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1 Introduction 1 

1 Introduction 

1.1 Pediatric high grade glioma 

Pediatric cancer of the central nervous system (CNS) represents the second most common 

cancer in children after leukemia and accounted for 23.6% of all pediatric cancer in 2019 in 

Germany (Erdmann et al. 2020). One out of 1 400 children under the age of 18 years is 

diagnosed with a CNS tumor and 20% of the patients die within the first 5 years after their 

diagnosis (Erdmann et al. 2020). 

Tumors of the CNS are graded by the World Health Organization (WHO) from 1 to 4 and are 

preferentially classified according to histological criteria, most recently also by additional 

molecular parameters (Ward et al. 2014; Louis et al. 2016; Louis et al. 2021). WHO grade 3 

and 4 pediatric tumors of the CNS are called pediatric high grade glioma (pedHGG). Before 

the revised 4th edition of the WHO classification in 2016 (Louis et al. 2016) in which for the 

first time molecular parameter were introduced for CNS tumor diagnosis, diffuse pedHGG 

comprised the same diagnoses as their adult counterparts: anaplastic astrocytoma (WHO grade 

III), anaplastic oligodendroglioma (WHO grade III), diffuse intrinsic pontine glioma (DIPG) 

(WHO grade IV), glioblastoma (GBM) (WHO grade III), giant cell glioblastoma (WHO grade 

III), and gliosarcoma (WHO grade III) (Filbin and Suva 2016). In 2016, DIPG were resolved 

within the new CNS tumor entity of diffuse midline glioma, H3K27M (WHO grade IV) which 

were defined by the H3K27M mutation, midline location (mostly involving 

thalamus/basalganglia, brainstem, and spinal structures) as well as a diffuse growth pattern 

(Louis et al. 2016). With the publication of the completely new 5th edition of the WHO 

classification in 2021, the traditional diagnoses of glioblastoma and anaplastic astrocytomas 

completely vanished for pedHGG and completely new tumor entities were introduced, mostly 

now defined by molecular parameters and arabic letters to describe the now called CNS grade 

of the expected clinical phenotype (Louis et al. 2021):  

• Diffuse midline glioma, H3 K27-altered (grade 4) 

• Diffuse hemispheric glioma, H3 G34-mutant (grade 4) 

• Diffuse pediatric type high-grade glioma, H3-wildtype and IDH-wildtype (grade 4) 

• Infant-type hemispheric glioma (no CNS grade).  
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All the “old” pedHGG diagnoses are now distributed among the four new diagnoses with 

DIPG exclusively found among diffuse midline gliomas (DMG). 

All pedHGG only represent about 8 to 12% of all pediatric tumors of the CNS, they have a 

dismal prognosis (Fangusaro 2012). Most pedHGG arise in the pons (DIPG) and in the 

cerebral hemispheres (Filbin and Suva 2016). The median survival for patients with DIPG is 

eleven months, less than 10% survive the first two years after diagnosis, and 2% are longtime 

survivors (survival longer than five years after diagnosis) (Hoffman et al. 2018). Thereby, 

patients with DIPG/DMG display the worst prognosis of all patients with pedHGG (Mackay 

et al. 2017).  

Today, many DIPG are still diagnosed through clinical appearance and magnetic resonance 

imaging as it was done for many years (Ballester et al. 2013) although the new WHO diagnosis 

cannot be made without a biopsy to detect the H3K27 alteration within the tumor cells. 

Biopsies still do not improve the diagnosis of the DIPG, alter the standard treatment  

approach, nor survival outcome, but may be accompanied by an increased postsurgical 

morbidity. Thus, biopsied should ideally only be performed in DIPG for research purposes 

(Ballester et al. 2013). Nevertheless, by avoiding biopsies in general as it had happened for 

nearly 20 years the genetic insight into DIPG tumors and its impact on tumor biology has 

been limited and delayed (van Veldhuijzen Zanten et al. 2017).  

While a substantial part of adult high grade glioma develop through multiple mutations of low 

grade tumors, most DIPG are primary brain tumors and are therefore usually diagnosed in the 

primary setting (Braunstein et al. 2017). Consequently, DIPG carry a lower mutation burden 

than their adult counterparts with a median of two non-silent and 15 coding mutations (Filbin 

and Suva 2016).  

In 2012, a mutation highly specific for DIPG and thalamic and spinal pedHGG was 

discovered in the histone genes H3F3A encoding histone H3.3 or HIST1H3A/B/C encoding 

histone H3.1 leading to the substitution of lysine 27 to methionine (Schwartzentruber et al. 

2012; Gerges et al. 2013). The H3K27M-mutation was observed to influence the epigenetic 

landscape and defined the new entity of DMG in the most recent WHO classification as 

already pointed out above (Bender et al. 2013; Lewis et al. 2013; Louis et al. 2021). 

1.2 Epigenetic and its role in tumorigenesis  

The term “epigenetic” can be defined as “the structural adaptation of chromosomal regions so 

as to register, signal or perpetuate altered activity states” (Bird 2007) and includes different 
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mechanisms such as DNA methylation, noncoding RNA and histone modification (Li and 

Tollefsbol 2016). Since the H3K27M-mutation leads to changes in histone modifications 

(Lewis et al. 2013), the focus of this thesis is on histone modifications as epigenetic regulators.  

The DNA in eucaryotic cells is wrapped around a histone octamer containing two copies of 

each of the four core histones H2A, H2B, H3 and H4, called the nucleosome. The binding of 

the linker histone H1 influences the compaction of the chromatin (Ramakrishnan 1997). Due 

to the negative charge of the DNA, the positively charged amino acids lysine and arginine in 

the N-terminal tail of the histones interact with the DNA, which leads to different states of 

condensation (Korolev et al. 2018). Depending on its transcriptional activity, the chromatin 

can dynamically change between the highly condensed heterochromatin or the decondensed 

euchromatin. Heterochromatin is transcriptionally inactive while euchromatin is 

transcriptionally active. Post-translational modifications (PTM) of the N-terminal tail of 

histones play an important role in modulation of condensation of chromatin and the 

recruitment of non-histone proteins. Thus, PTM regulate gene activation and repression 

without affecting the DNA sequence (Zhang et al. 2014; Kouzarides 2007). There are 

different types of PTM: Acetylation, methylation, phosphorylation, ubiquitylation, 

sumoylation, ADP ribosylation, deamination, and proline isomerization (Kouzarides 2007). 

Adding and removing of histone PTM is a dynamic process carried out by different enzymes 

often termed as “writers” and “erasers”. These modifications are added to distinct amino acid 

residues throughout the histone, offering the possibility to regulate both gene activation and 

gene repression (Cohen et al. 2011). The effect of PTM depends on their direct influence on 

histones and on their location within the tail of the histone. While acetylation of lysine 

removes its positive charge, thus leading to relaxation of chromatin and gene activation, 

methylation of histones can be associated with either gene activation (H3K4, 36 and 79) or 

gene repression (H3K9 and 27 and H4K20) depending on its location on the histone tail 

(Sadakierska-Chudy and Filip 2015). Different PTM added to the same amino acid on histone 

tails can lead to an opposed transcriptional state. For example: H3K27-acetylation (H3K27ac) 

leads to gene activation while H3K27-trimethylation (H3K27me3) leads to gene repression 

(Zhang et al. 2015). Consequently, acetylation and methylation of lysine are mutually exclusive 

(Kouzarides 2007). 

In addition to directly influencing gene expression, PTM influence the addition or removal of 

other neighboring PTM (Sadakierska-Chudy and Filip 2015). For instance: H3K27me3 

stimulates the addition of H3K27me3 on neighboring nucleosomes (Cohen et al. 2011).  
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The pattern of PTM determines different processes in cells such as differentiation, 

development and pluripotency, hence playing an important role in development of cancer and 

other diseases (Cohen et al. 2011).  

1.3 The epigenetic role of  the H3K27M-mutation  

Since the PTM methylation and acetylation typically occur on the amino acid lysine, the 

H3K27M-mutation (lysine 27 is switched to methionine) has an impact on PTM (Griffith and 

Holmes 2019). Lysine 27 is located at the N-terminal tail of histone 3 where PTM take place 

(Schwartzentruber et al. 2012). It was observed that H3K27M-mutated cells express a global 

reduction and a local gain of H3K27me3 and globally increased levels of H3K27ac (Lewis et 

al. 2013; Bender et al. 2013). Since H3K27me3 is associated with gene silencing, its decreased 

level leads to reduction of its gene silencing effect, whereas the increased level of H3K27ac, 

leads to activation of gene transcription (Filbin and Suva 2016).  

The underlying mechanisms of the changes in the epigenetic landscape in H3K27M-mutant 

cells are not fully understood yet. Under physiological conditions, the lysine acetyltransferases 

cyclic adenosine monophosphate response element binding protein binding protein (CBP) and 

p300, a multitarget acetyltransferases, introduce the H3K27ac (Jin et al. 2011). The 

H3K27me3 is introduced by the histone methyltransferase Enhancer of Zeste homolog 2 

(EZH2), the enzymatic subunit of the polycomb repressive complex 2 (PRC2) (Margueron 

and Reinberg 2011). In H3K27M-mutated cells, only 3 to 17% of H3 are mutated. Still, a 

global loss of H3K27me3 was observed in these cells, suggesting that the mutation has a 

dominant negative effect, which is hypothesized to occur through inhibition of PRC2 by the 

H3K27M-mutation (Filbin and Suva 2016).  

The effect of the H3K27M-mutation could be observed in cultured cells. When compared to 

H3K27-WT cells, H3K27M-mutated cells express higher proliferation, stem cell-like 

characteristics and are more resistant towards irradiation (Wiese et al. 2020). Furthermore, it 

was observed that the inhibition of demethylation of H3K27 and thereby partial restoration of 

its methylation led to an anti-tumor effect (Filbin and Suva 2016). These findings suggest that 

the H3K27M-mutation influences tumorigenesis and possible therapy options, which is 

relevant for potential treatment options since more than 85% of DIPG carry an H3K27M-

mutation (Castel et al. 2018).  
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1.4 Therapy of  diffuse intrinsic pontine gliomas  

Currently, DIPG are not curable and there are no international guidelines for treatment in 

Europe (El-Khouly et al. 2019). Therefore, the treatment of DIPG is similar to those of their 

adult counterparts: it consists of resection of the tumor, if possible, in combination with 

irradiation and chemotherapy. However, the location of the tumor within the pons displays an 

obstacle for resection since it is difficult to access and proximate to vital brain centers (Filbin 

and Suva 2016). In addition, DIPG are only partially sensitive to irradiation (Filbin and Suva 

2016). Since there are no international guidelines for treatment, different chemotherapeutics 

are used to treat DIPG. However, the most frequently used chemotherapeutic for children 

with DIPG is temozolomide (TMZ) (El-Khouly et al. 2019), an alkylating agent which adds a 

methyl group to purine and pyrimidine in the DNA and therefore leads to DNA damage and 

apoptosis (Karachi et al. 2018).  

In summary, the therapy of DIPG represents a big challenge because of the rarely performed 

resection and a strong resistance towards radio- and chemotherapy (Filbin and Suva 2016). 

Moreover, there has been no significant improvement of therapy in the last 50 years (Castel et 

al. 2015). 

