, the Ponceau-S-

red solution was decanted and the membrane washed with distilled water to remove 

excess staining. The position of the bands of the marker proteins were marked with a 

pen and a copy of the blot scanned. After this, the membranes were cut to the area 

with the protein of interest using the protein molecular weight marker as a guide. 

Incubation with primary and secondary antibodies: The wet membranes were 

blocked in 1X blocking solution for at least 1 h at RT. In order to be able to detect 

proteins, the membranes were incubated with the appropriate primary GSLC markers 

antibodies diluted as shown in 2.1.1.  Incubation was done in a 50 ml falcon tube placed 

on a roller mixer overnight at 4 °C. The following day, the membranes were washed 

three times for 10 mins in 1X TBST to remove antibody residues. Next, the membranes 

were incubated with the appropriate HRP-conjugated secondary antibody diluted in 8% 

milk for 1 h at RT. Afterwards the membrane was washed four times for 10 mins in 1X 

TBST to remove residues of secondary antibody.  

Detection of immunoblot signals by chemiluminescence: The ECL™ Select 

Western Blotting Detection Reagent was used to detect and quantify the antibody 

labelling. The reagent consisted of a peroxide and luminol solution which were mixed 

in equal volumes. The membranes were incubated in this mixture for about 1 min and 

afterwards the luminescent signal detected and captured using the Alpha Innotech 

Chemi Imager system.  

Stripping and re-probing: To re-probe the membranes the adherent antibodies were 

stripped with Restore™ PLUS western blot stripping buffer. The membranes were 

incubated in the stripping buffer for at least 20 mins at RT and washed once in 1X 

TBST. Afterwards, the blocking and incubation with different primary and secondary 

antibodies were performed as described above.  

Quantification of protein bands: The images of the detected proteins were quantified 

using the Image-J image analysis software. The band signals were evaluated by 

normalizing the protein values to that of the endogenous control ß-Actin. The ß-Actin 

protein was a loading control to ensure the correct interpretation of results across the 

three biological replicates performed.  
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3.8 Flow cytometry analysis 

Flow cytometry is a technology that uses immunostaining with labelled antibodies to 

measure the fluorescence intensity of cells and identify surface molecules or cytosolic 

proteins in a population of cells [158]. This principle was used to analyse the 

expression of GSLC markers in single cell suspensions obtained after the treatment of 

the enriched glioblastoma-derived spheres with drugs, radiation or both. A multi-colour 

antibody panel approach was applied using fluorescently conjugated antibodies with 

distinct fluorophores against GSLC markers (see 2.1.5). Since a multi-colour approach 

was used, compensation was done on the flow cytometer to correct for spectral overlap 

across the channels of the fluorophores. This was done using compensation beads 

(anti-mouse) stained with the same antibodies used in the flow cytometry experiment.  

Given the complexity of the multicolour approach applied, the GSLC marker antibodies 

for the flow cytometry analysis were first titrated to optimise their detection and dilution 

before use.  

In Figure 7, it is shown that all of the GSLC markers available except ALDH1A1, could 

be detected in LN229-sph. An increased fluorescence intensity of LN229-sph cells 

stained with Nestin, CD44 and SOX2 at dilutions of 1:50, 1:100 and 1:200 compared 

to the unstained cells was observed in the flow cytometric histograms. For ALDH1A1 

antibody, there was no difference between the unstained cells and the stained cells at 

any dilutions implying ALDH1A1 might not be present in the cells (Figure 7). 
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Figure 7: Antibody detection of GSLC markers in LN229-sph for flow cytometry 

experiments. The fluorescently conjugated antibodies for Nestin, CD44, SOX2 and ALDH1A1 

were titrated at 1:50, I: 100 and 1:200 to determine their optimal dilutions. The differences 

between the unstained cells (red) and the antibody-stained cells are shown.  

The results were similar in the U87-sph cells where there were increased fluorescent 

intensities for Nestin and CD44 stained cells at all dilutions compared to the unstained 

cells (Figure 8). 

For SOX2 and ALDH1A1 detection in U87-sph cells, higher dilutions at 1:10, 1:20 and 

1:50 were applied due to low levels of the markers. While the fluorescent intensity 

increased with increasing dilutions for SOX2 staining, no difference was detected with 

ALDH1A1 staining compared to unstained cells at any dilutions in U87-sph (Figure 8). 
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Figure 8: Antibody detection of GSLC markers in U87-sph for flow cytometry 

experiments. The fluorescently conjugated antibodies for Nestin and CD44 were titrated at 

1:50, 1:100 and 1:200 (upper two rows) and for SOX2 and ALDH1A1 at 1:10, 1:20 and 1:50 

(lower two rows) to determine their optimal dilutions. The differences between the unstained 

cells (red) and the antibody-stained cells are shown.  

Since ALDH1A1 was undetected in LN229-sph and U87-sph, only Nestin, CD44 and 

SOX2 antibodies were tested in the U251-sph cell line at 1:50, 1:100 and 1:200 (Figure 

9). All the three GSLC markers could be detected in U251-sph cells which is evident 

from the increased fluorescence intensities in comparison to the unstained cells as 

shown in Figure 9.  
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Figure 9: Antibody detection of GSLC markers in U251-sph for flow cytometry 

experiments. The fluorescently conjugated antibodies for Nestin, CD44 and SOX2 were 

titrated at 1:50, I: 100 and 1:200 to determine their optimal dilutions. The differences between 

the unstained cells (red) and the antibody-stained cells are shown.  

Generally, Nestin, CD44 and SOX2 were well detected in all enriched glioblastoma-

derived spheres and analyzed further at 1:100 dilutions except for SOX2 used at 1:20 

in U87-sph due to low levels. ALDH1A1 was excluded from further flow cytometry 

analysis. 

Table 5 shows the dilutions used for all subsequent GSLC marker studies using flow 

cytometry.  
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Table 5: Optimal antibody dilutions after titration 

Antibodies Fluorophore Dilution 

Nestin APC 1:100 

CD44 BV 785 1:100 

SOX2 PerCP-Cy5.5 1:00 (1:20 for U87-sph) 

Isotype control PerCP-Cy5.5 1:100 

Live/dead staining Zombie aqua 1:100 

 

3.8.1 Cell seeding and treatment (for flow cytometry analysis) 

To perform the experiment with treatment, 2 x 106 cells of the enriched glioblastoma-

derived sphere forming cells, were seeded in T25 ULA flasks and sham-irradiated or 

irradiated at 4 Gy 24 h after drug treatment (see 3.3). After a period of 72 h, the 

glioblastoma-derived spheres were harvested by dissociation into single cells with 

accutase and washing with 500 µl PBS before proceeding with the cell surface staining. 

3.8.2 Cell surface staining (for flow cytometry analysis of CD44) 

The staining of the GSLC marker CD44 found on the surface of cells was done before 

intracellular staining of proteins. To do this, the cell pellets were first resuspended in 

40 µl Fc-block diluted 1:10 in PBS for 10 mins at 4 °C. This was done to block protein 

epitopes on the cell surface and prevent unspecific binding of the antibodies. After this, 

the cells were washed once with FACS buffer (PBS + 0.5% BSA) and centrifuged at 

1000 x g for 5 mins. The supernatant was discarded and the cells resuspended in 50 

µl Zombie aqua dye (1:100 in PBS) to stain dead cells resulting from the various 

treatments. The live-dead staining was done for 30 mins at RT followed by addition of 

1 ml FACs buffer. Centrifugation was done at 1000 x g for 5 mins to discard the 

supernatant. The antibody master mix containing anti-CD44 was prepared in FACS 

buffer. From this, 50 µl was added to the cells and incubated at 4 °C for 20 mins. 

Afterwards the cells were washed with 500 ml FACs buffer and centrifuged at 1000 x 

g for 5 mins to discard the supernatant.  

3.8.3 Intracellular staining (for flow cytometry analysis of SOX2 and Nestin) 

Before proceeding with intracellular staining, the cell pellets were fixed and 

permeabilized to allow the binding of antibodies to intracellular proteins. This was done 
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using the eBioscience ™ Foxp3 / Transcription Factor Staining Buffer Set. The fixation 

buffer was prepared according to the manufacturer instructions. The cells were 

resuspended in 200 µl fixation buffer and incubated for 1 h at RT. After fixation, the 

cells were washed with 1X permeabilization buffer prepared 1:10 in PBS and 

centrifuged at 1000 x g for 5 mins to discard the supernatant. The cell pellets were 

incubated over night at 4 °C to continue the intracellular staining the following day. 

Before intracellular staining, the cells were washed once again with 1X 

permeabilization buffer to allow the antibodies into the cells for binding. After spinning 

down and discarding the supernatant, the antibody master mix containing anti-Nestin, 

and anti-SOX2 was prepared in permeabilization buffer. From this, 50 µl was used to 

resuspend the cells and incubate for 1 h at RT in the dark. After incubation, the cell 

pellets were washed once with 1 ml permeabilization buffer and centrifuged at 1000 x 

g for 5 mins to discard the supernatant. This was followed by another washing step but 

this time with PBS and then centrifugation to discard the supernatant. As a final step, 

the cells were resuspended in 200 µl PBS and transferred into the corresponding 

FACS tubes through 40 µm cell strainer caps. This was done to ensure single cell 

suspensions in the FACS tubes prior to acquisition.  

3.8.4 Acquisition and analysis of results 

The cells were analyzed by flow cytometry using a CytoFLEX LX flow cytometer and 

CytExpert software. The gating strategy to set a cut-off for negative and positive 

population was done using two gating controls. First, unstained cells were used to set 

negative gates. In addition, fluorescence minus one (FMO) controls that involve all the 

antibodies except one of each was used to address any spillover-induced background 

(Figure A18) [159]. Additionally, an isotype control for only SOX2 was included for all 

samples to set gates against non-specific antibody binding. The gating region on the 

controls were set to contain less than 1% of the cells for both single and double positive 

populations. The cytometer was set to acquire 2 x 104 cells per treatment for all three 

biological replicates performed.  

3.9 qRT-PCR analysis 

Quantitative real-time polymerase chain reaction (qRT-PCR) is a biological technique 

commonly used for the quantification of gene expressions in cells or tissue samples. 

This method was used to analyse and quantify the gene expression of GSLC markers 
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in each cell line after the treatment of drugs, radiation or both. A SYBR Green based 

qRT-PCR was used for both the RT2 Profiler PCR Array and for analysis of individual 

GSLC markers.  

3.9.1 RNA isolation 

To extract RNA from the samples, the cell pellets were harvested 72 hours after 

combined drug and radiation treatment and kept on ice or stored at -20 °C overnight. 

The Maxwell® 16 miRNA Tissue Kit was used for RNA isolation according to the 

manufacturer’s instructions. While the cell pellets were placed on ice, 200 µl of 1-

Thioglycerol / Homogenization solution supplied with the kit was added to each sample 

and left for 15 – 30 secs to homogenize. 200 µl Lysis Buffer and 15 µl Proteinase K 

was added to the homogenized sample and mixed by vortexing for 20 secs. Incubation 

was done for 10 mins while the Maxwell RSC cartridges supplied with the kit were 

prepared for each sample. After incubation, all the lysate was transferred to well 1 and 

10 µl of Blue DNase I solution added to well 4 of the cartridges. The cartridges were 

placed in the cartridge rack and the LEV plungers placed in well 8 of each cartridge. 

Next, 60 µl nuclease free water was pipetted into 0.5 ml elution tubes and placed in 

front of the cartridge rack. The cartridge with the samples was then placed in the 

Maxwell® 16 MDx instrument to start the automated purification run. After 2 h, the run 

was completed and the eluted RNA samples removed from the instrument and stored 

at -20 °C.  

3.9.2 Quantification of RNA 

The concentration of RNA was measured using 1 µl of each sample on a Nanodrop 

spectrophotometer device. The absorbance was read at 260 nm and 280 nm to 

determine the concentration and quality of the samples. A good RNA quality has a 

A260/280 ratio of 1.8 – 2.0. Only samples within this range were used.  

3.9.3 RT2 Profiler PCR Array – GSLC markers 

RT2 Profiler PCR Arrays are designed for the analysis of multiple genes involved in a 

specific biological pathway. Therefore, this PCR array was used to analyze the level of 

mRNA expression of eleven GSLC markers in the monolayer glioblastoma cell lines 

after combined treatment of the drugs and radiation. Following this, specific genes 

were chosen for validation by individual RT-PCR analysis. The PCR array was in 96-

well format and custom designed to contain eleven GSLC marker genes namely; 

STAT3, NES, NANOG, ALDH1A1, PROM1, SOX2, OLIG2, POU5F1, CD44, PLAUR 
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and PLAU. These were selected as potential GSLC markers expressed in 

glioblastoma. The two housekeeping genes used as controls were GAPDH and TBP. 

Three other controls were included in the array. These were a genomic DNA control 

(GDC) to detect non-transcribed DNA contamination, a reverse-transcription control 

(RTC) to test the efficiency of the reverse-transcription reaction and a positive PCR 

control (PPC) to test the efficiency of the PCR reaction itself.  

The reverse-transcription reaction for cDNA synthesis was performed using the RT2 

First Strand Kit according to the manufacturer’s instructions. To do this, 0.5 µg of total 

RNA was used. First, a genomic DNA elimination step was done according 

manufacturer instructions in Table 6. The 10 µl mixture was mixed, centrifuged briefly, 

incubated for 5 mins at 42 °C and placed immediately on ice for at least 1 min. This 

followed by the addition of 10 µl reverse-transcription mix to each sample prepared 

according to Table 7 to have a total volume of 20 µl. 

Table 6: Genomic DNA elimination mix for 1 reaction (RT2 First Strand Kit) 

Component Volume  

RNA 0.5 µg 

Buffer GE 2 µl 

RNase-free water variable 

Total volume 10 µl 

Table 7: Reverse-transcription mix for 1 reaction 

Component Volume (µl) 

5XBuffer BC3 4 

Control P2 1 

RE3 Reverse Transcriptase Mix 2 

RNase-free water 3 

Total volume 10 

The total mixture was incubated in a thermocycler at 42 °C for 15 mins and stopped by 

incubating at 95 °C for 5 mins. Next, 91 µl RNase-free water was added to each 
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reaction, mixed and placed on ice or stored at -20 °C before proceeding with the real-

time PCR reaction. For the real-time PCR reaction, the RT2 SYBR Green master mix 

was used with the components mixed according to Table 8. From this mix, 25 µl was 

added to each well of the custom RT2 profiler PCR array and sealed with a transparent 

adhesive film. The plates were then centrifuged for 1 min at 1000 x g to remove any 

bubbles and then placed on ice or at 4 °C.  

Table 8: Real-time PCR components mix  

Component Volume (µl) 

1 well 

Volume (µl) 

17 wells / sample 

2X RT2 SYBR Green master mix 12.5 212.5 

cDNA synthesis reaction 1 17 

RNase-free water 11.5 195.5 

Total volume 25 425 

The PCR reaction was performed with the StepOnePlus™ Real-time PCR system and 

the cycling conditions done according to Table 9. Each plate contained three technical 

replicates while the experiment was repeated once for all cell lines due to the expense. 

The results are presented in the appendix section B as tables (Table A1 -Table A4). 

Table 9: Real-Time PCR cycling mode 

Steps Temperature (°C) Duration Cycles 

Initial denaturation 95 10 mins Hold 

Denaturation 95 15 secs 40 

Annealing / 
Elongation 

60 1 min 

Melt curve stage I 95 15 secs  

Melt curve stage II 60 1 min 

Melt curve stage III 95 15 secs 
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3.9.4 RT-PCR for single target  

Because the GSLC markers Nestin, CD44, SOX2 and ALDH1A1 were well detected 

by protein analysis, they were analysed for RT-PCR after the various treatments. The 

synthesis of cDNA for the single analysis of genes of interest was done using the 

QuantiTect® Reverse Transcription Kit according to the manufacturer’s instructions. 

From the isolated RNA, 1 µg was used for this reaction. This was calculated and diluted 

with RNase-free water so that the total volume was 12 µl. After this, a genomic DNA 

(gDNA) elimination step was done by adding 2 µl gDNA wipeout buffer and incubating 

for 2 mins at 42 °C in a thermocycler (Table 10).  

Table 10: Genomic DNA elimination reaction components 

Component Volume (µl) 

gDNA Wipeout Buffer, 7X 2 

Template RNA (1 µg) Variable 

RNase-free water variable 

Total volume 14 

Afterwards the reverse-transcription master mix was prepared according to Table 11 

and added to the template RNA (14 µl) to achieve a total volume of 20 µl.  

Table 11: Reverse-transcription reaction components 

Component Volume (µl) 

Quantiscript Reverse Transcriptase 1 

Quantiscript RT Buffer, 5X 4 

RT Primer Mix  1 

Template RNA  

gDNA elimination reaction  14 

Total volume 20 
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The reaction mixture was incubated for 30 mins at 42 °C and then for 3 mins at 95 °C 

to inactivate the Quantiscript reverse transcriptase. The newly synthesized cDNA 

samples were placed on ice briefly and stored at -20 °C. 

The real-time PCR reaction was performed using the PowerUp™ SYBR™ Green 

master mix and the StepOnePlus™ Real-time PCR System. All the primers used were 

designed using the website https://www.genscript.com/tools/pcr-primers-

designer/advanced  with the annealing temperatures set at 60 °C. The primers were 

delivered in a stock of 100 pmol/µl primer and pairs were diluted together using RNase-

free water to have working concentrations of 5 pmol/µl. Table 12 shows the forward 

and reverse primers that were used.  

Table 12: GSLC marker primers 

Gene Forward Primer Reverse Primer 

CD44 TACTGTACACCCCATCCCAG TCCATGAGTGGTATGGGACC 

NES GCACCTCAAGATGTCCCTCA GGGAGTTCTCAGCCTCCAG 

SOX2  ATCGACGAGGCTAAGCG TCATGAGCGTCTTGGTTTTC 

ALDH1A1 TCTCGACAAAGCCCTGAAGT TATTCGGCCAAAGCGTATTC 

GAPDH  TGGTATCGTGGAAGGACTCA CCATCCACAGTCTTCTGGGT 

TBP GCCCGAAACGCCGAATAT CCGTGGTTCGTGGCTCTCT 

While thawing the cDNA on ice, the PCR reaction was prepared according to Table 

13. The components were mixed thoroughly and centrifuged briefly to remove air 

bubbles. Next, 9 µl of the master mix was pipetted into each well of 96-well PCR plates 

in three technical triplicates. This was followed by addition of 1 µl of the cDNA template 

so that the total volume in each well was 10 µl. As a negative control, 1 µl of nuclease 

free water was used as a template. 

 

 

https://www.genscript.com/tools/pcr-primers-designer/advanced
https://www.genscript.com/tools/pcr-primers-designer/advanced
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Table 13: Real-time PCR Master Mix 

Component Volume (µl) 

PowerUp™ SYBR™ Green Master Mix 
(2X) 

5 

Forward and Reverse primers 1 

Nuclease-free water 3 

Total volume 9 

The PCR reaction plate was sealed with a transparent foil to avoid evaporation and 

spun down at 300 x g for 2 mins to remove any air bubbles. After this, the reaction 

plate was placed in the instrument and the real-time PCR reaction run according to the 

program in Table 9 for all primers. After the run was completed, the data was analyzed 

using the StepOne software v2.3.  

Data analysis of real-time PCR amplifications: The signal intensity of the SYBR 

Green fluorescent dye detected during the PCR amplifications was used to quantify 

the levels of the specific RNA in the samples. First the raw data and amplification plots 

were viewed using the StepOne software v2.3. Then the baseline and threshold cycles 

(CT) for the amplification curves were calculated using the software. The baseline was 

set by the initial cycle of PCR where there was very little change in the fluorescent 

signal. The CT threshold was automatically set by the StepOne software at a point in 

the exponential phase of the amplification curve while the CT value was the number at 

which the fluorescent signal crossed the threshold as shown in Figure 10.  

Since there were three technical replicates per sample, the mean of the CT value was 

calculated. To check for non-specificity of the Real-time PCR reaction, the melt curves 

following the cycling program was checked. A single peak for each amplified product 

of the target gene is required to rule out non-specific amplifications. 
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Figure 10: Real-Time PCR amplification plot. A plot showing the amplification curve in 

technical triplicates of a selected GSLC marker. The plot displays the calculated threshold, 

start of baseline and the CT value.  

The fold changes of the target genes were calculated using the 2–ΔΔCt method [160] as 

described in the following steps;  

a) The CT values of the target gene for each sample was normalized to the CT 

values of the endogenous gene (TBP) and presented as ΔCT; 

ΔCT = CT (target gene) - CT (endogenous gene) 

 

b) Next the difference in the expression levels of the target genes was calculated 

by normalizing to the control samples  

ΔΔCT = ΔCT (treated samples) - ΔCT (control samples) 

 

c) The fold change of the target gene expression was finally calculated as;  

2-ΔΔCT = 2 - (ΔCT (treated samples) - ΔCT (control samples)) 
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3.10  Statistical analysis 

All experiments were performed with a minimum of three biological replicates and with 

technical replicates as specified. All data presented represent the mean ± standard 

error of mean (SEM) of the biological replicates. The statistical evaluation of the data 

was performed comparing the control and treated groups using unpaired two-tailed 

student’s t-test. Statistical significance was assumed if the p-value was ≤ 0.05. The p-

value was denoted as follows *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001 (versus 0 Gy) or 

#p ≤ 0.05, ##p ≤ 0.01 and ###p ≤ 0.001 (versus 4 Gy). A two-way ANOVA analysis was 

additionally done for cell viability assay, sphere formation assay, western blots, flow 

cytometry analysis and RT-PCR to confirm the general significant effects of drug 

treatment and irradiation.



4 RESULTS 

4.1 Bioinformatic analysis of stem cell marker gene expression in 

glioblastoma 

To validate the concept that GSLC marker expressions are higher in glioblastoma than 

in normal brain tissue, we compared their levels of gene expression using publicly 

available databases from the TCGA and GTEx projects. This was done using the 

Genetic Expression Profiling Interactive Analysis (GEPIA) web server [154]. The gene 

expressions of CD44, Nestin, SOX2 and ALDH1A1 were examined in 163 glioblastoma 

samples and 207 non-cancerous brain tissues within the TCGA and GTEx data. We 

chose to analyse these GSLC markers genes because their protein expressions were 

detected in the glioblastoma cell lines as shown in 4.2. The gene expressions of CD44, 

Nestin and SOX2 were all significantly higher in the glioblastoma samples than in the 

non-cancerous tissues (Figure 11). In contrast, ALDH1A1 gene expression was higher 

in non-cancerous brain tissues than in the glioblastoma samples.   

4.2 Effect of radiation on the expression of GSLC marker proteins 

in monolayer glioblastoma cells lines. 

All glioblastoma cell lines (A172, LN229, U87 and U251) were analysed by western 

blotting to detect if the GSLC marker proteins (Nestin, CD44, SOX2 and ALDH1A1) 

were expressed. The glioblastoma cell lines were further irradiated to determine the 

effect of 4 Gy radiation on their expression after 24, 48 and 72 hours. The 

representative results of 24 and 48 hours after irradiation are presented in the appendix 

section A (Figure A1) showing differential responses of the GSLC markers to radiation. 

The results after 72 hours are shown in Figure 12.  

The quantified data in Figure 12 shows that Nestin expression was increased 72 hours 

after 4 Gy radiation in A172 but remained unchanged in LN229, U87 and U251. 

Radiation of 4 Gy increased the expression of CD44 in A172 but again had no 

significant changes in the other glioblastoma cell lines. The expression of ALDH1A1 

and SOX2 (not detected in U87) were also not significantly affected 72 hours after 4 

Gy radiation.  
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Figure 11: GSLC marker expression in glioblastoma. TCGA and GTEx database 

comparison of GSLCs marker (CD44, Nestin, SOX2 and ALDH1A1) expression between 

Tumor (red; 163 samples) and non-cancerous brain tissue (gray; 207 samples). Box plots 

derived from TCGA normal and GTEx data downloaded via the GEPIA web server (ANOVA: 

*p-value < 0.05).  
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Generally, 4 Gy radiation alone after 72 hours had no significant effect on the protein 

expression of the GSLC markers in all the glioblastoma cell lines tested confirming 

radioresistance (Figure 12). Because of this, further experiments with HDACi or MEKi 

treatments were analyzed after 72 hours of radiation for comparison.  

 

Figure 12: Western blot analysis of GSLC markers after 72 hours of 4 Gy radiation in 

glioblastoma cell lines. Quantification for Nestin, CD44, SOX2 and ALDH1A1 72 hours after 

irradiation of A172, LN229, U87 and U251 cell lines. Relative GSLC marker expressions first 

normalised to Actin and then to sham irradiated control cells (0 Gy) set to 1. Graphs represent 

mean values (n=3, ns=nonsignificant, T-test) and standard error of mean (SEM). 

Representative blots of quantified data are shown. 
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4.3 Responses of GSLC marker proteins to combined treatment of 

HDACi and MEKi with radiation (Monolayer).   

Since 4 Gy radiation alone did not have a significant effect on GSLC marker protein 

expression after 72 hours, we investigated the efficacy of combining radiation with the 

HDACi (MS-275) or the MEKi (TAK-733 or trametinib) including the combination of 

both (MS-275 and TAK-733 or MS-275 and trametinib) with 4 Gy radiation. The 

treatment concentrations were chosen based on the Genomics of Drug Sensitivity in 

Cancer (GDSC) databases that revealed the potent concentrations of the HDACi and 

MEKi in glioblastoma treatment range between 0.9 - 55.5 µM [161]. Therefore, we 

chose the approximately lowest potent concentration of 1 µM. Additionally, the 

standard treatment of glioblastoma with TMZ and radiation was applied to control 

cultures for comparison. TMZ was used at a concentration of 50 µM based on previous 

testing on glioblastoma cells [75]. The treatment conditions for these experiments 

together with 4 Gy radiation are listed below;   

• 1 µM HDACi MS-275 

• 1 µM MEKi TAK-733 (TAK) 

• 1 µM Trametinib (TRA) 

• 1 µM MS-275 + 1 µM TAK-733  

• 1 µM MS-275 + 1 µM Trametinib 

• 50 µM TMZ  

All results were analysed 72 hours after 4 Gy radiation. The quantified data are 

presented below while the representative western blots are presented in the appendix 

section B (Figure A2 - Figure A5) 

A172 Monolayer: In A172 cells, TMZ treatment alone and with radiation only showed 

a potential to reduce SOX2 expression with no other significant effect (Figure 13). MS-

275 alone could significantly reduce SOX2 expression with a trend towards a further 

decrease when combined with 4 Gy radiation. Treatment with TAK-733 alone 

significantly reduced SOX2 expression as well as CD44 when combined with radiation. 

Trametinib alone significantly reduced all markers (Nestin, CD44, SOX2 and 

ALDH1A1) and when combined with radiation, Nestin and CD44 remained significantly 

lowered. Upon the combined treatment with the HDACi and MEKi (MS-275 and TAK-
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733 or MS-275 and trametinib), the expression of Nestin, CD44 and SOX2 were 

reduced and remained so when combined with 4 Gy radiation (Figure 13). ALDH1A1 

expression was not significantly changed by the combined treatments. 

 

Figure 13: Western blot analysis of GSLC markers 72 hours after combined treatment 

of drugs and 4 Gy radiation in A172 cells. Quantification data for Nestin, CD44, SOX2 and 

ALDH1A1 after treatment are shown. (Drugs; 1 µM MS-275 = MS, 1 µM TAK-733 = TAK, 1 

µM trametinib = TRA, 50 µM TMZ = TMZ). Relative GSLC marker expressions first normalised 

to Actin and then to sham irradiated control cells treated with DMSO. [n = 3; ± SEM; *Student’s 

t-test; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 (versus DMSO 0 Gy); #Student’s t-test; #p ≤ 0.05, 

##p ≤ 0.01, ###p ≤ 0.001 (versus DMSO 4 Gy)]. 

LN229 Monolayer: In LN229 cells, TMZ treatment alone and with radiation showed no 

significant effect on all GSLC markers as well as MS-275 treatment alone and with 

radiation (Figure 14). Treatment with TAK-733 alone significantly reduced Nestin, 

SOX2 and ALDH1A1 with Nestin and ALDH1A1 remaining significantly decreased 
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upon radiation exposure. Trametinib treatment with radiation as well as the 

combination of HDACi and MEKi with radiation could reduce the ALDH1A1 expression 

while CD44 and SOX2 were not significantly changed. However, the combination of 

MS-275 and trametinib alone and with radiation could significantly reduce Nestin 

expression (Figure 14).  

 

Figure 14: Western blot analysis of GSLC markers after 72 hours combined treatment 

of drugs and 4 Gy radiation in LN229 cells. Quantification data for Nestin, CD44, SOX2 and 

ALDH1A1 after treatment are shown. (Drugs; 1 µM MS-275 = MS, 1 µM TAK-733 = TAK, 1 

µM trametinib = TRA, 50 µM TMZ = TMZ). Relative GSLC marker expressions first normalized 

to Actin and then to sham irradiated control cells treated with DMSO. Representative blots of 

quantified data are shown (down) [n = 3; ± SEM; *Student’s t-test; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 

0.001 (versus DMSO 0 Gy), #Student’s t-test; #p ≤ 0.05, ##p ≤ 0.01 (versus DMSO 4 Gy)]. 

U87 Monolayer: In U87 cells, TMZ treatment alone displayed no significant effect on 

all GSLC markers but showed a trend to increase Nestin when combined with radiation 

(Figure 15). The expression of SOX2 remained undetected by all treatment conditions 
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except for TMZ and radiation treatment that led to extremely increased SOX2 levels. 

MS-275 treatment alone significantly reduced ALDH1A1 but did not change Nestin and 

CD44 while no significant effect of radiation was detected. Treatment with TAK-733 

alone and with radiation displayed no significant effect. Similar results were observed 

with trametinib treatment except for the significant reduction of ALDH1A1, however, no 

additional effect of radiation was detected. MS-275 and TAK-733 alone significantly 

reduced ALDH1A1 while MS-275 and trametinib alone and with radiation significantly 

reduced both CD44 and ALDH1A1 (Figure 15).  

 

Figure 15: Western blot analysis of GSLC markers after 72 hours combined treatment 

of drugs and 4 Gy radiation in U87 cells. Quantification data for Nestin, CD44, SOX2 and 

ALDH1A1 after treatment are shown. (Drugs; 1 µM MS-275 = MS, 1 µM TAK-733 = TAK, 1 

µM trametinib = TRA, 50 µM TMZ = TMZ). Relative GSLC marker expressions first normalized 

to Actin and then to sham irradiated control cells treated with DMSO. Representative blots of 

quantified data are shown (down) [n = 3; ± SEM; *Student’s t-test; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 

0.001 (versus DMSO 0 Gy), #Student’s t-test; #p ≤ 0.05 (versus DMSO 4 Gy)]. 
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U251 Monolayer: in U251 cells, TMZ alone and with radiation showed no significant 

effect on all GSLC markers. Likewise, all treatments with MS-275, TAK-733 and 

trametinib alone or with radiation displayed no significant effect. (Figure 16). Upon the 

combination of HDACi and MEKi, only the combination of MS-275 and TAK-733 plus 

radiation or MS-275 and trametinib alone significantly reduced Nestin in U251 (Figure 

16).  

 

Figure 16: Western blot analysis of GSLC markers after 72 hours combined treatment 

of drugs and 4 Gy radiation in U251 cells. Quantification data for Nestin, CD44, SOX2 and 

ALDH1A1 after treatment are shown. (Drugs; 1 µM MS-275 = MS, 1 µM TAK-733 = TAK, 1 

µM trametinib = TRA, 50 µM TMZ = TMZ). Relative GSLC marker expressions first normalized 

to Actin and then to sham irradiated control cells treated with DMSO. Representative blots of 

quantified data are shown (down) [n = 3; ± SEM; *Student’s t-test; *p ≤ 0.05 (versus DMSO 0 

Gy), #Student’s t-test; #p ≤ 0.05 (versus DMSO 4 Gy)]. 

Taken together, the western blot analysis results revealed differential responses of 

A172, LN229, U87 and U251 cells to the combined treatment of the HDACi and MEKi 
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as single or combined drugs with radiation. Since the cell lines tested were 

differentiated monolayer glioblastoma cell lines, it was difficult to be conclusive on the 

effectiveness of the combined treatment with radiation against the GSLC population.  

4.4 Enrichment of GSLC population by sphere culture 

In the order to enrich the stem-like glioblastoma target population based on the 

established in vitro method [162], the glioblastoma cell lines were each cultured in stem 

cell medium as glioblastoma-derived spheres.  

4.4.1 Morphology of glioblastoma cells and stem cell-enriched glioblastoma-

derived spheres  

The glioblastoma parental cell lines A172, LN229, U87 and U251 were cultured as 

adherent monolayer cells grown in medium containing serum. Their enriched 

counterparts were cultured as glioblastoma-derived spheres (A172-sph, LN229-sph, 

U87-sph and U251-sph) grown in serum-free medium containing stem cell 

supplements (see 2.9.2).  

In Figure 17, the morphology of the adherent glioblastoma cells and their glioblastoma-

derived spheres are shown. During adherent culture, it was observed that LN229, U87 

and U251 grew faster than A172 cells, however, they all formed monolayers cells 

exhibiting a mixture of cells with some flat polygonal and some with fibroblast-like 

morphology with cytoplasmic extensions.  