Since the survival rates are very low and therapeutic options are limited, parents of patients 

with DIPG often resort to complementary and alternative medicine (CAM). An online survey 

executed in 2020 by the International Society of Pediatric Oncology Europe Brain Tumor 

Group (SIOPE BTG) investigated the application of CAM in DIPG patients. Participants of 

the study included parents and caregivers of affected children (n=120), which were recruited 

via parent foundations or their physician, and healthcare professionals (n=75), recruited via 

the electronic mailing list of the SIOPE BTG. It was shown that 69% of the participants of 

the survey used some form of CAM to treat the affected child. In case of parental relationship, 

the CAM application was always intended to actively treat the tumor. Less than 10% viewed 

CAM as an alternative to conventional treatment, while over 90% used CAM in combination 

with conventional treatments, often without the knowledge of the treating physicians. 

Moreover, patients with diagnosis after 2016 were more likely to receive any form of CAM 

than those diagnosed before 2016. Amongst the five most frequently used CAM were 

Curcumin and Boswellic acids (BA) (El-Khouly et al. 2021). Both agents harbor various 

properties which qualify them as potential complementary treatment options for children with 

pedHGG. 
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1.5 Therapeutic effects of  Curcumin  

Curcumin is extracted from the rhizomes of Curcuma longa and is mostly known as an Indian 

spice which is essential for the curry powder’s yellow color. However, Curcumin represents an 

important reactive agent in traditional Indian and Chinese medicine and has been used for 

medical purposes for many years, the first reports of medical use of Curcumin are recorded in 

1748. Its medical use had been limited to eastern countries due to the development of western 

medicine. The first article about its use in human disease was published in 1937, awakening 

the interest in the use of Curcumin for medical purposes (Gupta et al. 2013; Kumar et al. 

2015; Oppenheimer 1937). Today over 13 000 scientific articles have been published, 

investigating the effect of Curcumin (Kumar et al. 2015). It is suggested that Curcumin 

exhibits various health benefitting properties such as anti-inflammatory, anti-oxidant and anti-

mutagenic effects (Pulido-Moran et al. 2016). The anti-cancer effect of Curcumin were first 

reported in the 1980’s and have since been observed in various cancers amongst others in 

adult glioblastoma (Gersey et al. 2017; Hesari et al. 2018; Shin et al. 2019; Kuttan et al. 1985; 

Shanmugam et al. 2015).  

Therefore, Curcumin was observed to exhibit many properties which could be relevant for its 

potential to treat pedHGG which are listed in the following paragraphs.  

Curcumin (diferuloyolmethane) is a hydrophobic polyphenol and was observed to pass the 

blood-brain-barrier (BBB) independently of the p-glykoprotein (p-gp) (Kumar et al. 2015; 

Perry et al. 2010). The p-gp can actively discard material from the brain into the circulatory 

system and therefore plays an important role for the multi-drug resistance (Mesev et al. 2017). 

The p-gp independence of Curcumin and its ability to pass the BBB are important for its use 

as treatment for brain tumors such as pedHGG since it needs to be able to reach the tumor 

site. However, it was also reported that bioavailability after oral administration of Curcumin in 

healthy patients is very limited due to its poor absorption in the small intestines and its fast 

metabolism in the liver (Dei Cas and Ghidoni 2019). 

Treatment using Curcumin resulted in dose dependent reduction of cell viability in adult GBM 

cells in vitro. Furthermore, treatment of adult GBM cells with Curcumin led to a reduction of 

proliferation and decreased ability to form colonies and spheres (Gersey et al. 2017). The 

examination of the effect of Curcumin on the cell cycle showed that Curcumin inhibits 

proliferation through induction of cell cycle arrest in various cell lines (Xu et al. 2018). In 

addition, Curcumin induced apoptosis, thus reducing the viability of colon carcinoma and 

head and neck squamosa carcinoma cells by activating Caspase 3 (Xi et al. 2015; Montgomery 

et al. 2016).  
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The treatment for DIPG consists of treatment with TMZ combined with irradiation (El-

Khouly et al. 2019). In combination with radiotherapy, Curcumin was observed to sensitize 

adult glioblastoma cells to irradiation (Dhandapani et al. 2007). Furthermore, Curcumin was 

observed to sensitize adult glioblastoma cells to TMZ (Dhandapani et al. 2007; Yin et al. 

2014).  

Various studies have investigated the epigenetic impact of Curcumin. Curcumin was observed 

to inhibit the histone-acetyltransferase-activity of CBP, reducing the acetylation of histone 3 

and 4 induced by CBP (Balasubramanyam et al. 2004; Lu et al. 2014). Furthermore, Yan et al. 

(2017) investigated the effect of Curcumin on histone hyperacetylation induced by alcohol in 

fetal cardiac progenitor cells of mice. Treatment with Curcumin resulted in a decrease of the 

induced hyperacetylation. 

On the other hand, Curcumin was also observed to reduce the expression of EZH2 in 

pancreatic ductal adenocarcinoma cells and in lung cancer cells (Yoshida et al. 2017; Wu et al. 

2016). EZH2 is a subunit of the PRC2 complex and introduces the H3K27me3 (Margueron 

and Reinberg 2011). Therefore, a reduced expression of EZH2 might influence the epigenetic 

landscape. 

Dose-escalating studies in humans showed that the tolerance for Curcumin at oral doses up to 

12 000 mg per day is excellent. The study did not define a maximum tolerated dose (Lao et al. 

2006). 

However, data for treatment with Curcumin in pedHGG and DIPG cells is limited. Samarth 

et al. (2018) reported that Curcumin induced significant cell death in a 2D tissue culture of 

DIPG cells at concentration of 37.5 µM. Furthermore, Curcumin enhanced cell death in 

DIPG cells after delivery of tumor necrosis factor-α transgene by targeted-bacteriophage 

vector (Samarth et al. 2018). 

1.6 Therapeutic effects of  Boswellic acids 

The source of BA is the gum resin of Boswellia species, trees of family Burseraceae which are 

native in India, Northern Africa, and the Middle East. The main source of the gum resin is 

Boswellia serrata and Boswellia carteri but it is more commonly known as Indian frankincense, 

Salai Guggal or Indian olibanum. It has been used for religious purposes and in Ayurvedic 

medicine for centuries (Ahmed et al. 2015; Beghelli et al. 2017; Roy et al. 2019).The gum resin 

contains different types of BA, which are considered the most bioactive constituents of the 

gum resin (Mannino et al. 2016; Du et al. 2015; Roy et al. 2019), of which the three α-
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Boswellic acid (α-BA), β-Boswellic acid (β-BA), and 3-O-acetyl-11-keto-β-Boswellic acid 

(AKBA) were used in this study.  

BA are highly lipophilic, pentacyclic triterpenes and mostly known for their anti-inflammatory 

properties. However, they are multitargeting compounds and are able to modulate the 

pathogenesis of different diseases through influencing several pathways (Roy et al. 2019). 

Various articles suggest that BA exhibits anti-inflammatory, anti-bacterial, anti-fungal, anti-

cancer, neuroprotective, and analgetic activities (Prabhavathi et al. 2014; Mannino et al. 2016). 

Some properties which could be important for their use as therapeutic agents against 

pedHGG are listed in the following paragraphs.  

BA need to cross the BBB to reach the tumor site. An in vivo experiment in rats investigated 

the ability of BA to cross the BBB. Amongst others α-BA, β-BA and AKBA were investigated 

and all three BA were confirmed in the rat’s brain eight hours after oral administration, 

concluding that BA can cross the BBB (Gerbeth et al. 2013).  

Furthermore, the effect of BA on the cell viability of different cancer cells has been 

investigated. For instance, frankincense oil was observed to reduce cell viability of bladder 

cancer cells in vitro (Frank et al. 2009) and BA reduced cell viability and induced apoptosis in 

colon cancer cells in vitro (Wang et al. 2018). BA also reduced cell viability of adult 

glioblastoma cells in vitro and decreased their clonogenic ability (Schneider and Weller 2016; 

Conti et al. 2018).  

The therapy of DIPG very often consists of a combination of TMZ with irradiation (El-

Khouly et al. 2019). A study investigating the effect of BA in adult glioblastoma cells 

combined with either TMZ or irradiation suggests that the effect was mostly additive and 

never antagonistic (Schneider and Weller 2016). Another in vivo study on adult glioblastoma in 

female athymic CD-1 nude mice reported an increased inhibition of tumor growth after 

treatment with AKBA in combination with irradiation when compared to irradiation alone 

(Conti et al. 2018).  

Furthermore, BA were reported to influence the epigenetic landscape in colorectal cancer cells 

in vitro. Treatment with AKBA induced genome wide DNA demethylation and inhibited DNA 

methyltransferase activity and re-activated a subset of tumor suppressor genes (Shen et al. 

2012). 

The use of BA supplements for medical conditions has already been investigated in the clinical 

setting. For example, phase II studies used orally applied BA supplements as treatment for 
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osteoarthritis or cerebral edema after irradiation and reported no severe adverse effects (Kirste 

et al. 2011; Sengupta et al. 2008).   

However, no study has investigated the effects of BA in pedHGG.  

1.7 Aim of  this study 

Since treatment for DIPG patients has not yet improved the poor prognosis, there is a need 

for new therapeutic strategies. Both Curcumin and BA harbor many properties which qualify 

them as potential alternative or at least supplementary therapeutic options for DIPG patients. 

Even though both compounds are already used as therapeutic supplements, the data 

examining the effect of Curcumin and BA in pedHGG cells is very limited.   

Thus, the aim of this study was to investigate the effect of Curcumin and BA in vitro in a 

DIPG cell line and as a control in a pediatric GBM cell line to assess the therapeutic potential 

of these natural compounds for patients with DIPG and GBM. As the H3K27M mutation is 

very common in DIPG, the DIPG cell line used in this study is H3K27M-mutated while the 

control pediatric GBM cell line is H3K27-wildtype (H3WT). The cell lines with different H3-

mutation status were used to evaluate if Curcumin and BA exert H3K27M-dependent effects.  

Furthermore, to represent the heterogeneity of pedHGG tumors, two distinct cellular 

phenotypes were used in this study: Gliomaspheres which exhibit a more cancer stem cell 

(CSC)-like phenotype and more differentiated pedHGG cells grown as adherent monolayer 

cultures. 

Since both Curcumin and BA were able to influence cell viability and clonogenicity in 

different cancer cells amongst others in adult glioblastoma (Frank et al. 2009; Schneider and 

Weller 2016; Gersey et al. 2017), the impact of Curcumin and BA on cell viability and 

clonogenicity in pedHGG cells were investigated. 

Previous studies have shown that Curcumin and BA influence the impact of the most 

commonly used treatment for pedHGG patients consisting of radiation in combination with 

chemotherapeutic TMZ in other cancers (Dhandapani et al. 2007; Yin et al. 2014; Schneider 

and Weller 2016; Conti et al. 2018; El-Khouly et al. 2019). Therefore, the influence of 

Curcumin and BA combined with standard treatment in pedHGG cells was investigated. 

The epigenetic alterations induced by the H3K27M-mutation play an important role in 

tumorigenesis (Castel et al. 2018). In addition, both Curcumin and BA have been reported to 

influence the epigenetic landscape (Shen et al. 2012; Yan et al. 2017; Balasubramanyam et al. 
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2004). Thus, the impact of Curcumin and BA on important genetic alterations such as 

H3K27ac and H3K27me3 was examined in pedHGG cells.  

Since epigenetic changes influence the transcription, the transcriptome of DIPG cells after 

treatment with Curcumin and BA was also analyzed to investigate the effect of Curcumin and 

BA on gene expression and potential signal transduction pathways.  
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2 Material and Methods 

2.1 Material 

2.1.1 Cell lines and culture conditions 

Two different cell lines were used in this study: H3.3K27M-mutated HSJD-DIPG-007 cells 

referred to as DIPG-007 cells and H3-wildtype HSJD-GBM-001 cells referred to as GBM-001 

cells. In the following, both cell lines together are referred to as pedHGG cells. Human 

derived DIPG-007 and human derived GBM-001 cells were kindly supplied by Angel Montero 

Carcaboso (Hospital Sant Joan de Déu, Barcelona, Spain).  

Cells were cultured in tumor stem media (TSM work) under spheroid conditions or as 

adherent monolayer cells in TSM diff. The composition of the different cell culture media is 

listed in Table 2.1.  

Table 2.1 Composition of culture media 

Medium Composition 

TSM base 1:1 Neurobasal®-A Medium: DMEM/F-12, 1% HEPES buffer, 1mM 

Sodium pyruvate, 1x MEM NEAA, 1x GlutaMAX™-I 

TSM diff TSM base, 10% FCS 

TSM work TSM base, 1x B27® Supplement, 20 ng/ml EGF, 20 ng/ml FGF, 

10 ng/ml PDGF-AA, 10 ng/ml PDGF-BB, 2 µg/ml Heparin  

 

The supplements for culture media and their manufacturer can be found in Table 2.2. 
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Table 2.2 Supplements for culture media 

Additional supplement Manufacturer 

B27® Supplement (50x) Gibco® by life technologies™ 

DMEM/F-12 (1:1) (1x) Gibco® by life technologies™ 

Fetal Calf Serum (FCS) Biochrom 

GlutaMAX (100x) Gibco® by life technologies™ 

Heparin sodium salt from porcine 

intestinal mucosa 

Sigma-Aldrich 

HEPES (4-(2-hydroxyethyl)-1-piperazine-

ethanesulfonic acid) Buffer 

Gibco® by life technologies™ 

MEM NEAA (100x) (minimum essential 

medium non-essential ammino acids) 

Gibco® by life technologies™ 

Neurobasal®-A Medium Gibco® by life technologies™ 

OptiMEM®  I Gibco® by life technologies™ 

PDGF-AA PeproTech 

PDGF-BB PeproTech 

Penicillin-Streptomycin Gibco® by life technologies™ 

Recombinant human EGF (epithelial 

growth factor) 

PeproTech 

Recombinant human FGF (fibroblast 

growth factors) 

PeproTech 

Sodium-Pyruvate 100mM (100x) Gibco® by life technologies™ 

 

2.1.2 Curcumin, Boswellic acid and temozolomide 

Curcumin (Diferuloylmethane) powder was obtained from Selleckchem (Munich, Germany) 

and dissolved in dimethyl sulfoxide (DMSO). AKBA powder, α-BA powder, and β-BA 

powder were obtained from Extrasynthese (Genay Cedex, France) and dissolved in DMSO. In 

the following, all three compounds AKBA, α-BA and β-BA are referred together as BA. TMZ 
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powder was supplied by Selleckchem (Munich, Germany) and dissolved in DMSO. Aliquots 

of TMZ, Curcumin, and BA were stored at -80°C.  

2.1.3 Instruments, consumables and basic chemicals and reagents 

The instruments used in this study were obtained from the manufacturers listed in Table 2.3. 

Table 2.3 Instruments 

Instrument Manufacturer 

BioDocAnalyzer Biometra, Göttingen, Germany 

Blotting system Biometra, Göttingen, Germany 

Centrifuge 5415D Eppendorf, Hamburg, Germany 

Centrifuge 5810R Eppendorf, Hamburg, Germany 

Electrophoresis power supply BioRad, Feldkirchen, Germany 

Electrophoresis system for agarose gels BioRad, Feldkirchen, Germany 

HiSeq4000  Illumina, Munich, Germany 

Incubator BBD6220 Thermo Scientific, Braunschweig, Ger-

many 

Infinite F50 absorbance plate reader Tecan Group Ltd., Männedorf, 

Switzerland 

Luminescent image analyzer LAS-4000 

mini 

Fujifilm, Düsseldorf, Germany 

Mini-PROTEAN Tetra cell electrophoresis 

system 

BioRad, Feldkirchen, Germany 

Micropipett (2.5 µl, 10 µl, 100 µl, 200 µl, 

1000 µl) 

Eppendorf, Hamburg, Germany 

Multipipett  Eppendorf, Hamburg, Germany 

Neubauer cell counting chamber Brand, Wertheim, Germany 

RS 225 X-Ray Research System Gulmay Medical Systems, Surrey, 

Camberley, UK 
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Instrument Manufacturer 

Sonifier UP50H Hielscher Ultrasonics GmbH, Teltow, 

Germany 

Spectrophotometer NanoDrop® ND-

1000 

Thermo Scientific, Braunschweig, Ger-

many 

SynergyMx microplate reader BioTek®, Bad Friedrichshall, Germany 

Thermomixer 5436 Eppendorf, Hamburg, Germany 

Vortex VF2 IKA, Staufen, Germany 

 

The consumables used in this study are displayed in Table 2.4. 

Table 2.4 Consumables 

Consumables Manufacturer 

Cell scraper Sarstedt 

Combitips Eppendorf 

Dish100, Cell+ (10 cm) Sarstedt 

Falcon tubes (15 ml) Sarstedt 

Falcon tubes (50 ml) Greiner bio-one 

Flasks for cell culture (T75 and T175) Sarstedt 

Immobilon-P PVDF membrane (pore size 

0.45 µm) 

Merck 

Nuclon Delta Surface cell culture plates (6-

well, 12-well and 96-well) 

Thermo Scientific 

Pasteur pipettes 

Pipette filter tips (10 µl, 100 µl, 200 µl, 

1000 µl) 

Brand 

Starlab 

Pipette tips (10 µl, 200 µl, 1000 µl) Sarstedt 

Reaction tubes (1.5 ml and 2 ml) Sarstedt 
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Consumables Manufacturer 

Serological pipettes (5 ml, 10 ml, 25 ml) Sarstedt 

Whatman filter paper Sartorius 

 

The basic chemicals and reagents used in this study are presented in Table 2.5. 

Table 2.5 Chemicals and reagents  

Chemical/reagent Manufacturer 

6 X DNA loading dye Thermo Scientific 

β-Mercaptoethanol Sigma-Aldrich 

Acetic acid Merck 

Acetic acid glacial Merck 

AgaPure™ Agarose LE Canvax 

Albumin bovine Fraction V, protease-free 

(BSA) 

Serva 

Albumin Standard Thermo Scientific 

Ammonium persulfate (APS) Roth 

BC Assay reagent A Interchim 

BC Assay reagent B Interchim 

BlueStar prestained protein marker Genetics 

Bromphenole blue Sigma-Aldrich 

Coomassie Brilliant Blue BioRad 

Crystal Violet solution Sigma-Aldrich 

Dimethyl sulfoxide (DMSO) Roth 

Dithiothreitol AppliChem 

Ethanol Roth 

Ethidium bromide Roth 
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Chemical/reagent Manufacturer 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich 

Formaldehyde solution min. 37% Merck 

Formic acid 98-100% AppliChem 

Glycerin Merck 

Glycerol Fisher Chemicals 

Glycin Roth 

Glycoblue ThermoScientific 

Isopropanol Roth 

Luminol Sigma-Aldrich 

Magnesium chloride (MgCl) Roth 

Methanol Chemsolute 

N,N,N‘,N‘-Tetramethylethylenediamine 

(TEMED) 

Roth 

Nonidet-P40 (NP40) Fluka 

p-coumaric acid Sigma-Aldrich 

Peroxygen (H2O2) Merck 

Phenylmethylsulfonyl fluoride (PMSF) Serva 

Potassium Chloride (KCl) Roth 

Potassium dihydrogen phosphate 

(KH2PO4) 

Roth 

Powdered milk Roth 

Protease Inhibitor Cocktail Tablets Roche 

Quick-Load Purple 1kb DNA Ladder New England Bio Labs 

Roti®-Phenol/Chloroform/Isoamyl 

alcohol 

Roth 

Roti®-Stock 20% SDS Roth 
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Chemical/reagent Manufacturer 

Rotiphorese® Gel 40 (1:29) Roth 

Sodium acetate Roth 

Sodium chloride (NaCl) Roth 

Sodium dodecyl sulfate (SDS), ultra-pure Roth 

Di-Sodium hydrogen phosphate 

(Na2HPO4) 

Roth 

Thiazolyl Blue tetrazolium bromide (MTT) Alfa Aesar 

Tris Roth 

Trypan Blue stain (0.4%) Gibco® by life technologies™ 

TrypLETMExpress Thermo Scientific 

Tween 20 Sigma-Aldrich 

 

2.1.4 Buffers and solutions 

The composition of the buffers and solutions used in the present study are listed in Table 2.6. 

Table 2.6 Composition of buffers and solutions 

Name  Composition 

2x Crystal Violet staining solution 9.6% Crystal Violet solution, 19.2% 

Formaldehyde (min. 37%), 19.2% 

Methanol, 19.2% PBS 

4x Laemmli probe buffer (LPP) 240 mM Tris-HCl (pH6.8), 40% glycerin, 

8% SDS, 20% β-mercaptoethanol, 

0.04% bromphenolblue 

4x separating (LT) buffer (pH 8.8) 1.5 M Tris-HCl (pH 8.8), 0.4% SDS 

4x stacking (UT) buffer (pH 6.8) 0.5 M Tris-HCl (pH 6.8), 0.4% SDS 

50x Tris-acetate-EDTA (TAE) buffer 0.571% acetic acid glacial, 0.05 M EDTA, 

2 M Tris-HCl (pH 8.0) 
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Name  Composition 

Blocking solution 5% powdered milk/BSA in TBS-T 

Blotting buffer 25 mM Tris, 192 mM glycin, 10% 

methanol 

Coomassie destaining solution 10% acetic acid glacial, 20% isopropanol, 

70% H2O  

Coomassie staining solution 0.2% Coomassie Brilliant Blue, 33% 

isopropanol, 10% acetic acid 

Cytoplasmic Extract (CE) buffer (pH 7.6) 10 mM HEPES buffer, 60 mM KCL, 

1 mM EDTA, 0.075% NP40, 1 mM DTT, 

1mM PMSF 

Enhanced chemiluminescence (ECL) 

solution A 

2.5 mM luminol, 0.36 mM p-coumaricacid, 

0.1 M Tris-HCl (pH 8.5) 

ECL solution B 0.0182% H2O2, 0.1 M Tris-HCl (pH 8.5)  

Laemmli running buffer 25 mM Tris, 192 mM glycin, 0.01% SDS 

MTT solution 5 mg/ml MTT in PBS 

MTT solvent solution 33% DMSO, 5% formic acid, 

62% isopropanol 

Nuclear Extract (NE) buffer (pH 8.0) 20 mM Tris Cl, 420 mM NaCl, 1.5 mM 

MgCl2, 0.2 mM EDTA, 1 mM PMSF, 25% 

glycerol 

Phosphate buffered saline (PBS) 5.48 mM NaCl, 0.108 mM KCl, 0.08 mM 

KH2PO4, 0.4 mM Na2HPO4 

TRIS buffered saline with Tween 20 

(TBS-T) (pH 7.4) 

20 mM Tris-HCl, 150 mM NaCl, 

0.1% Tween 20 
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2.1.5 Commercial kits and enzymes 

The commercial kits and enzymes were obtained from the manufacturers listed in Table 2.7. 

Table 2.7 Commercial kits and enzymes 

Kit REF number Manufacturer 

GoScript™ Reverse Transcription 

Mix 

A2800 Promega, Walldorf, Germany 

TruSeq RNA Library Prep Kit v2 RS-122-2001 

RS-122-2002 

Illumina, Munich, Germany 

SignalFire™ Elite ECL reagent 12757S Cell Signaling Technology, 

Danvers, USA 

ReliaPrep™ RNA Clean-Up and 

Concentration System 

Z1071 Promega, Walldorf, Germany 

ReliaPrep™ RNA Miniprep System Z6012 Promega, Walldorf, Germany 

 

2.1.6 Antibodies 

The primary antibodies and their origin, dilution and distributing company are displayed in 

Table 2.8.  