All the glioblastoma cell lines tested successfully formed spheres after the first passage 

in stem cell medium cultured in ULA flasks. The isolated cells initially floated and 

aggregated into clusters forming round or ovoid sphere-like structures in the flasks 

(Figure 17). The spheres formed continued to grow up to a size of about 200 µm in 

diameter. The ability to form spheres was maintained for eight passages in LN229-sph, 

U87-sph and U251-sph before they were used for further experiments. In contrast, 

A172-sph stopped growing after the third passage and could therefore not be used for 

further analysis.  
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Figure 17: Morphology of glioblastoma cell lines and their glioblastoma-derived 

spheres. The representative images of the morphology of A172, LN229, U87 and U251 

(cultured in medium containing serum as adherent cells) and their glioblastoma-derived 

spheres A172-sph, LN229-sph, U87-sph and U251-sph (cultured in serum-free medium with 

stem cell supplements). Scale bar = 100 μm. 
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4.4.2 Increased expression of GSLC markers after enrichment of glioblastoma 

cell lines by sphere culture in stem cell medium 

In order to determine whether the glioblastoma-derived spheres were enriched for 

GSLCs at the eighth passage, double-labelling by co-immunoflourescence staining of 

the stem cell markers was performed. The glioblastoma-derived spheres and their 

parental cell lines were both immunostained to compare the GSLC marker levels under 

the two culture conditions. As noted in 4.4.1, the A172 cell line was not studied as 

spheres were not able to grow after three passages.  

Figure 18 shows the increased number of double-labelled cells of CD133 and CD44 in 

LN229-sph cells compared to their parental LN229 cells. This was also the same for 

the double-labelling of ALDH1A1 and Nestin and for SOX2 and Nestin in LN229-sph.  

 

Figure 18: Representative images of co-immunofluorescence staining of LN229 and 

LN229-sph. The LN229-sph cells showed an increased dual expression of the GSLC markers 

CD133 (red), CD44 (green), ALDH1A1 (red), Nestin (green) and SOX2 (red) compared to the 

LN229 parental cells. Scale bar = 100 μm. 

A similar result could be observed in the U87 cells as shown in Figure 19. Only a few 

numbers of U87 monolayer cells were double-labelled for CD133 and CD44, ALDH1A1 

and Nestin or SOX2 and Nestin. However, an increased number of double-labelled 

GSLC markers could be clearly seen in the representative pictures of U87-sph cells.  
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Figure 19: Representative images of co-immunofluorescence staining of U87 and U87-

sph. The U87-sph cells showed an increased dual expression of the GSLC markers CD133 

(red), CD44 (green), ALDH1A1 (red), Nestin (green) and SOX2 (red) compared to the U87 

parental cells. Scale bar = 100 μm. 

The representative images for the double-labelling of GSLC markers in U251 and 

U251-sph are shown in Figure 20. Again, an increased number of double-labelled cells 

for CD133 and CD44 or SOX2 and Nestin was observed in U251-sph compared to 

U251. However, ALDH1A1 remained undetected in both U251 and U251-sph.  
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Figure 20: Representative images of co-immunofluorescence staining of U251 and 

U251-sph. U251-sph cells showed an increased dual expression of the GSLC markers CD133 

(red), CD44 (green), Nestin (green) and SOX2 (red) compared to the U251 parental cells. 

Scale bar = 100 μm. 

Overall, the co-immunoflourescence staining images of the cells showed that there 

was an increased number of double-labelled GSLC markers in the stem cell-enriched 

glioblastoma-derived spheres compared to their parental cell lines. This suggests that 

most of the glioblastoma cells acquired more stem cell features under stem cell culture 

conditions leading to the increased detection of GSLC markers. 

Table 14 summarizes the stem cell markers detected in the enriched spheres with the 

plus sign indicating detection and minus sign no detection. 

Table 14: Summary of co-immunofluorescence staining results 

Enriched spheres CD133 CD44 ALDH1A1 Nestin SOX2 Nestin 

LN229-sph +   + +   + +   + 

U87-sph +   + +   + +   + 

U251-sph +   + -   + +   + 

*Plus sign indicates detection while minus sign indicates no detection of GSLC markers 

4.5 Validation of the inhibitory actions of the HDACi and MEKi on 

acetylation and MAPK phosphorylation. 

The inhibitory actions of MS-275 on protein deacetylation to increase acetylation and 

of TAK-733 and trametinib on MAPK phosphorylation were confirmed using U87-sph 

and U251-sph cell models.  

Figure 21 shows that acetylated Histone H3 (Acetyl-H3) was increased in U87-sph and 

U251-sph compared to the 0 Gy DMSO control samples after 48 hours of treatment 

with 1 µM MS-275. A further increase was observed at 10 µM with a fold change value 

of up to 26 in both U87-sph and U251-sph. This increase in acetylation was maintained 

in both with and without 4 Gy radiation confirming the activity of the drug. 
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Figure 21: Action of the HDACi MS-275 (MS) in the enriched glioblastoma-derived 

spheres. Quantification data for Acetyl-H3 (17 kDa) in U87-sph and U251-sph 48 hours after 

HDACi treatment and 4 Gy irradiation. Relative Acetyl-H3 expression was first normalized to 

actin and then to the respective 0 Gy DMSO sample (n = 2). Actin (45 kDa) was used as the 

baseline control for comparison. 

The MEK inhibitors TAK-733 and tramentinib were tested by their ability to inhibit the 

activation of phosphorylated MAPK (pMAPK). In U87-sph, Figure 22 showed that 1 µM 

TAK-733 reduced pMAPK expression while at 10 µM pMAPK was completely 

eradicated. Likewise, pMAPK expression was not detected upon treatment with 

trametinib at both 1 and 10 µM.  

In the case of U251-sph, pMAPK levels were only slightly reduced upon treatment with 

1 µM TAK-733, however, at 10 µM pMAPK was eradicated. Similar to U87-sph, 

treatment of U251-sph with trametinib at 1 and 10 µM completely eradicated pMAPK. 

As seen on the representative blots, neither MEK inhibitor affected the basal levels of 

MAPK (Figure 22).  
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Figure 22: Action of the MEKi TAK-733 (TAK) or trametinib (TRA) in the enriched 

glioblastoma-derived spheres. Quantification data for pMAPK (42/44 kDa) in U87-sph and 

U251-sph 48 hours after MEKi treatment. Relative pMAPK expression was first normalized to 

actin and then to the respective DMSO sample (n = 2). Actin (45 kDa) was used as the baseline 

control for comparison. 

4.6 Cell viability decreased with increasing concentrations of 

HDACi or MEKi with radiation  

In order to identify the doses of drugs where effects on cell viability are observed in 

combination with 4 Gy radiation, the enriched glioblastoma-derived spheres were 

treated with increasing concentrations of 1, 10 and 50 µM of each compound. The cell 

viability was determined 72 hours after radiation exposure.  

LN229-sph: Figure 23 shows that in LN229-sph cells, the effect of TMZ to reduce cell 

viability was lesser compared to the HDACi or MEKi at all concentrations with and 

without radiation. It can also be seen that the viability was significantly decreased by a 
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single treatment with the HDACi (MS-275) or MEKi (TAK-733 and trametinib) at 1 µM 

alone or with radiation compared to treatment with radiation alone. The decrease in 

cell viability was maintained at 10 and 50 µM concentrations where the cell viability 

became either extremely low or undetected by single treatment with the HDACi or 

MEKi or in combination with radiation (Figure 23). 

 

Figure 23: CellTiter-Glo® viability assay of LN229-sph. The cell viability of LN229-sph cells 

decreased with increasing concentration of drugs. Viability of cells was measured by 

quantification of luminescence 72 hours after treatment with 1, 10 and 50 µM of drugs and 4 

Gy radiation. Data represents mean values ± SEM (n = 3). Bars not visible represent mean 

values less than or equal to 0. [Student’s t-test; ***p ≤ 0.001 (versus DMSO 0 Gy), ###p ≤ 0.001 

(versus DMSO 4 Gy). 2-way ANOVA; p-value <0.0001]. 

U87-sph: As observed in LN229-sph, viability was always higher in U87-sph cells 

treated with TMZ and radiation at 1, 10 and 50 µM compared to the HDACi or MEKi 

treatment with radiation (Figure 23 and Figure 24). 
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Similar results could also be detected in the U87-sph cells where at 1 µM, the HDACi 

or MEKi alone or combined treatment with radiation significantly reduced cell viability 

compared to treatment with radiation alone. As the concentration of the drugs 

increased to 10 and 50 µM, a greater decrease in viable cells was detected compared 

to 4 Gy treatment only (Figure 24).  

 

Figure 24: CellTiter-Glo® viability assay of U87-sph. The cell viability of U87-sph cells 

decreased with increasing concentration of drugs. Viability of cells was measured by 

quantification of luminescence 72 hours after treatment with 1, 10 and 50 µM of drugs and 4 

Gy radiation. Data represents mean values ± SEM (n = 3). Bars not visible represent mean 

values less than or equal to 0. [Student’s t-test; ***p ≤ 0.001 (versus DMSO 0 Gy), ###p ≤ 0.001 

(versus DMSO 4 Gy). 2-way ANOVA; p-value <0.0001]. 

U251-sph: Interestingly, the viability of the U251-sph cells was significantly increased 

by a single treatment with the standard compound TMZ at 1, 10 and 50 μM. When 

combined with radiation, the increase due to TMZ was nullified (Figure 25). The 
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reduction of U251-sph cell viability after single treatment with the HDACi or MEKi alone 

or combined with radiation was also detected compared to radiation only. This 

reduction was maintained at 1, 10 and 50 µM concentrations of the drugs with no 

remaining viable U251-sph cells detected after treatment with MS-275 at 10 and 50 

µM (Figure 25).  

 

Figure 25: CellTiter-Glo® viability assay of U251-sph. The cell viability of U251-sph cells 

decreased with increasing concentration of drugs. Viability of cells was measured by 

quantification of luminescence 72 hours after treatment with 1, 10 and 50 µM of drugs and 4 

Gy radiation. Data represents mean values ± SEM (n = 3). Bars not visible represent mean 

values less than or equal to 0. [Student’s t-test; ***p ≤ 0.001 (versus DMSO 0 Gy), ###p ≤ 0.001 

(versus DMSO 4 Gy). 2-way ANOVA; p-value <0.0001]. 

Taken together, the results imply that the HDACi and MEKi requires a lower 

concentration of 1 µM to reduce cell viability as opposed to the standard compound 

TMZ. For further analysis, the HDAC and MEKi were used at 1 µM because of the cell 

viability results indicating 10 and 50 µM concentrations were too high. TMZ was used 

at 50 µM since viability could still be detected at this high concentration.  
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4.7 Sphere forming ability of cells from GSLC-enriched 

glioblastoma spheres is inhibited by the combined treatment of 

HDACi and MEKi with radiation 

To further investigate the effect of combining the HDACi and MEKi with radiation 

compared to either treatment alone, the sphere forming ability of the GSLCs were 

tested after treatment. The sphere formation rate was defined as the number of 

spheres divided by the total number of starting cells.  

LN229-sph: Figure 26 shows that in LN229-sph, radiation exposure alone at 4 Gy 

significantly reduced sphere formation capacity. The treatment with TMZ alone or with 

radiation was a very effective treatment since there were almost no spheres formed.  

Also, in the LN229-sph (Figure 26), treatment with the HDACi MS-275 alone or 

combined with radiation showed no significant effect. Treatment with the MEKi (TAK-

733 or trametinib) alone significantly reduced sphere formation compared to the 

untreated cells (DMSO) with an enhanced reduction observed when combined with 4 

Gy radiation.  

The combination of HDACi and MEKi reduced the number of spheres formed 

significantly (***p ≤ 0.001) compared to the control cells. The addition of radiation to 

the combined MS-275 and trametinib treatment significantly enhanced the reduction of 

sphere formation (###p ≤ 0.001) as no spheres were formed (Figure 26).  
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Figure 26: Treatment of HDACi and MEKi with radiation inhibited sphere formation of 

LN229-sph. Representative images of spheres formed 14 days after treatment of drugs and 

radiation in LN229-sph cells are shown (up; scale bar = 100 µm). Quantified data represents 

sphere formation rate (%) normalized to the DMSO treated cells as control set to 100%. Data 

represents mean values ± SEM (n = 3). [*Student’s t-test; **p ≤ 0.01, ***p ≤ 0.001 (versus 

DMSO 0 Gy), ##p ≤ 0.01 ###p ≤ 0.001 (versus DMSO 4 Gy). 2-way ANOVA; p-value <0.0001] 

U87-sph: Comparable results were detected in U87-sph cells as shown in Figure 27. 

Radiation alone significantly reduced sphere formation while no spheres were formed 

with TMZ alone. By adding radiation to TMZ, a significant reduction of spheres could 

be seen compared to the untreated cells.  

Also in U87-sph, Figure 27 showed that treatment with MS-275 alone or combined with 

radiation significantly reduced sphere formation. With the treatment of TAK-733 or 

trametinib alone, sphere formation was significantly reduced with an enhanced 

reduction observed when combined with 4 Gy radiation. Significantly fewer spheres 
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were formed upon the combined treatment of the HDACi and MEKi alone. Like in 

LN229-sph, the addition of radiation to the combined treatment of HDACi and MEKi 

significantly led to a greater reduction in sphere formation (##p ≤ 0.01) compared to the 

single treatment in U87-sph (Figure 27). 

 

Figure 27: Treatment of HDACi and MEKi with radiation inhibited sphere formation of 

U87-sph GSLCs. Representative images of spheres formed 14 days after treatment of drugs 

and radiation in U87-sph cells are shown (up; scale bar = 100 µm). Quantified data represents 

sphere formation rate (%) normalized to the DMSO treated cells as control set to 100%. Data 

represents mean values ± SEM (n = 3). [*Student’s t-test; ***p ≤ 0.001 (versus DMSO 0 Gy), 

#p ≤ 0.05 ##p ≤ 0.01 (versus DMSO 4 Gy). 2-way ANOVA; p-value <0.0001]. 

U251-sph: In U251-sph, Figure 28 shows that radiation alone did not have a significant 

effect on sphere formation. TMZ treatment alone significantly reduced sphere 

formation compared to the untreated cells, however, no additional effect was detected 

when combined with radiation.  
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While there was a tendency for MS-725 alone to reduce sphere formation in U251-

sph, no significant effect was detected when combined with radiation (Figure 28). 

Single treatments with TAK-733 or trametinib significantly reduced the number of 

spheres formed compared to the untreated cells with no additional effect of radiation 

detected. Upon the combination of the HDACi and MEKi, sphere formation remained 

inhibited with a greater effect observed by combining MS-275 and trametinib (***p ≤ 

0.001). By adding radiation to the combined treatment, sphere formation remained 

significantly (#p ≤ 0.05) low (Figure 28). 

 

Figure 28: Treatment of HDACi and MEKi with radiation inhibited sphere formation of 

U251-sph GSLCs. Representative images of spheres formed 14 days after treatment of drugs 

and radiation in U251-sph cells are shown (up; scale barb=b100 µm). Quantified data 

represents sphere formation rate (%) normalized to the DMSO treated cells as control set to 

100%. Data represents mean values ± SEM (n = 3). [*Student’s t-test; ***p ≤ 0.001 (versus 

DMSO 0 Gy), #p ≤ 0.05 (versus DMSO 4 Gy). 2-way ANOVA; p-value <0.01]. 
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Generally, treatment with the standard compound TMZ at 50 μM alone or with radiation 

was more effective in reducing the sphere formation of LN229-sph and U87-sph cells 

compared to the U251-sph cells (Figure 26 - Figure 28).  

Given that sphere formation measures self-renewal of stem cells [163, 164] the results 

showed that the combined treatment of the HDACi and MEKi with radiation could 

significantly decrease the self-renewal ability of the GSLCs in some cell lines. This 

suggests that the combined treatment with radiation has a potential to change the 

number of GSLCs present. To test this, we investigated the effect of the combined 

treatment on GSLC markers as presented in 4.8. 

4.8 Response of GSLC marker proteins in enriched glioblastoma-

derived spheres to combined treatment of HDACi and MEKi 

with radiation 

Next, we determined whether the combination of the HDACi and MEKi with radiation 

was effective against the protein expressions of the GSLC markers Nestin, CD44, 

SOX2 and ALDH1A1 in LN229-sph, U87-sph and U251-sph. This was done by western 

blot quantification performed 72 hours after 4 Gy radiation and combined treatment of 

the inhibitors. 

LN229-sph: The results in Figure 29 show that 4 Gy radiation alone did not have any 

effect on any GSLC marker in LN229-sph. Treatment with TMZ alone and combined 

with radiation showed no effect on Nestin, CD44 and SOX2 but significantly reduced 

ALDH1A1. Similarly, MS-275 treatment alone or combined with radiation significantly 

reduced ALDH1A1. Treatments with the MEKi TAK-733 or trametinib alone showed no 

significant effect on Nestin but significantly reduced SOX2 and ALDH1A1. By adding 

radiation to TAK-733, Nestin, SOX2 and ALDH1A1 were significantly reduced while 

trametinib with 4 Gy radiation significantly reduced SOX2 and ALDH1A1 (Figure 29). 

By combining the HDACi and MEKi in LN229-sph (Figure 29), only MS-275 combined 

with trametinib alone and with 4 Gy radiation significantly reduced the expression of 

Nestin compared to treatment with radiation alone (**p ≤ 0.01, ##p ≤ 0.01). However, 

both combinations of HDACi and MEKi (MS + TAK and MS + TRA) alone and 

combined with radiation significantly reduced SOX2 and ALDH1A1. It was observed 

that all the single and combined treatment conditions showed no significant effect on 
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CD44 but surprisingly showed a trend to increase its expression in LN229-sph (Figure 

29). 

To summarize the results in LN229-sph, it was demonstrated that the combination of 

HDACi and MEKi with radiation could significantly reduce Nestin, SOX2 and ALDH1A1 

protein expression with a trend to increase CD44 (Figure 29). 

 

Figure 29: Western blot analysis of GSLC markers after 72 hours combined treatment 

of drugs and 4 Gy radiation in LN229-sph cells. Quantification data for Nestin, CD44, SOX2 

and ALDH1A1 after treatment are shown. (Drugs; 1 µM MS-275 = MS, 1 µM TAK-733 = TAK, 

1 µM trametinib = TRA, 50 µM TMZ = TMZ). Relative GSLC marker expressions first 

normalized to Actin and then to sham irradiated control cells treated with DMSO. [n = 3; ± SEM; 

*Student’s t-test; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 (versus DMSO 0 Gy), #Student’s t-test; #p 

≤ 0.05, ##p ≤ 0.01 (versus DMSO 4 Gy). 2-way ANOVA; p-value <0.0001 (SOX2, ALDH1A1)] 

U87-sph: In U87-sph, Figure 30 shows that radiation alone had no significant effect on 

the GSLC marker proteins.  TMZ treatment alone also did not affect Nestin and CD44 
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but reduced SOX2 and ALDH1A1. By adding radiation to TMZ, only SOX2 was 

significantly reduced. A similar result could be seen with MS-275 treatment alone and 

combined with radiation. Treatment with MEKi TAK-733 or trametinib as single or 

combined agents with radiation, significantly reduced Nestin, SOX2 and ALDH1A1 with 

a trend to increase CD44.  

By combining the HDACi and MEKi in U87-sph, the expression of Nestin, SOX2 and 

ALDH1A1 were significantly reduced, with SOX2 completely erradicated by MS-275 

and trametinib treatment. Also, the extent of the reduction using combined HDACi and 

MEKi was further enhanced by the addition of 4 Gy radiation exposure (##p ≤ 0.01 ###p 

≤ 0.001). As also seen with LN229-sph, all the treatment conditions showed a tendency 

to increase CD44 in U87-sph (Figure 30).  

 

Figure 30: Western blot analysis of GSLC markers after 72 hours combined treatment 

of drugs and 4 Gy radiation in U87-sph cells. Quantification data for Nestin, CD44, SOX2 
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and ALDH1A1 after treatment are shown. (Drugs; 1 µM MS-275 = MS, 1 µM TAK-733 = TAK, 

1 µM trametinib = TRA, 50 µM TMZ = TMZ). Relative GSLC marker expressions first 

normalized to Actin and then to sham irradiated control cells treated with DMSO. [n = 3; ± SEM; 

*Student’s t-test; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 (versus DMSO 0 Gy), #Student’s t-test; #p 

≤ 0.05, ##p ≤ 0.01 ###p ≤ 0.001 (versus DMSO 4 Gy). 2-way ANOVA; p-value <0.01 (CD44), 

p-value <0.0001 (Nestin, SOX2, ALDH1A1)] 

Generally, the results in U87-sph show that the combination of HDACi and MEKi with 

radiation could significantly reduce Nestin, SOX2 and ALDH1A1 protein expression 

with a trend to increase CD44 (Figure 30). 

U251-sph: In Figure 31, radiation treatment alone in U251-sph showed no significant 

effect on any GSLC marker as was also seen with LN229-sph and U87-sph. Likewise, 

TMZ alone or combined with radiation did not significantly affect their expressions. 

Treatments with MS-275 alone significantly reduced Nestin and SOX2, but in 

combination with radiation only reduced Nestin significantly. Similarly, treatments with 

TAK-733 or trametinib as single or combined agents with radiation could only 

significantly reduce Nestin while showing no effect on the other GSLC markers.  

By combining the HDACi and MEKi alone or together with radiation, Nestin (###p ≤ 

0.001) and SOX2 (#p ≤ 0.01) expression was significantly eradicated (Figure 31). 

Additionally, the expression of ALDH1A1 was only significantly reduced by treatment 

with MS-275 and trametinib combined with 4 Gy radiation (##p ≤ 0.01). In contrast to 

LN229-sph and U87-sph, only the combined treatment of the HDACi and MEKi with 

radiation significantly reduced CD44 expression in U251-sph (Figure 31) 

Taken together, the results in U251-sph showed that the combined treatment of HDACi 

and MEKi with radiation could significantly reduce all GSLC markers (Nestin, CD44, 

SOX2 and ALDH1A1). 
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Figure 31: Western blot analysis of GSLC markers after 72 hours combined treatment 

of drugs and 4 Gy radiation in U251-sph cells. Quantification data for Nestin, CD44, SOX2 

and ALDH1A1 after treatment are shown. (Drugs; 1 µM MS-275 = MS, 1 µM TAK-733 = TAK, 

1 µM trametinib = TRA, 50 µM TMZ = TMZ). Relative GSLC marker expressions first 

normalised to Actin and then to sham irradiated control cells treated with DMSO. [n = 3; ± SEM; 

*Student’s t-test; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 (versus DMSO 0 Gy), #Student’s t-test; #p 

≤ 0.05, ##p ≤ 0.01 (versus DMSO 4 Gy). 2-way ANOVA; p-value = 0.03 (ALDH1A1), p-value 

<0.0001 (Nestin, SOX2)] 

In summary, the western blot results demonstrated that TMZ alone or with radiation 

showed only a little effect on the GSLC markers. The combination of HDACi and MEKi 

with radiation was the most effective treatment in reducing Nestin, SOX2 and 

ALDH1A1. Interestingly, cell line dependent differences in the effect on CD44 was 

observed. This may mean that CD44 functions are different in each cell line resulting 

in differential responses to the combined with radiation. 
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In Table 15, a summary of the effect of combining HDACi and MEKi with radiation on 

the GSLC markers is presented. The representative western blots for all cell lines are 

presented in the appendix section D (Figure A6 - Figure A8) 

Table 15: Summary of the effects of combining HDACi and MEKi with radiation on GSLC 

markers in LN229-sph, U87-sph and U251-sph. 

 LN229-sph U87-sph U251-sph 
HDACi + 
MEKi + 

4 Gy 
MS + TAK 

+ 4Gy 
MS + TRA 

+ 4Gy 
MS + TAK 

+ 4 Gy 
MS + TRA 

+ 4 Gy 
MS + TAK 

+ 4 Gy 
MS + TRA 

+ 4 Gy 

Nestin  
     

CD44 
      

SOX2 

      

ALDH1A1 

      

*Arrows facing down indicate significant decrease; arrows facing up indicate significant increase while 

arrow facing both sides indicates no change. 

4.9 Flow cytometry analysis of GSLC markers after combined 

treatment of HDACi and MEKi with radiation in enriched 

glioblastoma-derived spheres. 

In order to confirm the western blot results and confirm our suspicion that the GSLC 

population was reduced by the combined radiochemotherapy, flow cytometry analysis 

of the GSLC markers (Nestin+, CD44+ and SOX2+) was performed in LN229-sph, 

U87-sph and U251-sph. The single and double expression of the GSLCs markers were 

analyzed 72 hours after compound treatment and 4 Gy radiation as done with the 

western blot analysis. ALDH1A1 was not detected during flow cytometry analysis and 

could not be analyzed further. 

4.9.1 Expression of single GSLC markers was reduced by the combination of 

HDACi and MEKi with radiation 

LN229-sph: The quantified data for LN229-sph are presented in Figure 32 while 

representative flow cytometric plots are presented in the appendix section E (Figure 

A9 - Figure A11). Similar to the western blot analysis result, treatment with radiation 

alone or TMZ alone or TMZ combined with radiation did not change the Nestin+, 
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CD44+ and SOX2+ populations in LN229-sph. Likewise, treatment with the HDACi 

MS-275 alone or combined with radiation showed no significant effect on GSLC marker 

positive populations. On the other hand, treatment with the MEKi TAK-733 or trametinib 

as single or combined agents with radiation significantly reduced Nestin+ and SOX2+ 

populations compared to the untreated cells (Figure 32). However, the CD44+ 

population was not changed. 

The combination of MS-275 and TAK-733 or MS-275 and trametinib alone or together 

with radiation produced a significant decrease in Nestin+ (MS + TAK = 12 ± 8%, MS + 

TRA = 10 ± 7%) and SOX2+ (MS + TAK = 15 ± 8%, MS + TRA = 12 ± 7%) population 

(Figure 32).  

 

Figure 32: Flow cytometry analysis of GSLC markers in LN229-sph after treatment of 

HDACi or MEKi as single or combined drugs with radiation. Quantification data of Nestin+, 

CD44+ and SOX2+ relative to sham irradiated control cells (DMSO) set to 100%. Data 

represents mean values ± SEM (n = 3). [*Student’s t-test; *p ≤ 0.05, ***p ≤ 0.001 (versus DMSO 

0 Gy), #Student’s t-test; #p ≤ 0.05, ##p ≤ 0.01 ###p ≤ 0.001 (versus DMSO 4 Gy). 2-way ANOVA; 

p-value <0.0001 (Nestin, SOX2)].   
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Similar to the western blot analysis, it was observed that all the single and combined 

treatment conditions did not reduce the CD44+ populations in LN229-sph. However, it 

was demonstrated that the Nestin+ and SOX2+ populations were lowest by the 

combination of the HDACi and MEKi with radiation.  

U87-sph: The same flow cytometric analysis was performed for U87-sph with the 

representative flow cytometric plots presented in the appendix (Figure A12 - Figure 

A14) and the quantified data presented in Figure 33. The figure shows that treatment 

with radiation alone, TMZ alone and TMZ with radiation did not change the Nestin+, 

CD44+ and SOX2+ populations. Similarly, treatment with MS-275 alone or combined 

with radiation had no effect on GSLC marker positive populations. As seen with LN229-

sph, the treatment with TAK-733 and trametinib significantly reduced the Nestin+ and 

SOX2+ populations compared to the untreated cells, but did not affect CD44+ 

populations in U87-sph (Figure 33).  

 

Figure 33: Flow cytometry analysis of GSLC markers in U87-sph after treatment of 

HDACi or MEKi as single or combined drugs with radiation. Quantification data of Nestin+, 
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CD44+ and SOX2+ relative to sham irradiated control cells (DMSO) set to 100%. Data 

represents mean values ± SEM (n = 3). [*Student’s t-test; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 

(versus DMSO 0 Gy), #Student’s t-test; #p ≤ 0.05, ##p ≤ 0.01 ###p ≤ 0.001 (versus DMSO 4 Gy). 

2-way ANOVA; p-value <0.0001 (Nestin, SOX2)]. 

By combining MS-275 and TAK-733, Nestin+ (24 ± 19%) and SOX2+ (21 ± 14%) 

populations were significantly decreased compared to the untreated cells. An 

enhanced reduction effect when combined with radiation (Nestin+ = 4 ± 2%, SOX2+ = 

5 ± 2%) could be further detected. Also, in U87-sph, combining MS-275 and trametinib 

greatly reduced Nestin+ (4 ± 2%) and SOX2+ (4 ± 2%) alone and by adding radiation 

(Nestin+ = 7 ± 4%) and SOX2+ = 10 ± 7%). Like in LN229-sph, all single and combined 

treatments did not affect the CD44+ populations in U87-sph (Figure 33).  

Overall, the results confirmed that the combination of HDACi and MEKi with radiation 

was more effective against the Nestin+ and SOX2+ GSLC population compared to 

either treatment alone.   

U251-sph: Like in LN229-sph and U87-sph, the single expression of the GSLC 

markers in U251-sph after the various treatments was performed. The representative 

flow cytometric plots can be found in the appendix (Figure A15 - Figure A17) while the 

quantified data are presented in Figure 34. The figure shows that radiation, TMZ alone 

and TMZ with radiation did not change the Nestin+, CD44+ and SOX2+ populations in 

U251-sph. Likewise, the HDACi (MS-275) or MEKi (TAK-733 or trametinib) as single 

or combined treatments with radiation did not change Nestin+, CD44+ and SOX2+ 

populations compared to the untreated cells (Figure 34). 

Only the combination of HDACi and MEKi alone and with radiation could significantly 

reduce the single expressions of all the GSLC markers in U251-sph. Treatment with 

MS-275 and TAK-733 greatly reduced Nestin+ (42 ± 16%), CD44+ (41 ± 17%) and 

SOX2+ (44 ± 17%) populations. By adding radiation to the combination, a further 

reduction of Nestin+ (12 ±1%), CD44+ (10 ± 1%) and SOX2+ (12 ±1%) was detected 

compared to the untreated cells. Similarly, by treatment with MS-275 and trametinib, 

Nestin+ (22 ± 7%), CD44+ (20 ± 6%) and SOX2+ (23 ± 7%) populations were 

significantly reduced. The addition of radiation also enhanced the reduction effect of 

Nestin+ (9 ± 1%), CD44+ (8 ± 1%) and SOX2+ (9 ± 1%) populations in U251-sph 

(Figure 34).  
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Figure 34: Flow cytometry analysis of GSLC markers in U251-sph after treatment of 

HDACi or MEKi as single or combined drugs with radiation. Quantification data of Nestin+, 

CD44+ and SOX2+ relative to sham irradiated control cells (DMSO) set to 100%. Data 

represents mean values ± SEM (n = 3). [*Student’s t-test; *p ≤ 0.05, ***p ≤ 0.001 (versus DMSO 

0 Gy), #Student’s t-test; ###p ≤ 0.001 (versus DMSO 4 Gy). 2-way ANOVA; p-value <0.0001 

(CD44, Nestin, SOX2)].  

The results were similar to that of western blot analysis of U251-sph cells where it was 

shown that the combination of HDACi and MEKi with radiation was the most effective 

in reducing the Nestin, CD44 and SOX2 GSLC markers. Table 16 summarizes the 

comparison of protein analysis results with flow cytometry results in all three 

glioblastoma-derived spheres. Taken together, the results of the flow cytometry 

analysis in LN229-sph, U87-sph and U251-sph showed that combining HDACi and 

MEKi with radiation could significantly reduce the single expression of the GSLC 

markers compared to either alone. However, only CD44 expression remained 

unchanged by all treatment conditions in LN229-sph and U87-sph.  
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Table 16: Comparison of protein analysis and flow cytometry results after the combined 

treatment of HDACi and MEKi in LN229-sph, U87-sph and U251-sph. 

 LN229-sph U87-sph U251-sph 

HDACi + 
MEKi + 

4 Gy 
MS + TAK 

+ 4Gy 
MS + TRA 

+ 4Gy 
MS + TAK 

+ 4 Gy 
MS + TRA 

+ 4 Gy 
MS + TAK 

+ 4 Gy 
MS + TRA 

+ 4 Gy 

Nestin 

            

CD44 
      

     

SOX2 

           

* Blue arrows represent western blot analysis while green arrows represent flow cytometry analysis. 

Arrows facing upward indicate significant increase, arrows facing downwards indicate significant 

decrease and arrows facing both sides indicate no change. 

4.9.2 Double expression of GSLC markers reduced by the combination of 

HDACi and MEKi with radiation 

Even though the western blot and flow cytometry analysis revealed the individual 

changes in GSLC markers, it is still not clear if the GSLC markers in the same cell are 

responding to the combined treatment with radiation. Since a multicolor flow cytometry 

approach was used, we were able analyze the double expression of pairs of the GSLC 

markers (CD44+Nestin+, Nestin+SOX2+ and CD44+SOX2+) after the combined 

treatment with radiation.  

LN229-sph: The representative flow cytometric plots for CD44+Nestin+, 

Nestin+SOX2+ and CD44+SOX2+ after the different treatment conditions in LN229-

sph are presented in the appendix section F (Figure A19 - Figure A21) and the 

quantitative data for LN229-sph in Figure 35. The figure shows that all the double 

expression of the GSLC markers were not changed by treatments with radiation alone, 

TMZ alone, TMZ with radiation, MS-275 alone and MS-275 with radiation. However, 

TAK-733 or trametinib as single or combined treatments with radiation significantly 

reduced the Nestin+SOX2+ population when compared to the untreated cells (Figure 

35).  