Table 2.8 Primary antibodies  

Primary antibody Origin Dilution REF number Company 

β-actin mouse 1:5000 A3854 Sigma-Aldrich 

Acetyl-Histone H4 (Lys 8) rabbit 1:1000 2594 Cell Signaling 

Technology 

Caspase 3 rabbit 1:1000 ab90437 abcam 

Cleaved Caspase 3 rabbit 1:1000 9541S Cell Signaling 

Technology 

Histone H3K27ac (Acetyl rabbit 1:1000 GTX128944 GeneTex 
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Primary antibody Origin Dilution REF number Company 

Lys27)  

Oct ¾ mouse  1:1000 61102 Becton Dickinson 

Tri-Methyl-Histone H3 

(Lys 27) (C36B11)  

rabbit 1:1000 9733 Cell Signaling 

Technology 

 

The matching secondary antibodies, their dilution and distributing company are listed in Table 

2.9. 

Table 2.9 Secondary antibodies 

Secondary antibody Dilution REF 

number 

Company 

Anti-mouse IgG, horseradish 

peroxidase (HRP)-linked 

1:5000 115-035-

174 

Dianova 

Anti-rabbit IgG, HRP-linked 1:5000 211-032-

171 

Jackson 

ImmunoResearch 

 

2.1.7 Software  

The software used in this study is displayed in Table 2.10. 

Table 2.10 Software  

Software Company 

ImageJ. 1.48 National Institute of Health 

Magellan for F50 7.0SignalFire™ Elite  Tecan Group Ltd. 

Microsoft Office 2013 Microsoft 
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2.2 Methods 

2.2.1 Cell culture 

DIPG-007 and GBM-001 cells were cultured in tissue culture flasks in TSM work medium 

(Table 2.1) and maintained in a saturated incubator at 37°C and 5% CO2. For seeding and 

passaging, spheres were collected in 50 ml tubes and centrifuged at 1 000 rpm for 5 min. The 

supernatant was removed, and spheres were separated enzymatically by trypsin treatment 

(TrypLETMExpress) in combination with gently pipetting up and down. Cells were washed 

with phosphate buffered saline (PBS) and centrifuged at 1 000 rpm for 5 min. The supernatant 

was removed, and cells were suspended in 5 ml medium. For cell counting, 100 µl of cell 

suspension were transferred into 1.5 ml reaction tube and 300 µl Trypan blue was added. The 

solution was transferred into the Neubauer cell counting chamber (Brand) and cells were 

counted. Calculated cells were suspended in TSM work for spheroid cell culture or TSM diff 

for adherent monolayer culture (Table 2.1).  

2.2.2 MTT-cell viability assay 

To determine the viability of cells after treatment with Curcumin and BA, 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT-) cell viability assays were 

conducted. DIPG-007 and GBM-001 cells were seeded into 96-well-plates at a concentration 

of 50 000 cells/ml in 50 µl TSM work (Table 2.1) for spheroid or TSM diff (Table 2.1) for 

adherent monolayer conditions. After incubation for 24 h, cells were treated with 50 µl 

medium containing the corresponding amounts of Curcumin, BA, or DMSO control. After 

72 h, cells were treated with 15 µl MTT solution (5 mg/ml) and incubated for 4 h. To evaluate 

concentration of formazan, the supernatant was transferred into 1.5 ml reaction tubes. The 

tubes were centrifuged at maximum speed for at least 10 min. Supernatant was removed and 

100 µl MTT solvent solution (Table 2.6) was added to the reaction tubes. The content was 

transferred back into the plates. The absorbance rate at 560 nm was measured using Tecan’s 

Infinite F50 absorbance plate reader (Tecan Group Ltd.). 

2.2.3 Irradiation assay 

To determine the effect of Curcumin and BA on standard treatment options for pedHGG 

consisting of irradiation and TMZ, irradiation assays were performed. For the irradiation 

assay, 25 000 cells/ml in 50 µl were seeded into 96-well-plates using TSM work medium 

(Table 2.1). After incubation for 48 h at 37°C, cells were treated with 50 µl Curcumin or BA 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Methyl
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
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alone or in combination with TMZ and incubated for another 24 h at 37°C. The plates 

received a single irradiation dose of 8 Gy or remained not irradiated for control. Radiation 

treatment at a dose rate of 1 Gy/min (8 Gy for 8 min) was delivered by a RS 225 X-Ray 

Research System (Gulmay Medical Systems, Xstrahl Ltd) operated at 200 kV, 15 mA and with 

0.5 mm Cu filtration. After another 24 h of incubation at 37°C, cells were treated a second 

time with Curcumin or BA alone or Curcumin or BA in combination with TMZ and 

incubated for 72 h. Fifteen µl MTT solution (5 mg/ml) were added to each well. After 4 h of 

incubation, the content of the wells was transferred into 1.5 ml tubes and centrifuged at 

maximum speed for 10 min. Supernatant was removed, and 100 µl MTT-solvent-solution was 

added to the tubes. Resolved cells were transferred back to a 96-well plate, and photometric 

absorbance was measured at 560 nm using Tecan’s Infinite F50 absorbance plate reader 

(Tecan Group Ldt.). 

2.2.4 Protein isolation and determination of protein concentration 

For protein isolation, DIPG-007 and GBM-001 cells were seeded at a concentration of 

50 000 cells/ml into 10 cm petri dishes with 10 ml TSM work medium (Table 2.1). After 

incubation for 24 h at 37°C, cells were treated with the indicated concentrations of Curcumin 

or BA and incubated for 72 h at 37°C. Cells were transferred into 15 ml falcon tubes and 

centrifuged at 1 000 rpm for 5 min. The supernatant was discarded. Pellets were resuspended 

in up to 200 µl cytoplasmatic extract (CE) buffer (Table 2.6) depending on the pellet size, 

supplemented with 1x Protease inhibitor Cocktail (Roche) and incubated on ice for 3 min to 

destroy the cellular membrane and separate the nuclei from the cellular fraction. Preparations 

were centrifuged at 1 500 rpm at 4°C for 4 min and the supernatant containing the cellular 

protein was transferred into clean tubes. Up to 100 µl nuclear extract (NE) buffer (Table 2.6) 

depending on the volume of CE buffer (half the volume of CE buffer) was added to the pellet 

to destroy the nuclear membrane and salt concentration was adjusted using up to 67 µl 5 M 

NaCl. Samples were sonicated using Sonifier UP50H (Hielscher Ultrasonics GmbH) for 0.5 

cycle and 100% amplitude for 10 s and incubated on ice for 30 min. Preparations were 

centrifuged at maximum speed at 4°C for 10 min. The supernatant containing the nuclear 

protein was transferred into a clean tube. The protein samples were stored at -80°C. 

Protein concentration was determined using bicinchoninic acid (BCA) assays. Protein samples 

were diluted 1:24 and 3:22 in H2O in a 96-well-plate. 200 µl of BC Assay Working Reagent 

(50:1 BC Assay Working reagent A:BC Assay Working reagent B) were added and samples 

were incubated at 37°C for 30 min. Protein concentrations were measured at 563 nm using 

SynergyMx microplate reader (BioTek®). A standard curve with bovine albumin fraction V, 
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protease-free (BSA) dilutions of known protein concentrations (0-30 µg) was established and 

used to determine the protein concentration of samples. Protein concentrations were adjusted 

using either CE or NE buffer and measurement was repeated using 2:23 dilution. Samples 

were stored at -80°C.  

2.2.5 SDS-PAGE and western blot analyses 

In order to determine the effect of Curcumin and BA on important histone marks and stem-

cell markers, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were 

performed. Protein concentrations were adjusted with NE or CE buffer, and 1x LPP was 

added. Prepared samples were heated at 95°C for 5 min and either stored at -20°C or 

immediately used for SDS-PAGE. 

Gels were prepared according to Table 2.11 depending on the size of target protein. Gels were 

run in the electrophoresis system (BioRad) in Laemmli running buffer (Table 2.6) by applying 

a voltage of 80 to 120 V. Molecular weight of the proteins was determined using a pre-stained 

protein ladder.  

Table 2.11 Compositions of stacking and separating SDS-PAGE gels 

 

Separated proteins were transferred onto an Immobilon-P PVDF-membrane (Merck) using a 

wet blotting system (Biometra) at 500 mA for 45 min in blotting buffer (Table 2.6). Before 

blotting the Immobilon-P PVDF-membranes were activated in methanol for 1 min then 

placed in blot buffer.  

SDS-polyacrylamide gel Composition 

Stacking gel 5.6% 14% Rotiphorese ® Gel 40 (29:1), 1X UT buffer, 

0.1% APS, 0.1% TEMED 

Separating gel 12% 30% Rotiphorese ® Gel 40 (29:1), 1X LT buffer, 

0.1% APS, 0.1% TEMED 

Separating gel 15% 37.5% Rotiphorese ® Gel 40 (29:1), 1X LT buffer, 

0.1% APS, 0.1% TEMED 

Separating gel 20% 50% Rotiphorese ® Gel 40 (29:1), 1X LT buffer, 

0.1% APS, 0.1% TEMED 



2 Material and Methods 24 

After blotting, gels were stained with Coomassie staining solution (Table 2.6) overnight. Gels 

were subsequently bleached with Coomassie destaining solution (Table 2.6) three times for 20 

min. Gels were placed in water for 24 to 72 h and photographed.  

After blotting, membranes were blocked with blocking solution (Table 2.6) for 1 h at room 

temperature to prevent unspecific antibody binding. Membranes were then incubated with the 

primary antibody diluted in either 5% BSA or 5% powdered milk in TBST-T and incubated at 

4°C overnight. Membranes were washed with TBST-T three times for 10 min and incubated 

with the matching secondary antibody diluted in either 5% BSA or 5% powdered milk at 

room temperature for 1 h and again washed with TBS-T three times for 10 min.  

In order to detect the antibody-marked protein of interest, horseradish peroxidase ECL 

solution A and B were mixed 1:1 and applied to membranes. Chemiluminescence was 

measured using the Luminescent image analyzer LAS-4000 mini (Fujifilm). 

2.2.6 Sphere formation assay 

To study the effect of Curcumin and BA on stem cell-like properties, sphere formation assays 

were performed. For sphere formation assay, DIPG-007 and GBM-001 cells were seeded in 

12-well-plates at a concentration of 5 000 cells/ml in 1 ml using TSM work (Table 2.1). Cells 

were incubated at 37°C for 5 h and treated with Curcumin or BA. After 96 h of incubation 

1 ml TSM work medium (Table 2.1) with matching Curcumin or BA concentrations was 

added, and cells were incubated at 37°C for another 72 h. Ten% fetal calf serum (FCS) was 

added, and cells were incubated at 37°C until spheres attached to the bottom. One ml of 

Crystal Violet staining solution (Table 2.6) was added, and plates were placed on a shaker for 

1 h. The staining solution was removed, and wells were gently washed with tap water. Plates 

were dried overnight at 37°C. Sphere formation ability was evaluated using the ImageJ tool 

“Particle analyzer”. 

2.2.7 Colony formation assay 

To investigate the effect of Curcumin and BA on clonogenicity, colony formation assays were 

performed. For colony formation assay, DIPG-007 and GBM-001 cells were seeded in 12-

well-plates at a concentration of 5 000 cells/ml in 1 ml using TSM work medium (Table 2.1) 

with 10% FCS. Cells were incubated for 5 h and treated with Curcumin or BA. Since DIPG-

007 cells exhibit a much faster proliferation than GBM-001 cells, they were stained with 

Crystal Violet staining solution (Table 2.6) after 96 h while 1 ml fresh medium containing 

matching Curcumin or BA concentrations was added to GBM-001 cells. GBM-001 cells were 



2 Material and Methods 25 

cultured for another 72 h before staining with Crystal Violet (Table 2.6). Plates were placed on 

a shaker for 1 h. Crystal Violet staining solution was removed, and wells were gently washed 

with water. Plates were dried overnight at 37°C. Colonized area was evaluated using the 

ImageJ tool “ColonyArea”.  

2.2.8 RNA isolation  

For RNA isolation, DIPG-007 cells were seeded into 6-well-plates at a concentration of 

50 000 cells/ml in 2 ml TSM work medium (Table 2.1). After 24 h of incubation at 37°C, cells 

were treated with Curcumin or BA and incubated at 37°C for another 48 h before harvest. For 

harvesting, cells were transferred into 15 ml falcon tubes, and wells were washed with PBS. 

Cells were centrifuged at 1 000 rpm for 5 min and the supernatant was removed. Pellets were 

frozen in liquid nitrogen and stored at -80°C.  

RNA for RNA-seq was isolated using ReliaPrep™ RNA cell Miniprep System following 

manufacturer’s instructions. Samples were concentrated using ReliaPrep™ RNA Clean-Up 

and Concentration System according to manufacturer’s instructions. Concentration was 

determined using the spectrophotometer NanoDrop® ND-1000p (ThermoScientific) and 

concentrations were adjusted with nuclease free water. Samples were stored at -80°C.  

RNA gels were run to exclude RNA degradation. One% Agarose was diluted in 1x TAE 

buffer and boiled until liquid was clear and agarose-ethidium-bromide-gels were poured. 1x 

DNA loading dye was added to 500 to 1 000 ng RNA and gels were run at 120 V for 5 min. 

2.2.9 Library preparation, mRNA sequencing and data analysis 

TruSeq RNA Library Prep Kit v2 (Illumina) was used according to the manufacturer’s 

instructions by the Transcriptome and Genome Analysis Laboratory (TAL) at the University 

Medical Center Göttingen to synthesize libraries from RNA. Pools of libraries were sequenced 

by the TAL using HiSeq4000 (Illumina, 50SE).  

Candidate genes were filtered to a minimum of 0.75-fold change for upregulation and 1.5-fold 

change for downregulation with a false discovery rate (FDR)-corrected p-value<0.05. To 

analyze the gene ontology (GO-) annotation, the Database for Annotation, Visualization and 

Integrated Discovery (DAVID) Bioinformatics Resources 6.8 (Frederick, US) was used 

(Huang et al. 2009a, 2009b).  

  



2 Material and Methods 26 

2.2.10 Statistical analysis 

Statistical analysis was performed using Excel 2013. 

Unless stated otherwise all experiments were performed in biological triplicates. The graphs in 

this study show the mean value normalized to the control with the respective standard error of 

the mean (SEM). To determine statistical significance, paired student’s t-test was performed, 

p-values<0.05 were considered as statistically significant.   
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3 Results 

3.1 Curcumin 

Curcumin is one of the most commonly used CAM in patients with DIPG (El-Khouly et al. 

2021) and has been reported to express various anti-cancer properties in different cancer 

types, amongst others in adult GBM (Gersey et al. 2017; Balasubramanyam et al. 2004; Xi et 

al. 2015; Yin et al. 2014). Therefore, the anti-cancer effects of Curcumin in pedHGG cells 

were investigated in this study. 

3.1.1 Curcumin reduces cell viability in pedHGG cells in a dose dependent manner 

Curcumin has been observed to decrease cell viability in adult GBM cells in a dose dependent 

manner (Gersey et al. 2017). Therefore, it was hypothesized that Curcumin reduces cell 

viability in pedHGG cells as well. To investigate the impact of Curcumin on the viability of 

pedHGG cells, MTT-cell viability assays were performed. The H3K27M-mutant cell line 

DIPG-007 and the control H3WT cell line GBM-001 were used to determine if Curcumin 

exerts H3K27M-mutation dependent effects on cell viability. To observe the different effects 

of Curcumin on CSC-like spheroid cells and on adherent monolayer cells, cells were cultured 

either under spheroid (TSM work medium, Table 2.1) or adherent monolayer conditions 

(TSM diff medium, Table 2.1). 

Treatment with Curcumin reduced cell viability in a dose dependent manner. No statistically 

significant difference of cell viability between GBM-001 and DIPG-007 cells could be 

detected (Figure 1). Adherent monolayer cells, which resemble a more differentiated tumor 

phenotype, were more sensitive to treatment with Curcumin than spheroid cells, which 

resemble a more CSC-like tumor phenotype. For all concentrations higher than 22.2 µM 

Curcumin this effect was statistically significant in both cell lines (Figure 1). After treatment 

with 22.2 µM Curcumin spheroid GBM-001 cells expressed a cell viability of 35% which was 

five times higher than the cell viability expressed by the corresponding differentiated 

monolayer GBM-001 cells treated with the same concentration of Curcumin (Figure 1). In 

contrast, treatment of spheroid DIPG-007 cells with 22.2 µM Curcumin resulted in a 

reduction of cell viability to 49% compared to control while the cell viability of differentiated 

monolayer DIPG-007 cells was reduced to 12% of control after treatment with the same 

concentration of Curcumin (Figure 1).  



3 Results 28 

The concentration at which 50% of the cells are non-viable (IC50) were approximately 14.8 µM 

for GBM-001 cells and 22.2 µM for DIPG-007 cells under spheroid conditions (Figure 1).  

After treatment with 50 µ M of Curcumin, cell viability of both differentiated DIPG-007 and 

differentiated GBM-001 cells was reduced to 5% of control cells (Figure 1 A). Spheroid 

DIPG-007 and GBM-001 cells expressed a cell viability of 11% and 13% of control after 

treatment with 50 µM of Curcumin (Figure 1 B). 

 

Figure 1: Curcumin reduces cell viability in pedHGG cells in a dose dependent 

manner. MTT-cell viability dilution curves of (A) pedHGG cells cultured under adherent 

monolayer conditions and (B) under spheroid conditions after treatment with increasing 

concentrations of Curcumin as indicated and incubation time of 72 h (DMSO control = 

100%, ◊/*p < 0.05; ◊ for DIPG-007 cells, * for GBM-001 cells). Grey bars indicate 

concentrations used for further experiments.  

 

These results reveal that Curcumin reduces cell viability in pedHGG cells in a dose dependent 

manner. 

To further investigate the effect of Curcumin on DIPG-007 and GBM-001 cells especially in 

combination with radiochemotherapy, concentrations of 5 µM and 10 µM Curcumin were 

used for following experiments. After treatment with 10 µM Curcumin cell viability was 

already reduced to approximately 70% compared to control hence suggesting that cell 

functions were impaired while treatment with 5 µM Curcumin resulted in no relevant 

reduction of cell viability (Figure 1). 

3.1.2 Curcumin sensitizes GBM-001 cells to temozolomide  

The most commonly performed therapy for patients with DIPG consists of radio-

chemotherapy with the chemotherapeutic agent TMZ (El-Khouly et al. 2019). The 

combination of Curcumin with TMZ or irradiation led to increased therapeutic efficacy in 

adult GBM (Yin et al. 2014; Meng et al. 2017). Therefore, it was hypothesized that Curcumin 



3 Results 29 

influences treatment with TMZ and/or irradiation in DIPG-007 and GBM-001 cells. To 

investigate the effect of Curcumin on TMZ radiochemotherapy, MTT-cell viability assays in 

combination with TMZ or irradiation, respectively, or a combination of both were performed. 

PedHGG cells were cultured under spheroid conditions (TSM work medium, Table 2.1) since 

spheroid cells expressed a higher resistance towards treatment with Curcumin compared to 

adherent monolayer cells (Figure 1).  

Treatment with 10 µM Curcumin reduced cell viability in both DIPG-007 and GBM-001 cells 

significantly to 86% and 66%, respectively (Figure 2).   

Irradiation decreased cell viability to comparable levels of 70% in DIPG-007 and 64% in 

GBM-001 cells. Combination of irradiation with 10 µM Curcumin led to further reduction of 

cell viability in both cell lines compared to control (Figure 2). Treatment with Curcumin and 

irradiation had an additive effect in DIPG-007 cells (Figure 2 A).  

Single treatment with 10 µM TMZ had no significant effect on cell viability in both pedHGG 

cell lines as compared to control. However, combination of 10 µM TMZ with 10 µM 

Curcumin decreased cell viability of DIPG-007 cells to 83% and of GBM-001 cells to 44% as 

compared to control while single treatment with 10 µM Curcumin reduced cell viability to 

86% in DIPG-007 cells and to 66% in GBM-001 cells (Figure 2). Of note, treatment with 

Curcumin showed no sensitizing effect on TMZ treatment in DIPG-007 cells (Figure 2 A). In 

contrast, 10 µM Curcumin sensitized GBM-001 cells to TMZ treatment (Figure 2 B). 

Combined therapy of 10 µM TMZ with 8 Gy irradiation reduced cell viability of DIPG-007 

and GBM-001 cells to 67% and 64%, respectively, as compared to control treated cells (Figure 

2). Additional treatment with 10 µM Curcumin reduced cell viability of both cell lines further 

to 58% in DIPG-007 and 44% in GBM-001 cells. However, no sensitizing effect was 

observed. (Figure 2). 
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Figure 2: Curcumin sensitizes GBM-001 cells to treatment with TMZ. MTT-cell viability 

assays of (A) DIPG-007 and (B) GBM-001 cells after treatment with Curcumin and 10 µM 

TMZ (day 1 and day 3), in combination with irradiation (day 2), as indicated. Relative cell 

viability was assessed after 5 d of incubation (DMSO control, 0 Gy = 100%, *p < 0.05, **p < 

0.01, ***p < 0.005  with respect to non-Curcumin treated Ø-control cells).   

 

These results suggest that Curcumin displays positive effects on standard therapy and 

sensitizes GBM-001, but not DIPG-007 cells to treatment with TMZ.  

3.1.3 Curcumin reduces H3K27- and H4K8-acetylation in DIPG-007, but not in 

GBM-001 cells 

More than 85% of DIPG carry a H3K27M-mutation which leads to changes in the epigenetic 

landscape with an increase of H3K27ac and a decrease of H3K27me3 (Castel et al. 2018; 

Schwartzentruber et al. 2012). It had been previously reported that Curcumin inhibits the 

histone acetyl transferase (HAT) CBP which induces acetylation at histone 3 and 4 (Lu et al. 

2014). Hence, it was proposed in the present study that Curcumin may also influence the 

epigenetic landscape in DIPG cells by affecting histone acetylation. 

To examine the effect of Curcumin on histone modifications, western blot analyses with 

antibodies against H3K27me3, H3K27ac and H4K8-acetylation (H4K8ac) were performed. 

H3K27M-mutant DIPG-007 and, as a control, H3WT GBM-001 cells were cultured as glioma 

spheres under stemness culture conditions and treated with 5 µM or 10 µM Curcumin, 

respectively. 

While treatment with Curcumin only slightly reduced H3K27ac and had no significant effect 

on H4K8ac levels in H3WT GBM-001 cells, treatment with Curcumin significantly reduced 

H3K27ac and H4K8ac levels in H3K27M-mutant DIPG-007 cells (Figure 3). 