Upon combination of the HDACi and MEKi with radiation in LN229-sph, all three double 

positive populations were significantly reduced compared to the single treatments. By 
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the combined treatment of MS-275 and TAK7-33 with radiation, the CD44+Nestin+ (16 

± 10%), Nestin+SOX2+ (12 ± 5%) and CD44+SOX2+ (17 ± 9%) populations were 

greatly reduced. Similarly, compared to radiation alone, treatment with MS-275 and 

trametinib with radiation significantly reduced CD44+Nestin+ (13 ± 11%), 

Nestin+SOX2+ (9 ± 7%) and CD44+SOX2+ (16 ± 11%) populations (Figure 35).  

To conclude the results for LN229-sph, combining the HDACi and MEKi with radiation 

was the most effective treatment in reducing all the three CD44+Nestin+, 

Nestin+SOX2+ and CD44+SOX2+ double positive populations. 

 

Figure 35: Flow cytometry analysis of double positive GSLC markers in LN229-sph after 

treatment of HDACi or MEKi as single or combined drugs with radiation. Quantification 

data of CD44+Nestin+, Nestin+SOX2+ and CD44+SOX2+ relative to sham irradiated control 

cells (DMSO) set to 100%. Data represents mean values ± SEM (n = 3). [*Student’s t-test; *p 

≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 (versus DMSO 0 Gy), #Student’s t-test; #p ≤ 0.05, ##p ≤ 0.01 

(versus DMSO 4 Gy). 2-way ANOVA; p-value <0.0001 (CD44+Nestin+, Nestin+SOX2+, 

CD44+SOX2+)]. 
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U87-sph: The effect of the combined inhibitor treatment was further analyzed in the 

U87-sph cells. The representative flow cytometric plots for CD44+Nestin+, 

Nestin+SOX2+ and CD44+SOX2+ in U87-sph are presented in the appendix (Figure 

A22 - Figure A24) while quantified data are shown in Figure 36. 

Like in LN229-sph, radiation alone, TMZ alone, TMZ with radiation, MS-275 alone and 

MS-275 with radiation did not affect the CD44+Nestin+, Nestin+SOX2+ and 

CD44+SOX2+ populations in U87-sph. Treatment with TAK-733 significantly reduced 

Nestin+SOX2+ population while trametinib significantly reduced Nestin+SOX2+ and 

CD44+SOX2+. An enhanced reduction effect was observed when combining TAK-733 

or trametinib with radiation (Figure 36).  

By combining the HDACi and MEKi with radiation, all three double positive populations 

were significantly reduced compared to the single treatments. The combination of MS-

275 and TAK-733 with radiation significantly decreased CD44+Nestin+ (6 ± 2%), 

Nestin+SOX2+ (4 ± 2%) and CD44+SOX2+ (4 ± 2%). By combining MS-275 and 

trametinib with radiation, a significant reduction of CD44+Nestin+ (9 ± 4%), 

Nestin+SOX2+ (7 ± 4%) and CD44+SOX2+ (9 ± 6%) was also observed (Figure 36).  

Overall, the results for U87-sph show that combining the HDACi and MEKi with 

radiation was the most effective treatment to reduce the CD44+Nestin+, 

Nestin+SOX2+ and CD44+SOX2+ double positive populations. 
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Figure 36: Flow cytometry analysis of double positive GSLC markers in U87-sph after 

treatment of HDACi or MEKi as single or combined drugs with radiation. Quantification 

data of CD44+Nestin+, Nestin+SOX2+ and CD44+SOX2+ relative to sham irradiated control 

cells (DMSO) set to 100%. Data represents mean values ± SEM (n = 3). [*Student’s t-test; *p 

≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 (versus DMSO 0 Gy), #Student’s t-test; #p ≤ 0.05, ##p ≤ 0.01, 

###p ≤ 0.001 (versus DMSO 4 Gy). 2-way ANOVA; p-value <0.0001 (CD44+Nestin+, 

Nestin+SOX2+, CD44+SOX2+)]. 

U251-sph: Flow cytometry analysis were repeated for U251-sph after the various 

treatment. The representative flow cytometric plots for CD44+Nestin+, Nestin+SOX2+ 

and CD44+SOX2+ in U251-sph are presented in the appendix (Figure A25 - Figure 

A27) while quantified data are shown in Figure 37. The figure shows that all the 

treatments with radiation, TMZ, MS-275, TAK-733 and trametinib as single or 

combined treatments with radiation did not affect the double positive populations.  

Upon the combination of HDACi and MEKi, all three double positive populations were 

significantly decreased. In addition, the decrease in the CD44+Nestin+, Nestin+SOX2+ 
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and CD44+SOX2+ populations were significantly more pronounced when combined 

with radiation (Figure 37).  

The CD44+Nestin+ population decreased from 96 ± 3% with radiation alone to 43 ± 

16% with MS-275 and TAK-733 and a further decrease to 12 ± 1% by adding radiation 

to the combination. With the same combination, the Nestin+SOX2+ and CD44+SOX2+ 

populations were decreased with comparably low percentage values and an enhanced 

reduction effect by adding radiation to the combination. Similarly, compared to 

radiation alone, treatment with MS-275 and trametinib significantly decreased 

CD44+Nestin+ population to 22 ± 7% and a further decrease to 9 ± 1% with radiation. 

Comparably low percentage values were also detected for Nestin+SOX2+ and 

CD44+SOX2+ including an additional effect of radiation (Figure 37).  

 

Figure 37: Flow cytometry analysis of double positive GSLC markers in U251-sph after 

treatment of HDACi or MEKi as single or combined drugs with radiation. Quantification 

data of CD44+Nestin+, Nestin+SOX2+ and CD44+SOX2+ relative to sham irradiated control 

cells (DMSO) set to 100%. Data represents mean values ± SEM (n = 3). [*Student’s t-test; *p 
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≤ 0.05, ***p ≤ 0.001 (versus DMSO 0 Gy), #Student’s t-test; ###p ≤ 0.001 (versus DMSO 4 Gy). 

2-way ANOVA; p-value <0.0001 (CD44+Nestin+, Nestin+SOX2+, CD44+SOX2+)]. 

Taken together, given that the GSLC populations were at the lowest when treated with 

the HDACi and MEKi with radiation, the results demonstrated that the combined 

treatment was more effective against the GSLC population compared to the standard 

treatment of TMZ and radiation or the drugs individually. 

4.9.3 Population of dead cells increased by the combined treatment of HDACi 

and MEKi with radiation 

During antibody labelling, a live-dead staining was also included using a Zombie Aqua 

dye that is permeant for cells with compromised membranes (i.e dead cells) and non-

permeant to live cells. Therefore, it was possible to access the live versus dead status 

of the cells after the different treatment conditions.  

The percentage values of the dead cell population after treatment of LN229-sph, U87-

sph and U251-sph are shown in Figure 38. The figure showed that radiation alone, and 

the standard TMZ alone or combined with radiation did not significantly influence the 

dead cell population when compared to the untreated cells in LN229-sph, U87-sph and 

U251-sph.  

LN229-sph: In LN229-sph (Figure 38), the dead cell population with 4 Gy irradiation 

alone (14 ± 8%) remained unchanged by treatment with the HDACi MS-275 alone and 

with radiation. A trend for the MEKi alone to increase the dead cell population was 

observed with only trametinib plus radiation significantly increasing the percentage of 

dead cells (73 ± 20%). A further significant increase in the dead cell population was 

detected by combining MS-275 and TAK-733 alone (84 ± 8%) or with radiation (85 ± 

6%) and similarly by combining MS-275 and trametinib alone (88 ± 7%) or with 

radiation (89 ± 8%). 

U87-sph: Comparable results were detected in the U87-sph where the dead cell 

populations after 4 Gy radiation alone (5 ± 1%) was not significantly changed by MS-

275 alone or with radiation (Figure 38). However, the dead cell population was 

significantly increased by TAK-733 plus radiation (59 ± 23%) and trametinib alone (76 

± 16%) or with radiation (82 ± 12%). A further increase in dead cells was detected upon 
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combining MS-275 and TAK-733 alone (73 ± 17%) and with radiation (92 ± 3%) or MS-

275 and trametinib alone (94 ± 2%) and with radiation (86 ± 9%). 

U251-sph: The results were slightly different in U251-sph in that the low percentage 

of dead cells by treatment with only 4 Gy radiation were not significantly affected by 

single treatment with the HDACi or MEKi alone and with radiation. Only the 

combination of HDACi and MEKi alone or together with radiation could significantly 

increase the population of dead cells. The percentage of dead cells was increased 

from 8 ± 5% with only 4 Gy radiation to 58 ± 16% with MS-275 and TAK-733 alone and 

further to 88 ± 1% with radiation and similarly to 78 ± 6% with MS-275 and trametinib 

alone and further to 90 ± 1% with radiation (Figure 38). 

 

Figure 38: High population of dead cells after treatment of HDACi or MEKi as single or 

combined drugs with radiation. Quantification data showing the percentage of dead cells in 

LN229-sph, U87-sph and U251-sph after the different treatment conditions. Data represents 

mean values ± SEM (n = 3). [*Student’s t-test; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 (versus DMSO 

0 Gy), #Student’s t-test; #p ≤ 0.05, ##p ≤ 0.01, ###p ≤ 0.001 (versus DMSO 4 Gy). 2-way ANOVA; 

p-value <0.0001 (LN229-sph, U87-sph, U251-sph)].  
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Taken together, the data presented show that the dead cell population was at the 

highest percentage when treated with the combination of HDACi and MEKi with 

radiation, while the standard treatment displayed no significant effect.  

4.10 Expression of GSLC marker genes upregulated after the 

combined treatment of HDACi and MEKi with radiation 

To establish if the observed changes in protein expression are associated with 

changes in gene transcriptional status of the GSLC markers in the enriched 

glioblastoma-derived spheres, quantitative real time PCR was performed. As before, 

the same treatments were applied to the enriched glioblastoma-derived spheres 

(LN229-sph, U87-sph and U251-sph). TBP served as the endogenous control to derive 

the relative mRNA expressions of the GSLC marker genes (NES, SOX2, CD44). 

LN229-sph: In LN229-sph cells (Figure 39), treatment with radiation alone reduced 

NES and SOX2 but did not change CD44 expression. The treatment with TMZ alone 

or combined with radiation did not affect any of the GSLC marker mRNA expressions. 

Likewise, MS-275 alone did not affect the GSLC marker mRNA expression, but when 

combined with radiation showed a trend towards reducing CD44. Surprisingly, the 

treatment with TAK-733 alone upregulated NES mRNA but when combined with 

radiation did not have any significant effect on any GSLC marker. Trametinib alone 

similarly upregulated NES and SOX2 mRNA with only NES mRNA remaining 

upregulated when combined with radiation. A further upregulation of NES, CD44 and 

SOX2 mRNA was detected upon the combination of the HDACi and MEKi alone or 

combined with radiation (Figure 39). 

Generally, only the effects of the combined treatment of HDACi and MEKi with radiation 

on CD44 were similar to that of protein analysis with both showing an upregulation of 

CD44 expression. The rest of the results were not comparable to the results of the 

protein analysis. The results therefore reveal that the changes in protein levels did not 

equal changes in mRNA expression.  
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Figure 39: GSLC marker gene expression in LN229-sph after treatment with HDACi or 

MEKi as single or combined drugs with radiation. Fold changes of NES, CD44 and SOX2 

72 hours after the combined treatment and 4 Gy radiation are shown.  The fold changes were 

calculated compared to sham irradiated control cells (DMSO) set to one. Data represents mean 

values ± SEM (n = 3). [*Student’s t-test; *p ≤ 0.05, ***p ≤ 0.001 (versus DMSO 0 Gy), 

#Student’s t-test; #p ≤ 0.05, ##p ≤ 0.01, ###p ≤ 0.001 (versus DMSO 4 Gy). 2-way ANOVA; p-

value <0.001 (NES, CD44); p-value <0.01 (SOX2)]. 

U87-sph: In U87-sph, Figure 40 shows that radiation treatment alone did not change 

any of the GSLC marker gene expression. However, treatment with TMZ alone 

upregulated NES and downregulated SOX2 but did not affect CD44. By combining 

TMZ with radiation, no significant effect on the GSLC marker expression was detected. 

MS-275, TAK-733 and trametinib as single or combined treatments with radiation also 

did not significantly change NES, CD44 and SOX2 expressions. Although, a non-

significant trend for TAK-733 and trametinib to upregulate SOX2 expression was 

observed (Figure 40).  
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The combination of the HDACi and MEKi alone or together with radiation did not affect 

CD44 expression. NES expression was upregulated by the combined treatment with 

no significant additional effect of radiation detected. While there was potential for the 

combination of MS-275 and TAK with radiation to downregulate SOX2, no other 

significant effect with radiation could be detected (Figure 40). 

The results were again not comparable to the effects of the combined treatment with 

radiation on protein expressions where Nestin and SOX2 were significantly 

downregulated. Therefore, the results here further confirm that the changes in protein 

levels was not equal to changes in the mRNA expression of the GSLC markers. 

 

Figure 40: GSLC marker gene expression in U87-sph after treatment with HDACi or MEKi 

as single or combined drugs with radiation. Fold changes of NES, CD44 and SOX2 72 

hours after the combined treatment and 4 Gy radiation are shown.  The fold changes were 

calculated compared to sham irradiated control cells (DMSO) set to one. Data represents mean 

values ± SEM (n = 3). [*Student’s t-test; *p ≤ 0.05, **p ≤ 0.01 (versus DMSO 0 Gy). 2-way 

ANOVA; p-value <0.0001 (NES)]. 
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U251-sph: Analysis of U251-sph in Figure 41 showed that there was no significant 

effect of radiation alone on any of the GSLC marker gene expressions. Likewise, TMZ 

alone or with radiation did not significantly change NES, CD44 or SOX2. No change 

on the GSLC marker expressions was detected with MS-275 alone or combined with 

radiation. Treatment with TAK-733 alone significantly reduced NES expression with no 

additional effect of radiation detected (Figure 41). No significant effects on CD44 or 

SOX2 expression were detected by single treatments of TAK-733 alone or with 

radiation. Trametinib treatment alone also showed no significant effect but when 

combined with radiation, CD44 was upregulated. Upon combination of the HDACi and 

MEKi alone or together with radiation, the expressions of NES, CD44 and SOX2 were 

not significantly affected. Only the combination of MS-275 and trametinib with radiation 

significantly upregulated SOX2 expression (Figure 41). 

 

Figure 41: GSLC marker gene expression in U251-sph after treatment with HDACi or 

MEKi as single or combined drugs with radiation. Fold changes of NES, CD44 and SOX2 

72 hours after the combined treatment and 4 Gy radiation are shown. The fold changes were 

calculated compared to sham irradiated control cells (DMSO) set to one. Data represents mean 
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values ± SEM (n = 3). [*Student’s t-test; *p ≤ 0.05, (versus DMSO 0 Gy), #Student’s t-test; #p 

≤ 0.05 (versus DMSO 4 Gy)]. 

Generally, the combination of the HDACi and MEKi alone or together with radiation 

mostly upregulated the gene expressions of the GSLC markers in LN229-sph, U87-

sph and U251-sph. In contrast, the results of western blot analysis showed that the 

combined treatment with radiation significantly reduced protein expressions of Nestin, 

SOX2 and CD44 (only in U251-sph). This was further validated by flow cytometry 

analysis that showed the same results. The differential results between the protein and 

mRNA expression of the GSLC markers after the combined treatment with radiation 

therefore reveal that the changes in protein levels do not always reflect the mRNA 

expression. To confirm this, the results were recalculated using GAPDH as the 

endogenous control with the results presented in the appendix section G (Figure A28 

- Figure A30). Table 17 summarizes the results of comparing protein and RNA analysis 

after the combined treatment of HDACi and MEKi with radiation. 

Table 17: Comparison of results from protein and RNA analysis after the combined 

treatment of HDACi and MEKi with radiation 

 LN229-sph U87-sph U251-sph 

HDACi + 
MEKi + 

4 Gy 
MS + TAK 

+ 4Gy 
MS + TRA 

+ 4Gy 
MS + TAK 

+ 4 Gy 
MS + TRA 

+ 4 Gy 
MS + TAK 

+ 4 Gy 
MS + TRA 

+ 4 Gy 

Nestin 
  

 
 

  

CD44 
    

  

SOX2 
    

  
* Blue arrows represent protein analysis; green arrows represent flow cytometry analysis; red arrows 

represent RNA analysis. Arrows facing upward indicate significant increase, arrows facing downwards 

indicate significant decrease and arrows facing both sides indicates no change. 



 

 

5 DISCUSSION 

To date, glioblastoma remains a difficult cancer to treat despite the use of standardized 

multimodal therapy that includes surgery, radiation and chemotherapy with the DNA-

alkylating agent TMZ [4]. Apart from severe side effects arising from the use of TMZ,  

glioblastoma tumors rapidly develop resistance to the standard treatment [26, 165]. 

One limiting factor for the effective treatment of glioblastoma is the presence of GSLCs 

within the tumor that are highly radioresistant, promote tumor recurrence and enhance 

tumor cell proliferation, angiogenesis, metastasis and differentiation [24]. Therefore, 

an efficacious therapy against the radioresistant GSCLs would be expected to improve 

outcome.  