In contrast, treatment with Curcumin did not influence H3K27me3 levels in DIPG-007 or 

GBM-001 cells (Figure 3). 
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Figure 3: Curcumin reduces H4K8ac and H3K27ac in DIPG-007 cells in a dose 

dependent manner. (A) Western blot analyses of nuclear protein fraction of DIPG-007 and 

GBM-001 cells with antibodies against H3K27me3, H4K8ac and H3K27ac after treatment 

with 5 µM and 10 µM Curcumin, as indicated. (B) Quantification of protein expression after 

treatment with 10 µM Curcumin compared to DMSO control (*p < 0.05, **p < 0.01, ***p < 

0.005 with respect to respective non-Curcumin treated Ø-control cells). β-actin served as 

control. 

 

These results suggest that Curcumin influences the epigenetic landscape and reduces histone 

acetylation in H3K27M-mutated DIPG-007 cells stronger than in H3WT GBM-001 cells.  

3.1.4 Curcumin reduces clonogenicity in DIPG-007 cells and proliferation in 

pedHGG cells 

Curcumin was observed to inhibit growth and clonogenicity in adult GBM cells (Gersey et al. 

2017; Xu et al. 2018). Furthermore, it has been observed that adherent monolayer cells are 

more sensitive towards drug treatment than CSC-like spheroid cells (Meel et al. 2017). 

Therefore, the influence of Curcumin on clonogenic functions in pedHGG cells was 

investigated. 

To investigate the effect of Curcumin on stemness, sphere formation assays were performed. 

DIPG-007 and as control GBM-001 cells were cultured under spheroid conditions (TSM 

work medium, Table 2.1) and treated with 5 µM or 10 µM Curcumin respectively.  

H3K27M-mutated DIPG-007 cells had a 8.5-times higher sphere forming capacity than 

H3WT GBM-001 cells after 7 d of incubation (Figure 4 A) 
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All over, treatment with Curcumin reduced the number of large spheres (more than 100 µm in 

diameter) in both cell lines (Figure 4 A, B). Treatment with 5 µM of Curcumin increased the 

number of small spheres but reduced the total amount of spheres in DIPG-007 cells 

significantly (Figure 4 A). The number of spheres formed by DIPG-007 cells treated with 

10 µM of Curcumin was reduced to 524 representing a reduction of 33% as compared to 

control (Figure 4 A). No statistically significant effect was observed in GBM-001 cells treated 

with 5 µM Curcumin; but treatment with 10 µM Curcumin reduced the number of spheres 

formed by GBM-001 cells significantly by 26% as compared to control (Figure 4 A).  

Since strong reduction of number of spheres was observed in DIPG-007 cells, expression 

levels of the stemness marker Oct 4 was investigated to determine if Curcumin may influence 

stemness potential by changing expression of this stemness related protein. Indeed, Curcumin 

decreased Oct 4 protein levels in DIPG-007 cells in a dose dependent manner (Figure 4 C). 
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Figure 4: Curcumin reduces sphere formation ability and stemness-marker expression 

in DIPG-007 cells. (A, B) Sphere formation ability of DIPG-007 and GBM-001 cells after 

7 d of incubation with 5 µM and 10 µM Curcumin, as indicated. (A) Absolute number of 

spheres (small spheres 50 -100 µM in diameter, large spheres > 100 µM in diameter; *p < 0.05, 

**p < 0.01, ***p < 0.005 with respect to non-Curcumin treated Ø-control cells). (B) 

Representative brightfield images of spheres of DIPG-007 and GBM-001 cells after treatment 

with 5 µM and 10 µM Curcumin, as indicated. (C) Western blot analyses of nuclear protein 

fraction of DIPG-007 cells with antibodies against Oct 4 after treatment with 5 µM and 

10 µM Curcumin, as indicated. β-actin served as loading control.  

 

In order to examine the effect of Curcumin on self-renewal and proliferation in pedHGG cells 

under differentiating conditions, colony formation assays were performed. PedHGG cells 

were cultured under adherent monolayer conditions which resemble a more differentiated 

phenotype (TSM work medium with 10% FCS, Table 2.1) and treated with Curcumin.  

Treatment with Curcumin led to a reduction of colonized area in a dose dependent manner of 

both, DIPG-007 and GBM-001 cells (Figure 5). Treatment with 10 µM Curcumin reduced the 
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colonized area to 27.5% in DIPG-007 cells after 4 d and to 27.9% in GBM-001 cells after 7 d 

compared to control treated pedHGG cells (Figure 5 A). 

  

Figure 5: Curcumin reduces colony formation ability in pedHGG cells. (A, B) Colony 

formation capability of DIPG-007 cells after 4 d and GBM-001 cells after 7 d of incubation 

with 5 µM and 10 µM Curcumin, as indicated. (A) Analysis of the relative colonized area of 

pedHGG cells after treatment with 5 µM and 10 µM Curcumin, as indicated *p < 0.05, **p < 

0.01, ***p < 0.005 with respect to non-Curcumin treated Ø-control cells). (B) Representative 

brightfield images of colonies of DIPG-007 and GBM-001 cells after treatment with 5 µM and 

10 µM Curcumin, as indicated. 

 

In summary, Curcumin reduces clonogenicity of pedHGG cells and reduces stemness-

associated marker expression in DIPG-007 cells on protein level.  

3.1.5 Curcumin induces cell cycle arrest and apoptosis in DIPG-007 cells 

To gain further insight into the molecular mechanisms regulated by Curcumin in DIPG cells, 

RNA-seq was performed to determine the transcriptome upon Curcumin treatment. 

Treatment with Curcumin influenced the epigenetic marks H3K27ac and H4K8ac in DIPG-

007 and GBM-001 cells (Figure 3). Since epigenetic marks are associated with gene activation 

and silencing, it was investigated whether the epigenetic changes induced by Curcumin alter 

the transcriptome. The epigenetic effect had been stronger in DIPG-007 cells than in control 

GBM-001 cells. Therefore, RNA-seq was only performed in DIPG-007 cells. 

A total of 1 158 transcripts were significantly altered after treatment with 10 µM Curcumin. 

182 genes were >1.5-fold upregulated (p < 0.05) and 976 genes were <0.75-fold 

downregulated (p < 0.05). To determine potential biological effects of Curcumin, GO-
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enrichment analyses were performed using the DAVID (Huang et al. 2009a). The 20 most 

enriched GO-annotations for 0.75-fold downregulated, and 1.5-fold upregulated pathways 

were determined (Figure 6). Of note, 19 of the 20 downregulated pathways after Curcumin 

treatment in DIPG-007 cells were associated with cell cycle and cell division (Figure 6 A). The 

two strongest upregulated pathways were associated with the p53-pathway and ferroptosis 

which are both associated with cell cycle arrest and cell death (Figure 6 B).  

 

 

Figure 6: Curcumin influences the cell cycle and induces apoptosis in DIPG-007 cells. 

TOP20-GO-pathways enriched after treatment with 10 µM Curcumin for 48 h (padjust>0.05) 

of the (A) 0.75-fold down and (B) 1.5-fold upregulated genes.  

 

The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways provides numerous 

pathway maps and associated genes. KEGG pathway analysis regarding the genes regulated by 

Curcumin showed that Curcumin downregulated many genes which are involved in cell cycle 

progression (Figure 7 B).  

Furthermore, KEGG analyses of upregulated genes following Curcumin treatment indicated 

that Curcumin upregulated genes are involved in apoptosis, especially by the p53 signaling 

pathway (Figure 7 A).  
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Figure 7: Curcumin downregulates genes associated with cell cycle progression and 

activates genes that are involved in apoptosis in DIPG-007 cells. (A, B) KEGG pathways 

highlighting upregulated (green) and downregulated (red) genes (padjust>0.05, FC= 0.75) after 

treatment with 10 µM Curcumin for 48 h. Regulated genes in DIPG-007 cells are associated 

with (A) p53 signaling pathway and (B) cell cycle. 
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To further confirm that Curcumin induces apoptosis in pedHGG cells, western blots probed 

with antibodies against the apoptosis marker Cleaved Caspase 3 were performed after 

treatment of pedHGG cells with 5 µM and 10 µM Curcumin.  

Treatment with Curcumin resulted in a dose dependent increase of the apoptosis marker 

Cleaved Caspase 3 in DIPG-007 but not in GBM-001 cells (Figure 8). 

 

 

Figure 8: Curcumin increases Cleaved Caspase 3 levels in DIPG-007 cells. Western blot 

analyses of the cytoplasmatic protein fraction of DIPG-007 and GBM-001 cells with 

antibodies against Cleaved Caspase 3 and Caspase 3 after treatment with 5 µM and 10 µM of 

Curcumin, as indicated (n=2). β-actin served as control. 

 

These results suggest that treatment with Curcumin inhibits cell cycle progression and induces 

apoptosis in DIPG-007 cells, but most likely not in GBM-001 cells.  
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3.2 Boswellic acids  

Like Curcumin, BA are among the most commonly used CAM in patients with DIPG (El-

Khouly et al. 2021). Even though BA have been reported to express various anti-cancer 

properties in adult GBM-cells (Conti et al. 2018; Schneider and Weller 2016), their effects in 

pedHGG cells had never been examined before. Therefore, the effect of α-BA, β-BA and 

AKBA in pedHGG cells was investigated in this study. The H3K27M-mutant DIPG-007 cell 

line and the control H3WT GBM-001 cell line were used, to examine whether BA exert any 

H3K27M-mutation dependent effects. 

3.2.1 AKBA reduces cell viability most efficiently in pedHGG cells  

It was reported that BA reduced cell viability in various cancer cells amongst others in adult 

GBM (Conti et al. 2018). Therefore, it was hypothesized that BA reduce cell viability in 

DIPG-007 and GBM-001 cells. To evaluate cytotoxic effects of α-BA, β-BA and AKBA on 

cell viability and to determine the most efficient BA, MTT-cell viability assays were 

performed. DIPG-007 and GBM-001 cells were cultured under either spheroid or adherent 

monolayer conditions to investigate if the three BA display different effects in the more under 

different culture conditions.   

All three BA reduced cell viability of pedHGG cells at high concentrations. Adherent 

monolayer pedHGG cells were more sensitive to treatment with α-BA than spheroid cells 

(Figure 9 A, B). In addition, GBM-001 but not DIPG-007 adherent monolayer cells were 

more sensitive to treatment with β-BA than spheroid cells (Figure 9 C, D). But no significant 

difference of cell viability between adherent monolayer and spheroid cells could be detected 

after treatment with AKBA (Figure 9 E, F). 

Treatment with α-BA influenced cell viability in both DIPG-007 and GBM-001 cells. Of note, 

up to a dosage of 8.89 µM, α-BA increased cell viability of DIPG-007 cells under spheroid 

conditions significantly (Figure 9 B). Treatment with β-BA increased cell viability of DIPG-

007 spheroid cells at maximum concentrations up to 13.34 µM (Figure 9 D). However, this 

effect could not be observed in non-CSC-like pedHGG or GBM-001 spheroid cells (Figure 

9). Higher concentrations of both α-BA and β-BA decreased cell viability in both pedHGG 

cell lines (Figure 9 A, B, C, D). In contrast, AKBA decreased cell viability of both DIPG-007 

and GBM-001 cells in a dose dependent manner (Figure 9 E, F).  

Treatment with AKBA led to no significant difference between cell viability of DIPG-007 and 

GBM-001 cells (Figure 9 E, F). However, apart from the increase of cell viability of DIPG-

007 spheroid cells after treatment with low concentrations of α-BA and β-BA no statistically 
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significant difference of cell viability between DIPG-007 and GBM-001 cells were detected. 

(Figure 9). 

AKBA had the strongest cell viability reducing effect in DIPG-007 and GBM-001 cells, 

followed by treatment with α-BA, while treatment with β-BA appeared as the least effective 

(Figure 9).  

 

Figure 9: AKBA reduces cell viability in pedHGG cells in a dose dependent manner.  

MTT-cell viability dilution curve of pedHGG cells cultured under (A, C, E) adherent 

monolayer and (B, D, F) spheroid conditions with increasing concentrations of BA, as 

indicated. Relative cell viability of pedHGG cells after 72 h incubation time and treatment 

with increasing concentrations of (A, B) α-BA, (C, D) β-BA and (E, F) AKBA (DMSO 

control = 100%, ◊/*p < 0.05; ◊ for DIPG-007 cells, * for GBM-001 cells). Grey bars indicate 

concentrations used for further experiments.  
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In summary, all three BA reduced cell viability of both DIPG-007 and GBM-001 cells after 

treatment with high concentrations of BA. AKBA decreased cell viability in a dose dependent 

manner. However, treatment with lower concentrations of α-BA and β-BA led to an increase 

of cell viability in DIPG-007 cells.  

To evaluate the effect of α-BA, β-BA and AKBA in further experiments with 

radiochemotherapy, concentrations of 10 µM and 20 µM BA were determined.  

3.2.2 Boswellic acids increase the cell viability reducing effect of temozolomide in 

pedHGG cells 

The most commonly performed treatment of patients with DIPG consists of irradiation in 

combination with the chemotherapeutic TMZ (El-Khouly et al. 2019). It was shown that BA 

positively influence radiochemotherapy in adult GBM cells (Conti et al. 2018; Schneider and 

Weller 2016). To examine the effect of BA on radiochemotherapy in DIPG-007 and GBM-

001 cells, MTT-cell viability assays were performed in combination with TMZ and/or 

irradiation.  

Treatment with 10 µM TMZ did not influence cell viability of neither DIPG-007 nor GBM-

001 cells. When 10 µM TMZ was combined with 10 µM of α-BA, β-BA, or AKBA only 

AKBA had an additive reducing effect on cell viability in DIPG-007 cells (Figure 10 E). 

However, cell viability after treatment with 10 µM TMZ combined with 20 µM of α-BA, β-BA 

or AKBA in GBM-001 cells was significantly decreased (Figure 10 B, D, F). While 

combination of 10 µM TMZ with 20 µM α-BA, β-BA or 10 µM AKBA further decreased cell 

viability of DIPG-007 cells as well, this effect was stronger in GBM-001 than in DIPG-007 

cells (Figure 10). Treatment with 20 µM β-BA or AKBA sensitized GBM-001 cells to TMZ 

(Figure 10 D, F). Overall, β-BA had the strongest supportive impact of all BA on TMZ 

treatment and reduced cell viability of GBM-001 cells to 58% as compared to control (Figure 

10 D).  

Irradiation reduced cell viability of both GBM-001 and DIPG-007 cells by approximately 

30%. No significant decrease of cell viability was detected after irradiation therapy and 10 µM 

of α-BA, β-BA or AKBA (Figure 10). However, combination of 20 µM α-BA significantly 

increased the cell viability reducing effect of irradiation, in both GBM-001 and DIPG-007 

cells (Figure 10 A, B). In addition, combination of 20 µM AKBA and irradiation further 

reduced cell viability of DIPG-007 cells (Figure 10 E). In combination with irradiation, neither 

10 µM nor 20 µM β-BA had a statistically significant impact on cell viability in either cell line 

(Figure 10 C, D). 
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Combination of TMZ and irradiation had no significantly stronger impact on cell viability than 

irradiation alone. Addition of 10 µM α-BA or AKBA to TMZ and irradiation further 

decreased cell viability of DIPG-007 but not GBM-001 cells (Figure 10). Furthermore, cell 

viability of DIPG-007 cells was further decreased in a significant way after addition of 20 µM 

α-BA or AKBA to TMZ and irradiation (Figure 10 A, E). Neither 10 µM nor 20 µM β-BA 

combined with irradiation and TMZ had a statistically significant impact on cell viability in 

either cell line (Figure 10 C, D). 

 

Figure 10: BA increase the cell viability reducing effect of TMZ in pedHGG cells. 
MTT-cell viability assay of (A, C, E) DIPG-007 and (B, D, F) GBM-001 cells after treatment 

with BA and 10 µM TMZ (day 1 and day 3), in combination with irradiation (day 2), as 

indicated. Relative cell viability was assessed three further days after treatment with (A, B) α-

BA, (C, D) β-BA and (E, F) AKBA (DMSO control, 0 Gy = 100%, *p < 0.05, **p < 0.01, 

***p < 0.005 with respect to respective non-BA treated Ø-control cells).  
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These results suggest that α-BA, β-BA and AKBA sensitize GBM-001 cells to TMZ. In 

addition, combination of TMZ with BA has a cell viability decreasing effect in DIP-007 cells 

but not as strong as in GBM-001 cells. Furthermore, α-BA and AKBA seem to have a positive 

impact on irradiation treatment alone or in combination with TMZ in all pedHGG cells, while 

β-BA does not have any statistically significant cell viability effect with irradiation alone or in 

combination with TMZ. 

3.2.3 Boswellic acids show no effects on histone modifications in pedHGG cells 

The H3K27M-mutation and subsequent changes in the epigenetic landscape, namely 

reduction of H3K27me3 and increase of H3K27ac, are present in 85% of DIPG (Castel et al. 

2018). Therefore, the influence of BA on these histone modifications was investigated in 

H3K27M-mutant DIPG-007 cells. To investigate the effect of BA on histone modifications, 

western blot analyses evaluating H3K27me3, H3K27ac and H4K8ac were performed.  

 

Figure 11: BA have no effect on epigenetic histone modifications. (A) Western blot 

analyses of the nuclear protein fractions of DIPG-007 cells with antibodies against 

H3K27me3, H4K8ac and H3K27ac after 72 h treatment with 10 µM and 20 µM α-BA, β-BA 

and AKBA, as indicated. β-actin served as loading control (n=2). (B) Quantification of 

proteins after treatment with 20 µM α-BA, β-BA and AKBA compared to DMSO control.  

 

Quantification of protein expression suggest a slight decrease of H3K27ac after treatment 

with 20 µM α-BA and a slight decrease of H4K8ac after treatment with 20 µM AKBA. To 

note, this subset of experiments had been only performed in duplicates. No effect on any of 

the other chosen histone modifications H3K27me3, H3K27ac or H4K8ac could be observed 

after treatment with α-BA, β-BA and AKBA (Figure 11). 
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In summary, BA treatment does not seem to alter epigenetic marks on histone 3 and 4 in 

DIPG-007 cells.  

3.2.4 Boswellic acids reduce clonogenicity in dependence on the phenotype and cell 

line 

It has been reported that BA reduce clonogenicity in adult GBM (Conti et al. 2018; Schneider 

and Weller 2016). Therefore, it was hypothesized that BA reduce clonogenicity in pedHGG 

cells. To examine the impact of α-BA, β-BA and AKBA on clonogenicity, colony and sphere 

formation assays were performed.  

To evaluate the effect of α-BA, β-BA and AKBA on proliferation and self-renewal, colony 

formation assays were performed. PedHGG cells were cultured under adherent monolayer 

conditions which resemble a more differentiated phenotype (TSM work medium with 10% 

FCS, Table 2.1) and treated with α-BA, β-BA or AKBA. Since DIPG-007 cells grow much 

faster, the colonized area was evaluated after 96 h for DIPG-007 cells. The control GBM-001 

cells were incubated for additional 72 h before evaluating colonized area.   

The colonized area of DIPG-007 cells after treatment with both 10 µM and 20 µM α-BA, β-

BA or AKBA was reduced in a dose dependent manner (Figure 12). Among all BA, treatment 

with AKBA resulted in the strongest reduction of colonized area (Figure 12 A). While DIPG-

007 cells showed a highly significant reduction of colonized area after treatment with 20 µM α-

BA, β-BA, or AKBA this effect could not be observed in GBM-001 cells, which did not show 

any response to BA treatment at all (Figure 12 A). Further treatment with 20 µM α-BA even 

increased the capability of GBM-001 cells to form colonies significantly (Figure 12 A). 
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Figure 12: BA reduce colony formation ability in DIPG-007 cells. (A, B) Colony 

formation capability of DIPG-007 cells after 4 d and GBM-001 cells after 7 d of incubation 

with 10 µM and 20 µM α-BA, β-BA or AKBA, as indicated, of DIPG-007 and GBM-001 cells. 

(A) Analysis of the relative colonized area of pedHGG cells after treatment with 10 µM and 

20 µM α-BA, β-BA or AKBA, as indicated *p < 0.05, **p < 0.01, ***p < 0.005 with respect to 

non-BA treated Ø-control cells). (B) Representative brightfield images of colonies formed by 

DIPG-007 and GBM-001 cells after treatment with 10 µM and 20 µM α-BA, β-BA or AKBA, 

as indicated.  

 

To analyze the ability to form spheres, sphere formation assays after treatment with α-BA, β-

BA, or AKBA were performed.  

DIPG-007 cells showed a 8.5-times higher capability to form spheres than GBM-001 cells 

(Figure 13 A). However, no statistically significant reduction of sphere numbers was observed 

in neither DIPG-007 nor GBM-001 cells after treatment with 10 µM or 20 µM α-BA, β-BA or 

AKBA (Figure 13). Moreover, 10 µM β-BA, and – to an even greater extend – 20 µM β-BA 
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increased the ability to form spheres in DIPG-007 and also slightly in GBM-001 cells (Figure 

13 A).  

An increase of small spheres and a decrease of large spheres in DIPG-007 cells after treatment 

with α-BA, β-BA, or AKBA could be observed (Figure 13 A). This effect could not be 

observed in GBM-001 cells after treatment with α-BA, β-BA, or AKBA (Figure 13 A).  

 

Figure 13: β-BA induces sphere formation ability in pedHGG cells. (A, B) Sphere 

formation ability in DIPG-007 and GBM-001 cells after 7 d of incubation with 10 µM and 

20 µM α-BA, β-BA, or AKBA, as indicated. (A) Absolute number of spheres (small spheres 

50-100 µM in diameter, large spheres > 100 µM in diameter; *p < 0.05, **p < 0.01, ***p < 

0.005 with respect to non-BA treated Ø-control cells). (B) Representative brightfield images of 

spheres.  

 

These results suggest that α-BA, β-BA, and AKBA reduce the colony formation ability in 

DIPG-007 but not GBM-001 cells but do not reduce the sphere formation ability of both 

pedHGG cells. In contrary, β-BA seems to even induce sphere formation ability of pedHGG 

cells.  
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3.2.5 AKBA has no effect on gene transcription 

To address the question as to whether treatment with BA influences transcription in DIPG 

cells, RNA-seq was performed with DIPG-007 cells cultured under spheroid conditions 

(TSM-work, Table 2.1). Since AKBA appeared to be the most effective of the three BA, 

RNA-seq was performed after treatment with 20 µM AKBA. 

Treatment with AKBA did not result in a significant change of any gene suggesting that 

AKBA does not at all influence transcription of genes in DIPG-007 cells (data not shown).  
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4 Discussion  

DIPG are aggressive pedHGG with a median survival of 11 months after diagnosis (Hoffman 

et al. 2018). Currently, there is no cure available for affected patients and the available 

treatment options consisting of TMZ in combination with irradiation has not changed the 

overall dismal prognosis so far (Filbin and Suva 2016). Consequently, there is an urgent need 

for new therapeutic options. Since there are no effective therapies available, parents often 

access complementary treatment options such as Curcumin and BA (El-Khouly et al. 2021). 