The development of small molecule inhibitors of key enzymatic processes offers hope 

of novel therapies. Of these are the HDACi and MEKi drugs that have been identified 

for their anti-tumor activities in glioblastoma [131, 166]. HDACis act by increasing 

acetylation in cancer cells to facilitate the re-expression of silenced tumor suppressor 

genes while also activating cellular processes that selectively kill tumor cells [100]. 

MEKi have the potential to inhibit the MAPK pathway that is upregulated in GSLCs to 

drive their proliferation and survival [125, 131]. Despite the proven anti-tumor activities 

of the HDACi and MEKi as single treatments, their full therapeutic potential may be 

realized when combined with other anti-tumor agents [116].  

The combination of HDACi and MEKi as a therapeutic strategy for cancer was first 

suggested from in-vitro studies that showed MEKi sensitized colon, lung and prostate 

cells to HDACi-induced cell death [143]. This study demonstrated that MEKi not only 

enhanced the HDACi-induced apoptotic cell death, but also the generation of ROS in 

the tumor cells. Since then, the efficacy of combining HDACi and MEKi has been 

investigated in other studies of pancreatic cancer, leukemia and breast cancer with 

promising results reported [144, 167, 168].  

In glioblastoma, the efficacy of combining HDACi and MEKi has neither been fully 

explored, nor is it known if such a combined treatment is effective against CSCs, or if 

radiation provides further benefit. Therefore, the goal of this study was to examine the 

efficacy of combining the HDACi (MS-275) and MEKi (TAK-733 or trametinib) with or 

without ionizing radiation as a novel therapeutic strategy for glioblastoma. We 

hypothesize that the combined treatment, by including radiation, will be more effective 
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against the highly resistant GSLCs compared to either drug alone. To investigate our 

hypothesis, we used the monolayer cultures of glioblastoma cell lines A172, LN229, 

U87 and U251 as well as stem cell-enriched glioblastoma-derived spheres (LN229-

sph, U87-sph and U251-sph) that mimics a GSLC phenotype.  

5.1 GSLC marker expressions are not affected by radiation alone in 

monolayer glioblastoma cell lines 

The expression of the GSLC markers Nestin, CD44, SOX2 and ALDH1A1 that 

identifies the GSLC population [35, 95] was used to measure the effect of treatment. 

These GSLC markers are typically highly expressed in glioblastoma and are possibly 

markers of cells with potential to escape therapy and repopulate a tumor [72, 83, 169]. 

To establish that there are changes in expression levels of GSLC markers in 

glioblastoma, we compared GSLC marker gene expression between glioblastoma and 

normal brain tissue using the GEPIA web database [154]. Indeed, we found that, 

Nestin, CD44 and SOX2 were highly upregulated in glioblastoma samples compared 

to non-cancerous tissues while in contrast, ALDH1A1 was downregulated in the 

glioblastoma samples (Figure 11). This was not expected since the increased 

expression of ALDH1A1 has been linked to the pathogenesis and poor overall survival 

of glioblatoma [96]. However, there have been contrasting data showing higher 

ALDH1A1 expression is associated with a significantly better survival of glioblastoma 

patients [97].  This suggests that ALDH1A1 may have a distinct role and prognostic 

value in glioblastoma and may not be a suitable GSLC marker. More studies to define 

the function of ALDH1A1 expression in glioblastoma and clinical outcome are therefore 

required. 

Because GSLCs are known to be resistant to radiation [24], we looked at what effect 

4 Gy radiation alone had on the GSLC markers (Nestin, CD44, SOX2 and ALDH1A1) 

expressed in the monolayer glioblastoma cell lines after 24, 48 and 72 hours. While 

the GSLC markers fluctuated slightly at 24 and 48 hours after 4 Gy irradiation, there 

was no significant influence of radiation after 72 hours (Figure A1 and Figure 12). This 

finding was consistent with other studies that have demonstrated very little influence 

of similar radiation dose on GSLCs [170, 171]. Since there was no change in GSLC 

markers after 72 hours with radiation alone, we chose to analyze the efficacy of 

combining the HDACi and MEKi treatment 72 hours after 4 Gy radiation exposure for 

comparison. 
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5.2 Differing responses among the monolayer glioblastoma cells to 

the combined treatment of HDACi and MEKi with radiation 

Initially, we tested the effect of the HDACi and MEKi as single or combined treatments 

with 4 Gy radiation on the monolayer glioblastoma cell lines and analysed the changes 

in the protein expressions of the GSLC markers. We observed that the GSLC markers 

responded differentially to the combined radiochemotherapy in each cell line compared 

to radiation alone.  

Generally, the standard treatment of TMZ alone or with radiation either increased or 

did not affect the expressions of the GSLC markers in all the glioblastoma cell lines 

tested. Interestingly, even though SOX2 could not be detected in the unexposed U87 

cell line, treatment with the standard TMZ and radiation induced its expression. This 

may suggest that the standard treatment is able to induce a stem-like phenotype in 

glioblastoma as a means of resistance. This finding is related to other studies that have 

reported the induction of GSLCs in glioblastoma cells following treatment with TMZ 

[172] 

Nestin, CD44 and SOX2 were all significantly reduced by the combined treatment with 

radiation in the A172 cell line without affecting ALDH1A1 expression. In LN229, the 

combined treatment with radiation significantly reduced Nestin and ALDH1A1 but in 

contrast increased CD44 and SOX2 expressions. In the case of U87, the combined 

treatment with radiation significantly reduced ALDH1A1 expression but upregulated 

Nestin. Only the combination of MS-275 and trametinib could significantly reduce 

CD44 with no additional effect of radiation observed. While there was potential for the 

combined treatment with radiation to reduce Nestin in U251 cell line, no effect could 

be detected on the expressions of CD44, SOX2 and ALDH1A1 (Figure 13 - Figure 16). 

These differential responses observed may be due to changes in the intra-tumoral 

heterogeneity, one of the morphological hallmarks of glioblastoma [173]. Therefore, 

the different changes of the GSLC markers after the combined treatment may be 

associated with the different molecular mutations present within each cell line. For 

example, although both A172 and LN229 contain EGFR mutations according to the 

cBioportal database of cancer cell lines [174, 175], their responses to the combined 

treatment with radiation were dissimilar. Apart from the EGFR mutation, the 

glioblastoma cell lines also contained other distinctive mutations that could further 

influence their response to the applied radiochemotherapy. 
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In addition, it is important to point out that the combined treatment with radiation was 

designed to be effective against the GSLC population but may also affect the non-

GSLC components too. However, the monolayer glioblastoma cell lines tested 

included mostly differentiated cells that have been cultured long term in medium 

containing serum where this culture method is known to result in the reduction of 

GSLCs in glioblastoma [176, 177]. This could explain the differential responses 

observed and why it was difficult to be conclusive on the efficacy of the combined 

treatment with radiation against the GSLC population using monolayer glioblastoma 

cells. 

5.3 Glioblastoma cell lines were enriched for GSLCs by sphere 

culture in stem cell medium 

Because the target for the proposed radiochemotherapy was the GSLC population in 

glioblastoma, we proceeded to enrich the glioblastoma cell lines for GSLCs. We did 

this by culturing glioblastoma cells as spheres in low adherence culture flasks with 

serum-free medium containing stem cell supplements, an approach that has been 

used successfully in other published studies of glioblastoma [163, 171, 178, 179]. 

The LN229-sph, U87-sph and U251-sph glioblastoma-derived spheres (Figure 17) 

were successfully maintained as spheroid culture for 8 weeks, while the A172-sph 

stopped growing and forming spheres after the third passage. Immunofluorescence 

staining of GSLC markers at the eighth passage confirmed the increase in GSLC 

markers (Figure 18 - Figure 20) in all the three glioblastoma-derived spheres studied 

compared to their parental counterpart. This result was similarly demonstrated by Liu 

et al [171] where they showed that GSLC markers (CD133, Nestin and SOX2) were 

increased in U87-sph and U251-sph compared to the parental cell lines. Thus, the 

method of enrichment was successful and the LN229-sph, U87-sph and U251-sph 

were hereafter referred to as stem cell-enriched glioblastoma-derived spheres. 

5.4 Actions of HDACi and MEKi and their effect on the cell viability 

of glioblastoma-derived spheres 

Before testing the efficacy of combining the HDACi and MEKi with radiation, the 

specific inhibitory activities of the individual drugs were tested on the enriched 

glioblastoma-derived spheres.  
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As expected, treatment with the HDACi MS-275 alone or in combination with radiation 

increased acetyl-H3 in both U87-sph and U251-sph (Figure 21). This indicated the 

successful inhibition of HDACs and is in line with other published data on the activity 

of MS-275 [118, 119, 122]. Treatment with the MEKi TAK-733 and trametinib 

successfully inhibited pMAPK in both U87-sph and U251-sph (Figure 22). Given that 

the MAPK pathway is only activated by the phosphorylation of MAPK through MEK 

activation, the successful inhibition of pMAPK by both TAK-733 and trametinib 

validates their activities as MEK inhibitors and corresponds to previously published 

data [180, 181]. 

Cell viability analysis showed that treatment with the HDACi or MEKi together with 4 

Gy radiation resulted in a dose-dependent decrease in viability compared to treatment 

with TMZ with radiation in LN229-sph, U87-sph and U251-sph. This result indicated a 

greater treatment sensitivity of the glioblastoma-derived spheres to HDACi or MEKi 

treatment with radiation than that achieved with the standard treatment of TMZ and 

radiation. This finding is comparable with a previous study that showed that GSLCs 

were less sensitive to TMZ treatment through cell viability quantification [75].  

5.5 Combined treatment of HDACi and MEKi with radiation reduced 

sphere formation and protein expressions of GSLC markers 

After establishing that the viability of the cells could be reduced at low concentrations 

(1 µM), we tested the effect of combining the HDACi and MEKi 72 hours after 4 Gy 

radiation. The sphere formation assay was used to measure the self-renewal of the 

stem cell-enriched sphere forming cells since sphere formation is a typical feature of 

CSCs.  [156, 163] We found that combining the HDACi and MEKi (both at 1 µM) 

resulted in very low number of spheres formed compared to the untreated cells (Figure 

26 - Figure 28). By adding radiation to the combination, the number of spheres formed 

were significantly much lower compared to the individual treatments with HDACi or 

MEKi combined with radiation. Sphere formation means that there is aggregation of 

undifferentiated cells to form clumps that indicates the ongoing proliferation of stem-

like cells [182]. Therefore, the reduced ability to form spheres upon the combination of 

the HDACi and MEKi with radiation means the self-renewal and proliferation of the 

enriched glioblastoma-derived spheres was inhibited. 



 

120 

 

DISCUSSION 

In parallel, we found that the standard TMZ alone or combined with radiation at a 

concentration of 50 µM could efficiently reduce the number of spheres formed, 

especially in LN229-sph and U87-sph. In cancer treatment, combination therapies are 

usually applied to enhance effectiveness, therefore lower doses of the single drugs 

involved are often desired to reduce the risk of drug toxicity to healthy surrounding cells 

[183]. Hence, the use of the HDACi and MEKi at 1 µM may suggest less toxicity and 

better tolerance level for glioblastoma treatment as opposed to TMZ [184]. However, it 

should be pointed out that this suggestion is based on the effect of the combined 

therapy on cells (in-vitro) that may differ when applied to the tumors in-vivo.  

Next, we analysed the changes in protein expressions of the GSLC markers in the 

enriched glioblastoma-derived spheres after the combined treatment with radiation as 

previously done in the parental cell lines. Generally, no significant effect on GSLC 

markers was observed with TMZ treatment alone or with radiation. However, the 

combination of the HDACi and MEKi with radiation significantly reduced the protein 

expressions of Nestin, SOX2 and ALDH1A1 in LN229-sph and U87-sph compared to 

treatment with radiation alone. In U251-sph, the combined treatment completely 

eradicated Nestin and SOX2 while only the combination of the HDACi MS-275 and 

MEKi trametinib with radiation could significantly reduce ALDH1A1 expression (Figure 

29 - Figure 31). The decrease of the GSLC markers by the combined 

radiochemotherapy suggests the loss of GSLC marker positive cells to hinder 

tumorigenesis. For example, Gangemi et al reported that the loss of SOX2 expression 

stopped proliferation and resulted in loss of tumorigenicity in GSLCs [88]. Since the 

GSLC markers identify the GSLC population, it is possible that the reduced GSLC 

markers indicate a reduction in the resistant GSLC population [82]. 

While the protein expression of CD44 in U251-sph was significantly reduced by the 

combined treatment alone and with radiation, CD44 was surprisingly increased by all 

treatment conditions in LN229-sph and U87-sph. This implies that the sensitivity of 

CD44 expression to the different treatments may be cell line dependent. Similar to our 

finding, differential responses of protein expressions in the GSLC lines have been 

reported [171]. The study showed that via protein analysis, cell-cycle-related proteins 

in U87-sph and U251-sph responded differently to the same treatment of 8 Gy 

radiation. Another possible explanation for the differential responses could be the 

different genetic mutations present in the cell lines. This was supported by a study that 
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reported unique genetic profiles of GSLCs that may influence their individual 

responses to the combined radiochemotherapy [185]. Therefore, the same response 

of different cell lines to the same combined therapy should not be expected. 

Generally, the GSLC markers were lowered more by the combined treatment (1 µM) 

with radiation compared to the standard treatment with TMZ (50 µM) and radiation. 

Even though 50 µM TMZ alone or with radiation could efficiently inhibit sphere 

formation, there was very limited effectiveness against the protein expressions of the 

GSLC markers. One possible reason for this may be due to the different endpoints 

used. The protein expressions of the GSLC markers were analyzed 72 hours after 

compound and radiation treatment while in the case of sphere formation assay, the 

GSLCs were reseeded as single cells and cultured for an additional 14 days before 

final analysis.  

Nonetheless, the results of the protein analysis demonstrated that combining the 

HDACi and MEKi with radiation at low concentrations was more effective against the 

GSLC markers than the standard TMZ with radiation.   

5.6 HDACi and MEKi with radiation reduced single and double 

expressions of GSLC markers and increased the dead cell 

population. 

To further validate the efficacy of combining the HDACi and MEKi with radiation, a 

multicolour flow cytometry approach was used to analyse changes in the GSLC 

population 72 hours after the combined treatment. The GSLC population could be 

identified as those cells expressing Nestin, CD44 and SOX2 while ALDH1A1 remained 

undetected in the flow cytometry experiments (Figure 7 - Figure 9) and was therefore 

excluded.  

First, the single positive populations (Nestin+, CD44+ and SOX2+) were analysed after 

the various treatments. As observed in protein analysis, the percentage of Nestin+ and 

SOX2+ GSLC populations were the lowest when treated by the combination of the 

HDACi and MEKi with radiation (Figure 32 - Figure 34). The CD44+ population was 

only reduced in U251-sph by the combined treatment with radiation. In general, the 

flow cytometry results correlated with those of the protein analysis of the GSLC 

markers after the combined treatment of the HDACi and MEKi with radiation.  
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There has been a dispute in the literature whether a single GSLC marker can be used 

to accurately identify the GSLC population [35, 186]. Since we developed a multicolour 

approach, it was possible to analyse the expression of pairs of GSLC markers after the 

combined treatment with radiation. All three double positive populations 

(CD44+Nestin+, Nestin+SOX2+ and CD44+SOX2+) were significantly at their lowest 

percentage upon treatment with the HDACi and MEKi with radiation in all the enriched 

glioblastoma-derived spheres (Figure 35 - Figure 37). This finding confirms that the 

combined treatment with radiation was the most effective against the GSLC population 

compared to either alone.  

Apart from the analysis of the single and double expressions of the GSLC markers 

after treatment, a live/dead staining revealed the percentage of dead cells after each 

treatment condition. As expected, the dead cell population in the GSLCs was at the 

highest percentage when treated with the HDACi and MEKi with radiation compared 

to either single treatment alone (Figure 38). These data therefore suggests that the 

significant reduction in GSLC markers by the combined treatment with radiation may 

be due to the killing of the GSLC population within the enriched glioblastoma-derived 

spheres. This observation correlates with the previously described induction of 

apoptosis by the combination of HDACi and MEKi in prostate cancer cells [145]. 

Although this study did not include radiation or use CSCs, our study suggests that 

adding radiation to the combined therapy may increase the killing of the CSC 

population.  

We also observed that treatment with TMZ alone or with radiation did not have any 

effect on the GSLC population. The standard treatment either increased or did not 

affect the single and double expressions of the GSLC markers in all the enriched 

glioblastoma-derived spheres. The percentage of dead cells after treatment with TMZ 

alone or with radiation was also very low compared to the high dead cell fraction 

observed with the combined treatment with radiation. Our findings are similar to other 

studies that have shown TMZ chemoresistance of GSLCs and glioblastoma [187-189].  

One possible explanation for the chemoresistance to TMZ may be related to the 

expression of the DNA repair enzyme MGMT [49]. The DNA damage caused by TMZ 

can efficiently be repaired by MGMT, therefore only glioblastoma cells and GSLCs with 

an epigenetically silenced expression of MGMT will benefit from TMZ treatment [190]. 

Although our study did not check the MGMT status of the stem cell-enriched 
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glioblastoma-derived spheres, published studies have shown that all of the established 

parental glioblastoma cell lines (LN229, U87 and U251) are MGMT-negative making 

them sensitive to TMZ [191, 192]. However, it has been revealed that GSLCs induced 

from parental MGMT-negative U251 cell lines can become MGMT-positive [192]. 

Therefore, we propose that the stem cell-enriched glioblastoma-derived spheres may 

have acquired MGMT that influenced the ineffectiveness of TMZ alone or combined 

with radiation against the GSLC population.  

The reported anti-tumour effects of combining HDACi and MEKi in other cancers 

include enhanced ROS generation and cell death in colon, lung and prostate cancer 

cells [143, 146], induction of growth arrest and apoptosis in leukaemia cells [167], and 

killing of pancreatic, liver and kidney tumor cells [193]. More recently, there are in vivo 

studies that also revealed that the combination of HDACi and MEKi can inhibit tumour 

growth in xenograft models of colorectal cancer [194], pancreatic cancer [144], breast 

cancer [168] and lung cancer [195]. While these are promising results, there is little 

information on the effect of this combination on CSCs. In addition to all of the above 

data, we now show here that the cytotoxic effects of adding radiation to the HDACi and 

MEKi combination may be more effective against the GSLC population than the drugs 

alone or the standard TMZ with radiation.  

5.7 HDACi and MEKi with radiation upregulated GSLC marker gene 

mRNA transcripts 

Since we observed that the expressions of the GSLC markers were reduced by the 

combined treatment with radiation, we further looked at the effects on RNA level by 

analysing the GSLC marker genes (NES, CD44 and SOX2) after treatment. 

Surprisingly we found that the GSLC marker genes were mostly upregulated in all the 

GSLCs after the combined treatment with radiation (Figure 39 - Figure 41). The lack of 

correlation between the protein and mRNA expressions of the GSLC markers after 

treatment suggests that the protein levels did not correspond to their gene transcripts 

[196].   

One possible explanation for this discovery is that the combined treatment with 

radiation resulted in post-transcriptional modifications that repressed the translation of 

the GSLC marker genes into proteins [197]. Given the many processes that influence 

the rate of translation, we speculate that the combined treatment could have influenced 
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the translation efficiency through functional protein modifications like phosphorylation 

or proteolysis [198]. Besides, regulatory elements such as microRNAs or RNA-binding 

proteins may increase when exposed to radiation [199]. 

Experimental noise or error could also influence the correlation of the GSLC marker 

genes and protein expressions [197, 200]. For instance, actin was used as reference 

protein for the protein expressions while TBP was the endogenous control for the gene 

expressions. All of these factors mentioned may explain the observed absence of 

correlation in GSLC marker gene and protein expressions after the HDACi and MEKi 

treatment with radiation. Similar to our findings, other studies have reported an inverse 

correlation of mRNA and proteins which means the amount of proteins cannot always 

be predicted based on mRNA expression alone [201-203]. Conversely, opposing views 

exist where significant correlations between protein and mRNA expressions of human 

carcinomas were reported [204].  

Further studies are required to determine how the combination of HDACi and MEKi 

with radiation regulates GSLC marker expression at the transcriptional, translational 

and post-translational levels. This knowledge will help to improve our understanding 

on the efficacy of the proposed radiochemotherapy.  

5.8 Conclusion 

The existence of GSLCs within the glioblastoma tumor remains a challenge for 

designing successful treatments of glioblastoma due to their ability to promote 

resistance. Since monotherapy has proven ineffective in clinical trials, a combination 

therapy may enhance the efficacy of each single agent involved. One approach is the 

combination of HDACi and MEKi that has been investigated in other cancers. The goal 

of our study was to test the efficacy of combining HDACi and MEKi via a new strategy 

of adding radiation, which itself remains part of the standard therapy. We show here 

for the first time that the proposed combined radiochemotherapy may be effective 

against the GSLC population. 

The efficacy of combining the HDACi and MEKi with radiation was tested using three 

stem cell-enriched glioblastoma-derived spheres (LN229-sph, U87-sph, U251-sph) 

that mimics a GSLC phenotype. Even though the standard TMZ with radiaton inhibited 

sphere formation, our data showed that the GSLC markers detected (Nestin, CD44 

and SOX2) and dead cell population were not affected by the standard treatment. The 
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significant reduction in sphere forming ability of the glioblastoma-derived spheres by 

the HDACi and MEKi with radiation compared to radiation alone or single treatments 

indicated that proliferation and self-renewal ability was inhibited. GSLC markers that 

were used to identify the GSLC population were also significantly reduced while the 

dead cell population was at highest after the HDACi and MEKi with radiation. Our 

findings suggest that the combined treatment with radiation may have a greater 

potential for the cell killing of GSLCs compared to the single treatments alone.  

Although more research is needed, our in vitro study suggests that the novelty of 

combining HDACi and MEKi with radiation may be a promising multimodal 

glioblastoma therapy against the highly resistant GSLCs (Figure 42).  

Since we used established glioblastoma cell lines to enrich for GSLCs, it should be 

pointed out that the stem cell-enriched glioblastoma-derived spheres may not fully 

represent the in vivo target GSLC population. Based on our in vitro data, it will be 

necessary to use other (preclinical) models that are more representative of in vivo 

tumors to test the efficacy of the proposed combination therapy. This could be via the 

study of low-passage glioblastoma patient-derived primary GSLCs or tumor cells 

recovered by fluorescence-activated cell sorting (FACS) to isolate side populations 

expressing GSLC markers. Moreover, further validations performed in vivo will help to 

improve our understanding on the combined therapy as well as uncover any side 

effects on non-cancerous neural stem cells.  
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Figure 42: Graphical abstract summarizing the effect of combining HDACi and MEKi 

with radiation on glioblastoma-derived spheres. The combined treatment targets the 

glioblastoma-derived spheres to eradicate glioblastoma by inhibition of sphere formation, 

reduction of expressed GSLC markers (Nestin, CD44 and SOX2) and increase in the dead cell 

population. 
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APPENDICES  

Appendix A: Representative western Blots after 24 and 48 h of 4 Gy 

radiation in monolayer glioblastoma cell lines. 

After 24 hours of 4 Gy radiation exposure, the expression of Nestin was lost in A172 

cells and remained so after 48 hours of irradiation. In LN229 cells, Nestin expression 

was reduced after 24 hours of irradiation but became increased in LN229 after 48 hours 

of irradiation compared to their 0 Gy controls. The Nestin expression in U87 cells was 

increased at both 24 and 48 hours after irradiation while in U251 cells, Nestin could 

only be detected after 48 hours of irradiation indicating an increase in expression. 

The expression of CD44 was reduced after 24 and 48 hours of 4 Gy irradiation in all 

the cell lines compared to the 0 Gy control. 

SOX2 expression after 24 and 48 hours of irradiation was reduced in the U251 cells 

and remained undetected in the other cell lines.  

ALDH1A1 expression was reduced in all cell lines at both 24 and 48 hours after 4 Gy 

irradiation.  
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Figure A1: Representative blots of GSLC marker proteins after radiation. Representative 

blots of Nestin (250 kDa), CD44 (80 kDa), SOX2 (35 kDa) and ALDH1A1 (55 kDa) in A172, 

LN229, U87 and U251 cell lines at 24 (up) and 48 (down) hours after radiation. The fold change 

values below each blot were calculated by normalization to the respective 0 Gy sample. 

Proteins not detected were indicated as 0.0. Actin (42 kDa) was used as the endogenous 

control. 
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Appendix B: Analysis of GSLC marker genes in monolayer 

glioblastoma cell lines after HDACi and MEKi with radiation by RT2 

Profiler arrays 

RT2 Profiler PCR array was performed (as described in 3.9.3) to analyse the gene 

expression of 11 GSLCs markers after the treatment with HDACi or MEKi as single or 

combined treatments with radiation. The experiment was performed once and the 

corresponding fold change (with GAPDH as control) versus the untreated cells (DMSO 

0 Gy) of each treatment condition in A172, LN229, U87 and U251 are shown in Table 

A1 - Table A4 respectively. The GSLC marker genes and their description are listed in 

Table A5. 

Table A1: List of RT2 Profiler genes with their corresponding fold change versus 

untreated cells (DMSO 0 Gy) in A172 cell line after the indicated treatments.  

T
re

a
tm

e
n

t 

A172 STAT3 SOX2 NES OLIG2 NANOG POU5F1 ALDH1A1 CD44 PROM1 PLAUR PLAU 

DMSO 0Gy 1 1 1 1 1 1 1 1 1 1 1 

DMSO 4Gy 1.1 0.6 0.7 0.8 1.7 1.6 1.5 1.1 1.0 1.3 1.1 

1 µM MS 0Gy 0.6 0.3 1.0 0.8 0.4 0.9 1.0 0.8 0.4 1.1 0.2 

1 µM MS 4Gy 0.7 0.1 0.7 0.8 0.5 1.6 0.6 0.9 0.3 1.0 0.2 

1 µM TAK 0Gy 2.0 0.4 0.7 0.7 3.6 2.9 1.8 0.3 1.6 0.7 0.5 

1 µM TAK 4Gy 2.0 0.2 0.5 0.7 2.2 5.9 3.9 0.2 1.5 0.7 0.4 

1 µM TRA 0Gy 1.8 0.5 0.6 0.7 3.2 5.3 1.7 0.2 2.5 0.6 0.4 

1 µM TRA 4Gy 2.3 0.3 0.5 0.9 2.2 8.0 1.2 0.2 2.5 0.6 0.3 

1 µM MS +  1 µM TAK 0Gy 1.6 0.3 0.7 0.8 2.8 6.2 8.6 0.3 2.0 0.8 0.3 

1 µM MS +  1 µM TAK 4Gy 1.6 0.1 0.6 0.5 3.9 5.1 1.5 0.3 1.5 0.7 0.2 

1 µM MS + 1 µM TRA 0Gy 1.4 0.2 0.7 0.5 1.1 4.2 1.5 0.2 1.5 0.7 0.2 

1 µM MS + 1 µM TRA 4Gy 1.7 0.1 0.4 0.6 2.7 4.9 6.0 0.2 1.5 0.7 0.1 

1 µM TMZ 0Gy 1.3 0.3 0.6 2.7 16.4 1.5 12.3 2.0 2.2 1.5 1.0 

1 µM TMZ 4Gy 2.0 0.6 0.8 0.9 5.9 2.7 4.0 2.3 1.9 2.8 1.9 
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Table A2: List of RT2 Profiler genes with their corresponding fold change versus 

untreated cells (DMSO 0 Gy) in LN229 cell line after the indicated treatments. 

 

 

 

 

 

 

 

 

 

T
re

a
tm

e
n

t 

LN229 STAT3 SOX2 NES OLIG2 NANOG POU5F1 ALDH1A1 CD44 PROM1 PLAUR PLAU 

  DMSO  0Gy 1 1 1 1 1 1 1 1 1 1 1 

DMSO 4Gy 1.8 4.3 2.2 1.3 1.1 1.8 26.5 2.2 5.8 9.7 3.4 

 1 µM MS 0Gy 1.2 3.4 1.8 1.0 1.2 1.6 22.0 2.0 8.4 5.6 1.6 

 1 µM MS 4Gy 1.4 1.5 1.6 1.0 1.0 2.0 1.2 1.4 1.1 2.7 1.0 

 1 µM TAK 0Gy 2.4 2.1 2.3 1.4 6.4 3.8 2.0 1.9 5.7 4.1 1.7 

 1 µM TAK 4Gy 2.9 3.1 1.6 0.9 4.1 3.9 3.8 1.1 5.6 2.4 3.1 

 1 µM TRA 0Gy 3.0 2.2 1.8 1.1 3.7 6.2 1.8 1.0 3.6 1.9 1.7 

 1 µM TRA 4Gy 3.4 2.9 2.0 1.2 3.8 5.4 2.5 1.9 4.3 4.3 2.5 

 1 µM MS +  1 µM TAK 0Gy 1.9 3.5 1.5 0.9 1.2 2.6 10.9 1.2 10.8 2.5 1.7 

 1 µM MS +  1 µM TAK 4Gy 2.0 3.3 2.3 0.5 1.3 2.0 9.0 1.1 13.1 2.3 1.6 

 1 µM MS + 1 µM TRA 0Gy 1.5 3.1 2.0 1.0 0.4 1.9 10.4 1.2 10.0 2.3 1.9 

 1 µM MS + 1 µM TRA 4Gy 1.7 3.2 1.9 0.9 1.4 2.4 5.3 1.2 11.5 2.4 1.4 

 1 µM TMZ 0Gy 1.9 1.7 2.2 1.1 1.8 1.5 1.9 1.8 2.0 5.8 3.8 

 1 µM TMZ 4Gy 1.6 1.5 1.9 0.6 1.1 1.1 2.4 1.7 2.2 5.4 3.8 
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Table A3: List of RT2 Profiler genes with their corresponding fold change versus 

untreated cells (DMSO 0 Gy) in U87 cell line after the indicated treatments. 

 

 

 

 

 

 

 

 

 

T
re

a
tm

e
n

t 

U87 STAT3 SOX2 NES OLIG2 NANOG POU5F1 ALDH1A1 CD44 PROM1 PLAUR PLAU 

  DMSO  0Gy 1 1 1 1 1 1 1 1 1 1 1 

  DMSO  4Gy 1.3 1.1 1.0 1.0 1.2 1.0 1.4 1.2 1.6 1.2 1.2 

 1 µM MS 0Gy 1.1 2.2 4.5 1.1 1.4 1.1 9.2 1.7 4.5 0.8 1.5 

 1 µM MS 4Gy 1.2 2.0 4.0 0.9 1.2 0.9 14.2 1.8 6.0 0.8 1.7 

 1 µM TAK 0Gy 1.5 0.5 0.9 0.5 1.6 2.2 1.3 0.2 1.2 0.7 0.9 

 1 µM TAK 4Gy 1.3 0.6 0.6 0.3 2.1 1.9 2.6 0.2 1.1 0.6 0.8 

 1 µM TRA 0Gy 1.2 0.7 0.7 0.7 0.9 1.9 2.5 0.1 0.9 0.5 0.6 

 1 µM TRA 4Gy 1.3 0.7 0.7 0.4 0.9 1.7 1.0 0.1 0.8 0.5 0.7 

 1 µM MS +  1 µM TAK 0Gy 1.4 2.4 4.2 0.7 0.6 1.4 129.6 0.3 2.4 0.6 0.3 

 1 µM MS +  1 µM TAK 4Gy 1.5 2.3 3.7 0.2 0.5 1.3 87.9 0.3 2.8 0.6 0.3 

 1 µM MS + 1 µM TRA 0Gy 1.8 4.3 3.9 0.8 0.4 1.7 58.0 0.3 4.6 0.5 0.2 

 1 µM MS + 1 µM TRA 4Gy 1.6 1.9 3.7 0.8 0.5 1.4 27.1 0.3 2.7 0.5 0.2 

 1 µM TMZ 0Gy 2.1 1.0 1.9 1.8 2.4 1.6 1.7 1.5 3.1 1.5 1.7 

 1 µM TMZ 4Gy 2.2 1.1 2.2 1.4 3.4 1.9 3.4 1.5 2.6 1.5 1.7 
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Table A4: List of RT2 Profiler genes with their corresponding fold change versus 

untreated cells (DMSO 0 Gy) in U251 cell line after the indicated treatments. 

T
re

a
tm

e
n

t 

U251 STAT3 SOX2 NES OLIG2 NANOG POU5F1 ALDH1A1 CD44 PROM1 PLAUR PLAU 

 DMSO 0Gy 1 1 1 1 1 1 1 1 1 1 1 

 DMSO 4Gy 1.3 1.3 1.3 1.1 0.7 1.3 1.0 1.3 1.0 1.7 1.2 

 1 µM MS 0Gy 0.8 1.3 1.4 1.7 0.6 1.2 1.7 2.0 1.3 2.4 0.9 

 1 µM MS 4Gy 0.9 1.3 1.6 2.0 1.1 1.5 2.0 1.9 2.0 3.3 1.1 

 1 µM TAK 0Gy 2.1 1.7 0.9 1.4 2.5 1.8 2.1 2.1 2.1 1.2 0.9 

 1 µM TAK 4Gy 1.8 1.3 0.9 0.9 3.4 1.8 1.4 1.7 1.4 1.1 0.7 

 1 µM TRA 0Gy 1.5 1.3 0.8 0.9 3.3 1.4 1.1 1.8 1.1 1.0 0.7 

 1 µM TRA 4Gy 2.0 1.4 1.0 1.5 3.4 1.1 1.8 1.9 1.8 1.2 0.8 

 1 µM MS +  1 µM TAK 0Gy 0.8 0.9 0.7 0.9 1.0 0.8 1.1 2.3 1.1 1.8 0.3 

 1 µM MS +  1 µM TAK 4Gy 1.4 1.3 0.9 0.9 2.3 1.1 1.6 2.8 1.6 2.0 0.3 

 1 µM MS + 1 µM TRA 0Gy 0.9 1.1 0.8 0.2 1.0 1.3 1.9 2.6 1.7 1.8 0.3 

 1 µM MS + 1 µM TRA 4Gy 1.0 1.1 0.9 0.8 1.2 1.0 1.7 2.6 1.2 1.9 0.3 

 1 µM TMZ 0Gy 1.7 1.0 1.1 2.9 1.4 1.7 0.9 1.2 1.1 1.8 0.7 

 1 µM TMZ 4Gy 1.4 0.9 1.2 1.0 0.8 1.3 0.7 1.3 0.9 2.3 0.9 

 

Table A5: List of RT2 Profiler PCR array genes and their description 

Gene Symbol Official Full Name 

STAT3 signal transducer and activator of transcription 3 (acute-phase 
response factor) 

SOX2 SRY (sex determining region Y)-box 2  

NES Nestin 

OLIG2 oligodendrocyte lineage transcription factor 2 

NANOG Nanog homeoboxTP53 

POU5F1 POU class 5 homeobox 1 

ALDH1A1 aldehyde dehydrogenase 1 family, member A1 

CD44 CD44 molecule (Indian blood group) 

PROM1 prominin 1 

PLAUR plasminogen activator, urokinase receptor 

PLAU plasminogen activator, urokinase 

TBP TATA box binding protein 

GAPDH glyceraldehyde-3-phosphate dehydrogenase 
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Appendix C: Representative western Blots after HDACi and MEKi 

with radiation in monolayer glioblastoma cell lines. 

 

Figure A2: A172 Monolayer representative blots of quantified data from Figure 13 are 

shown. 

 

 

 

Figure A3: LN229 Monolayer representative blots of quantified data from Figure 14 are 

shown. 
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Figure A4: U87 Monolayer representative blots of quantified data from Figure 15 are 

shown. 

 

 

 

Figure A5: U251 Monolayer representative blots of quantified data from Figure 16 are 

shown. 
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Appendix D: Representative western Blots after HDACi and MEKi 

with radiation in stem-cell enriched glioblastoma-derived spheres. 

 

Figure A6: LN229-sph representative blots of quantified data from Figure 29 are shown 

 

Figure A7: U87-sph representative blots of quantified data from Figure 30 are shown. 

 

Figure A8: U251-sph representative blots of quantified data from Figure 31 are shown. 
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Appendix E: Representative pictures of flow cytometric plots of 

single GSLC markers after combined HDACi and MEKi with radiation. 

The cells were analyzed by flow cytometry using a CytoFLEX LX flow cytometer and 

CytExpert software. The CytoFLEX LX instrument has a capacity for 21 channels of 

fluorescence detection and is equipped with a 355 nm (UV) laser, 405 nm (Violet) laser, 

488 nm (Blue) laser, 561 nm (Yellow Green) laser, 638 nm (Red) laser and 808 nm 

(Infrared) laser. Fluorescence and side scatter light of the CytoFLEX LX were delivered 

by fiber optics to Avalanche Photo Diode detector arrays while the emission profiles 

were collected by reflective optics and single transmission band pass filters. Unstained 

cells were used to set the voltages while compensation beads were used to 

compensate and correct for spectral overlap across the fluorescent channels.  

In flow cytometry analysis, the gating technique used to set a cut-off for the negative 

and positive populations was done using two gating controls. First control was with 

unstained cells to set the region for negative and positive populations while the 

fluorescence minus one (FMO) control was used to address any spillover induced 

background (Figure A9 and Figure A10). An additional isotype control was included for 

SOX2 to avoid non-specific antibody binding since there were lower levels (Figure 

A11). The gating region on the controls was set to contain less than 1% of the single 

positive populations. 

LN229-sph: The representative pictures for LN229-sph in Figure 32 showing the 

controls and percentage values for Nestin+, CD44+ and SOX2+ populations after the 

different treatments are shown in Figure A9, Figure A10, Figure A11 respectively. 
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Figure A9: Representative flow cytometric histograms for the single positive 

populations of Nestin+ in LN229-sph after the indicated treatment conditions. Unstained 

and FMO controls for gating positive populations are shown (upper rows). Percentage values 

inside each flow cytometric plot represents percentage of single positive cells from a total of 

approximately 2 x 104 cells acquired. 

 

Figure A10: Representative flow cytometric histograms for the single positive 

populations of CD44+ in LN229-sph after the indicated treatment conditions. Unstained 
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and FMO controls for gating positive populations are shown (upper rows). Percentage values 

inside each flow cytometric plot represents percentage of single positive cells from a total of 

approximately 2 x 104 cells acquired. 

 

Figure A11: Representative flow cytometric histograms for the single positive 

populations of SOX2+ in LN229-sph after the indicated treatment conditions. Unstained 

and FMO controls for gating positive populations are shown (upper rows). Percentage values 

inside each flow cytometric plot represents percentage of single positive cells from a total of 

approximately 2 x 104 cells acquired. 

U87-sph: The representative pictures for U87-sph in Figure 33 showing the controls 

and percentage values for Nestin+, CD44+ and SOX2+ populations after the different 

treatments are shown in Figure A12, Figure A13, Figure A14 respectively. 
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Figure A12: Representative flow cytometric histograms for the single positive 

populations of Nestin+ in U87-sph after the indicated treatment conditions. Unstained 

and FMO controls for gating positive populations are shown (upper rows). Percentage values 

inside each flow cytometric plot represents percentage of single positive cells from a total of 

approximately 2 x 104 cells acquired. 

 

Figure A13: Representative flow cytometric histograms for the single positive 

populations of CD44+ in U87-sph after the indicated treatment conditions. Unstained and 
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FMO controls for gating positive populations are shown (upper rows). Percentage values inside 

each flow cytometric plot represents percentage of single positive cells from a total of 

approximately 2 x 104 cells acquired. 

 

Figure A14: Representative flow cytometric histograms for the single positive 

populations of SOX2+ in U87-sph after the indicated treatment conditions. Unstained and 

FMO controls for gating positive populations are shown (upper rows). Percentage values inside 

each flow cytometric plot represents percentage of single positive cells from a total of 

approximately 2 x 104 cells acquired. 

U251-sph: The representative pictures for U251-sph in Figure 34 showing the controls 

and percentage values for Nestin+, CD44+ and SOX2+ populations after the different 

treatments are shown in Figure A15, Figure A16, Figure A17 respectively. 
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Figure A15: Representative flow cytometric histograms for the single positive 

populations of Nestin+ in U251-sph after the indicated treatment conditions. Unstained 

and FMO controls for gating positive populations are shown (upper rows). Percentage values 

inside each flow cytometric plot represents percentage of single positive cells from a total of 

approximately 2 x 104 cells acquired. 

 

Figure A16: Representative flow cytometric histograms for the single positive 

populations of CD44+ in U251-sph after the indicated treatment conditions. Unstained 
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and FMO controls for gating positive populations are shown (upper rows). Percentage values 

inside each flow cytometric plot represents percentage of single positive cells from a total of 

approximately 2 x 104 cells acquired. 

 

Figure A17: Representative flow cytometric histograms for the single positive 

populations of SOX2+ in U251-sph after the indicated treatment conditions. Unstained 

and FMO controls for gating positive populations are shown (upper rows). Percentage values 

inside each flow cytometric plot represents percentage of single positive cells from a total of 

approximately 2 x 104 cells acquired. 

 

Appendix F: Representative pictures of flow cytometric plots of double GSLC 

markers after combined HDACi and MEKi with radiation. 

The gating strategy and FMO controls for the flow cytometry analysis are shown in 

Figure A18. First cells were gated based on size and granularity using side scatter area 

(SSC-A) vs forward scatter area (FSC-A) to remove debris and clumped cells. From 

this cell gate, single cells (singlets) were sub-gated using forward scatter height (FSC-

H) vs FSC-A to remove doublets. From the singlets gates, the control (DMSO) and 

treated samples were sub-gated into quadrants. Lastly the FMO controls containing all 

antibody staining except the indicated one was used to adjust the gate against any 

spillover and obtain the negative and positive double populations of CD44+Nestin+, 
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Nestin+SOX2+ and CD44+SOX2+. The percentage values for the double positive 

populations are located on the upper right region of the quadrants.  

 

Figure A18: Gating strategy and controls for flow cytometry analysis of double positive 

populations (CD44+Nestin+, Nestin+SOX2+ and CD44+SOX2+). The first row shows the 

total population from which cells and single cells (singlets) are gated from. The FMO controls 

minus (-) the indicated antibodies used to gate the double positive populations (upper right 

region in the quadrants) are shown. The gating region on the FMO controls were set to contain 

less than 1% of the cells for double positive populations.  
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LN229-sph: The representative pictures for LN229-sph in Figure 35 showing the 

percentage values for CD44+Nestin+, Nestin+SOX2+ and CD44+SOX2+ populations 

after the different treatments are shown in Figure A19, Figure A20, Figure A21 

respectively. 

 

 

Figure A19: Representative flow cytometric plots for the double positive populations of 

CD44+Nestin+ in LN229-sph after the indicated treatment conditions. Percentage values 

of double positive cells for CD44 and Nestin (CD44+Nestin+; Upper right quadrant) after the 

indicated treatment conditions are shown. Values inside each flow cytometric plot represents 

percentage of double positive cells from a total of approximately 2 x 104 cells acquired. 
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Figure A20: Representative flow cytometric plots for the double positive populations of 

Nestin+ SOX2+ in LN229-sph after the indicated treatment conditions. Percentage values 

of double positive cells for Nestin and SOX2 (Nestin+SOX2+; Upper right quadrant) after the 

indicated treatment conditions are shown. Values inside each flow cytometric plot represents 

percentage of double positive cells from a total of approximately 2 x 104 cells acquired. 

 

Figure A21:Representative flow cytometric plots for the double positive populations of 

CD44+ SOX2+ in LN229-sph after the indicated treatment conditions. Percentage values 

of double positive cells for CD44 and SOX2 (CD44+SOX2+; Upper right quadrant) after the 

indicated treatment conditions are shown. Values inside each flow cytometric plot represents 

percentage of double positive cells from a total of approximately 2 x 104 cells acquired. 
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U87-sph: The representative pictures for U87-sph in Figure 36 showing the 

percentage values for CD44+Nestin+, Nestin+SOX2+ and CD44+SOX2+ populations 

after the different treatments are shown in Figure A22, Figure A23, Figure A24 

respectively. 

 

 

Figure A22: Representative flow cytometric plots for the double positive populations of 

CD44+Nestin+ in U87-sph after the indicated treatment conditions. Percentage values of 

double positive cells for CD44 and Nestin (CD44+Nestin+; Upper right quadrant) after the 

indicated treatment conditions are shown. Values inside each flow cytometric plot represents 

percentage of double positive cells from a total of approximately 2 x 104 cells acquired. 
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Figure A23: Representative flow cytometric plots for the double positive populations of 

Nestin+SOX2+ in U87-sph after the indicated treatment conditions. Percentage values of 

double positive cells for Nestin and SOX2 (Nestin+SOX2+; Upper right quadrant) after the 

indicated treatment conditions are shown. Values inside each flow cytometric plot represents 

percentage of double positive cells from a total of approximately 2 x 104 cells acquired. 

 

Figure A24: Representative flow cytometric plots for the double positive populations of 

CD44+SOX2+ in U87-sph after the indicated treatment conditions. Percentage values of 

double positive cells for CD44 and SOX2 (CD44+SOX2+; Upper right quadrant) after the 

indicated treatment conditions are shown. Values inside each flow cytometric plot represents 

percentage of double positive cells from a total of approximately 2 x 104 cells acquired. 
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U251-sph: The representative pictures for U251-sph in Figure 37 showing the 

percentage values for CD44+Nestin+, Nestin+SOX2+ and CD44+SOX2+ populations 

after the different treatments are shown in Figure A25, Figure A26, Figure A27 

respectively. 

 

 

Figure A25: Representative flow cytometric plots for the double positive populations of 

CD44+Nestin+ in U251-sph after the indicated treatment conditions. Percentage values 

of double positive cells for CD44 and Nestin (CD44+Nestin+; Upper right quadrant) after the 

indicated treatment conditions are shown. Values inside each flow cytometric plot represents 

percentage of double positive cells from a total of approximately 2 x 104 cells acquired. 
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Figure A26: Representative flow cytometric plots for the double positive populations of 

Nestin+SOX2+ in U251-sph after the indicated treatment conditions. Percentage values 

of double positive cells for Nestin and SOX2 (Nestin+SOX2+; Upper right quadrant) after the 

indicated treatment conditions are shown. Values inside each flow cytometric plot represents 

percentage of double positive cells from a total of approximately 2 x 104 cells acquired. 

 

Figure A27: Representative flow cytometric plots for the double positive populations of 

CD44+SOX2+ in U251-sph after the indicated treatment conditions. Percentage values of 

double positive cells for CD44 and SOX2 (CD44+SOX2+; Upper right quadrant) after the 

indicated treatment conditions are shown. Values inside each flow cytometric plot represents 

percentage of double positive cells from a total of approximately 2 x 104 cells acquired. 
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Appendix G: Repeated Expression analysis of GSLC marker genes after 

combined treatment of HDACi and MEKi with radiation 

The quantitative real time PCR results to analyse the single expression of NES, CD44 

and SOX2 were repeated with an additional analysis of ALDH1 expression. The 

experiment was repeated at least three times using GAPDH as the endogenous control 

to validate the upregulation observed after the combined treatment of HDACi and MEKi 

with radiation (Figure 39 - Figure 41).  

It can be seen that compared to the control cells (DMSO), there was an upregulation 

of NES, CD44, and SOX2 in LN229-sph (Figure A28) and U251-sph (Figure A30) by 

the  treatment of HDACi and MEKi with radiation. In U87-sph on the other hand, the 

combined treatment with radiation only upregulated NES but significantly 

downregulated CD44 expression while only the combination of MS-275 and TAK-733 

with radiation significantly reduced SOX2 expression (Figure A29). The expression of 

ALDH1 was significantly downregulated by the combined treatment with radiation in 

LN229-sph and U87-sph but not in U251-sph (Figure A28 - Figure A30). No significant 

effect of the standard TMZ and radiation on the GSLC markers was detected in all 

glioblastoma-derived spheres. 

In general, the results were comparable to the results presented in (Figure 39 - Figure 

41) where TBP was used as the endogenous control. 
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Figure A28: GSLC marker gene expression in LN229-sph after treatment with HDACi or 

MEKi as single or combined drugs with radiation. Fold changes of NES, CD44 and SOX2 

72 hours after the combined treatment and 4 Gy radiation are shown.  The fold changes were 

calculated compared to sham irradiated control cells (DMSO) set to one. Data represents mean 

values ± SEM (n = 3). [*Student’s t-test; *p ≤ 0.05, ***p ≤ 0.001 (versus DMSO 0 Gy), 

#Student’s t-test; #p ≤ 0.05, ##p ≤ 0.01, ###p ≤ 0.001 (versus DMSO 4 Gy). 2-way ANOVA; p-

value <0.05 (CD44); p-value <0.0001 (NES, SOX2, ALDH1)]. 
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Figure A29: GSLC marker gene expression in U87-sph after treatment with HDACi or 

MEKi as single or combined drugs with radiation. Fold changes of NES, CD44 and SOX2 

72 hours after the combined treatment and 4 Gy radiation are shown.  The fold changes were 

calculated compared to sham irradiated control cells (DMSO) set to one. Data represents mean 

values ± SEM (n = 3). [*Student’s t-test; *p ≤ 0.05, ***p ≤ 0.001 (versus DMSO 0 Gy), 

#Student’s t-test; #p ≤ 0.05, ##p ≤ 0.01, ###p ≤ 0.001 (versus DMSO 4 Gy). 2-way ANOVA; p-

value <0.0001 (CD44); p-value <0.05 (ALDH1)]. 
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Figure A30: GSLC marker gene expression in U251-sph after treatment with HDACi or 

MEKi as single or combined drugs with radiation. Fold changes of NES, CD44 and SOX2 

72 hours after the combined treatment and 4 Gy radiation are shown.  The fold changes were 

calculated compared to sham irradiated control cells (DMSO) set to one. Data represents mean 

values ± SEM (n = 3). [*Student’s t-test; *p ≤ 0.05, ***p ≤ 0.001 (versus DMSO 0 Gy), 

#Student’s t-test; #p ≤ 0.05, ##p ≤ 0.01, ###p ≤ 0.001 (versus DMSO 4 Gy). 2-way ANOVA; p-

value <0.0001 (NES, CD44, SOX2, ALDH1)].  
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