Both, Curcumin and BA have been observed to express various anti-cancer properties 

amongst others in adult GBM cells (Conti et al. 2018; Gersey et al. 2017; Schneider and Weller 

2016). The data evaluating the effect of these agents in pedHGG in vitro and in vivo is 

nevertheless limited. Hence, the aim of this study was to investigate the effect of Curcumin 

and BA in vitro to determine if they might be useful as complementary therapeutic options for 

children with DIPG.  

85% of all DIPG carry a mutation in the H3F3A gene, encoding histone H3.3, or HIST1H3B 

genes, encoding histone H3.1, leading to the substitution of lysine 27 to methionine (mutation: 

H3K27M) (Castel et al. 2015). This mutation increases the stem cell-like potential, 

proliferation activity, and the therapeutic resistance of pedHGG cells (Wiese et al. 2020) and 

decreases the survival rate of patient with a non-thalamic-midline tumor (Castel et al. 2018). 

Thus, the present study was performed with a H3K27M-mutant DIPG and, as a control, a 

H3WT GBM cell line to evaluate if Curcumin and BA exert H3K27M-dependent effects in 

pedHGG cells.   

In addition, DIPG are very heterogenous tumors which leads to differential responses in 

tumors to therapeutic drugs depending on the tumor cell phenotype. Thus, two distinct 

cellular pedHGG phenotypes were examined: Gliomaspheres which resemble a more CSC-

like phenotype and more differentiated DIPG cells grown as adherent monolayer cultures. 

Previous findings show that differentiated monolayer cells are more sensitive to treatment and 

grow faster than gliomaspheres (Meel et al. 2017).  

4.1 The role of  Curcumin in diffuse intrinsic pontine glioma 

Curcumin is one of the most commonly used complementary treatment options for children 

with DIPG (El-Khouly et al. 2021). In vitro, Curcumin was shown to effectively inhibit tumor 
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cell proliferation in different tumor entities (Gersey et al. 2017). As expected, Curcumin 

reduced in the present study cell viability in a dose dependent manner in pedHGG cells. No 

statistically significant difference of cell viability between H3K27M-mutated DIPG-007 and 

control H3WT GBM-001 cells could be detected after treatment with Curcumin. In agreement 

with these results, previous studies in GBM cells obtained from adult patients observed a dose 

dependent reduction of cell viability after treatment with Curcumin (Gersey et al. 2017). 

Gersey et al. (2017) investigated different GBM cell lines and evaluated cell viability after 

treatment with Curcumin, reported IC50 values ranging from 13.9 µM to 39.5 µM Curcumin in 

GBM stem-like cell lines and from 23.4 µM to 30 µM Curcumin for adherent cell lines. In 

comparison, the present study detected IC50 values of approximately 14.8 µM Curcumin for 

GBM-001 cells and 22.2 µM Curcumin for DIPG-007 cells under stem-like conditions, thus, 

pedHGG cells responded similarly to Curcumin treatment as adult GBM cells. Our RNA-seq 

analysis of DIPG-007 cells uncovered that Curcumin particularly influences cell division and 

mitosis, which might explain the reduction of cell viability observed in MTT-cell viability 

assay. Future experiments may therefore focus on cell cycle assays to confirm the suggested 

impact of Curcumin on cell division and mitosis.  

In addition, the impact of Curcumin on more differentiated non-CSC under adherent 

monolayer conditions was investigated in the present study. It was previously reported that 

non-CSC cells are more sensitive towards therapeutic treatments (Meel et al. 2017). Indeed, 

treatment with Curcumin led to stronger reduction of cell viability in non-CSC compared to 

CSC gliomaspheres independently of their H3-mutation status. Whether the observed 

differences in cell viability reduction between CSC and non-CSC depend on different gene 

expression could be investigated in future by performing RNA-seq of CSC and non-CSC after 

treatment with Curcumin.  

The most commonly performed therapy for patients with DIPG consists of irradiation 

treatment in combination with TMZ chemotherapy (El-Khouly et al. 2019). To investigate if 

Curcumin sensitizes DIPG cells to irradiation and/or TMZ, DIPG-007 and GBM-001 

gliomaspheres were subjected to TMZ with and without Curcumin followed by irradiation.  

TMZ is an alkylating agent that adds a methyl group to pyrimidine and purine in DNA, which 

leads to DNA damage and therefore to cell cycle arrest and apoptosis. Both GBM-001 and 

DIPG-007 cells appeared to be widely resistant to treatment with TMZ alone. Adult GBM 

resistance towards TMZ was reported to depend on its methyl guanine methyl transferase 

(MGMT) DNA repair system (Karachi et al. 2018). Interestingly, a whole genome profiling of 

eleven DIPG patient samples revealed that MGMT was not expressed in any of the patient 
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derived tumor samples due to MGMT promoter DNA-methylation (Zarghooni et al. 2010). 

This leads to the conclusion that any potential chemotherapy resistance of DIPG may depend 

on other mechanisms different from the MGMT DNA repair system. Whether MGMT 

expression influences chemotherapy resistance in GBM-001 and DIPG-007 cells remains 

unknown but could be investigated using quantitative polymerase chain reaction to investigate 

MGMT mRNA expression and to analyze the DNA methylation status of the MGMT 

promoter as surrogate parameter. 

A study performed by Gaspar et al. (2010) investigated the mechanism responsible for 

chemotherapy resistance in pedHGG. While the authors observed that chemotherapy 

resistance in some pedHGG cell lines depends on the MGMT DNA repair system, they also 

found an MGMT-independent escape mechanism: Gene expression analysis of 

chemotherapy-resistant pedHGG cells without MGMT expression compared to non-

chemotherapy-resistant pedHGG cell lines revealed an increased expression of HOX-genes 

mediated by phosphoinositid-3 (PI3)-Kinase pathway signaling in chemotherapy-resistant 

pedHGG cells without MGMT expression (Gaspar et al. 2010). The role of HOX-genes in 

chemotherapy resistance is not clear but Costa et al. (2010) suggest that HOXA9 

overexpression inhibits apoptosis and increases cell proliferation, thereby minimizing the 

apoptotic effect of TMZ. However, the sensitizing effect of Curcumin combined with TMZ 

published for adult GBM (Yin et al. 2014) could only be reproduced for GBM-001 cells. 

While Curcumin sensitized GBM-001 cells to TMZ, this effect was not observed in DIPG-

007 cells, suggesting that DIPG-007 cells may harbor specific mechanisms to evade the TMZ 

sensitizing effect of Curcumin. Interestingly, RNA-seq of DIPG-007 cells after treatment with 

Curcumin revealed a downregulation of HOXA9 (data not shown) suggesting no impact via 

this pathway. Nevertheless, the role of HOXA9 in GBM-001 cells sensitized towards TMZ by 

Curcumin still has to be investigated. It has been reported that inhibition of PI3-Kinase 

reverses the transcriptional activation of the HOXA cluster (Costa et al. 2010). Therefore, 

MTT-cell viability assays after inhibition of PI3-Kinase pathway and treatment with TMZ 

alone or in combination with Curcumin could be performed to investigate if HOXA9 

overexpression is responsible for the observed resistance of GBM-001 and DIPG-007 cells 

towards TMZ. In contrast, Yin et al. (2014) reported, that the generation of reactive oxygen 

species (ROS) and the inhibition of AKT/mTOR signaling pathway play an important role in 

the sensitizing effect of Curcumin towards TMZ in adult GBM cells. Whether the observed 

effect in the current study after treatment of pedHGG cells with Curcumin and TMZ depends 

on ROS and inhibition of AKT/mTOR signaling pathway has to be investigated too in future 

projects.  
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In contrast, another group observed an additive rather than a sensitizing effect in adult GBM 

cells after treatment with Curcumin and TMZ (Zanotto-Filho et al. 2015). They attributed this 

effect towards redundant effects of Curcumin and TMZ which led to autophagy. An 

inhibition of autophagy via knockdown of autophagy-related 7 homolog (ATG7) and addition 

of PI3-Kinase inhibitor 3-methyl-adenine led to increased cytotoxicity after treatment with 

Curcumin and TMZ (Zanotto-Filho et al. 2015). Interestingly, RNA-seq of DIPG-007 cells 

after treatment with Curcumin led to an upregulation of ATG12 (data not shown), a protein 

mediated by ATG7 and important for induction of autophagy (Fraiberg and Elazar 2020). 

This suggests that Curcumin treatment may indeed induce autophagy in DIPG-007 cells. To 

further investigate whether autophagy is responsible for an additive rather than sensitizing 

effect of Curcumin towards TMZ treatment in pedHGG cells could be investigated by using 

knockdown of ATG7 and addition of PI3-Kinase inhibitor 3-methyl-adenine. Whether the 

observed stronger effect of Curcumin and TMZ in GBM-001 cells depends on reduced 

autophagy could be also examined by performing western blot analyses with antibodies against 

ATG7.   

Curcumin in combination with TMZ further increased the anti-proliferative effect of TMZ in 

both pedHGG cell lines and appeared to have a synergistic effect on reduction of cell viability 

in GBM-001 cells. However, only two concentrations of Curcumin and TMZ were used in the 

present study. To determine if Curcumin and TMZ may indeed work synergistically in GBM-

001 cells, dilution curves of TMZ and Curcumin alone and in combination should be 

performed, and different models could be used, such as the Loewe additivity or the Bliss 

model for synergy testing (Loewe 1953; Bliss 1956). 

The present study showed that Curcumin combined with irradiation treatment further 

decreases the cell viability of pedHGG cells. In contrast to the previously described sensitizing 

effect of Curcumin towards irradiation treatment in adult GBM and rat glioma cells 

(Dhandapani et al. 2007; Meng et al. 2017), no sensitizing effect in pedHGG cells could be 

observed in the current study. The groups of Dhandapani et al. (2007) and Meng et al. (2017) 

attributed the sensitizing effect of Curcumin towards irradiation to the inhibition of DNA 

repair capacity of cells which leads to increased cell damage after combined treatment with 

Curcumin and irradiation. A downregulation of DNA repair enzyme gene activities, namely of 

MGMT, ERCC‐1 and DNA‐PK genes, was observed (Dhandapani et al. 2007). In the present 

study, RNA-seq revealed that none of these genes were differently expressed in DIPG-007 

cells after treatment with Curcumin (data not shown), which might explain the absence of a 

sensitizing effect of Curcumin towards irradiation in pedHGG cells. Meng et al. (2017) 
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reported that an inhibition of the hedgehog signaling pathway is responsible for an increased 

therapeutic efficiency of irradiation after treatment with Curcumin. They observed a decrease 

of the positive sony hedgehog marker proteins SMO and Gli1 and an increase of Sufu, the 

suppressor protein of Gli1 (Meng et al. 2017). In the present study, a downregulation of SMO 

and GLI1 but also a slight downregulation of SUFU were observed (data not shown). 

However, Meng et al. (2017) performed western blot analyses, while RNA-seq was performed 

in this study. Since no RNA-seq of GBM-001 cells after treatment with Curcumin was 

performed, it is not clear how Curcumin may influence sony hedgehog markers in GBM-001 

cells. Further western blot analyses may be helpful in the future.  

Further investigation of functional effects of Curcumin on pedHGG cells uncovered that  the 

ability to form spheres was reduced in both DIPG-007 and GBM-001 cells after treatment 

with Curcumin, which is in line with the observed reduction of sphere formation published 

for adult GBM (Gersey et al. 2017). Indeed, Gersey et al. (2017) used lower concentrations of 

2.5 µM Curcumin and longer incubation time of 14 days and observed a reduction of sphere 

formation of 60%, which is stronger than the effect observed in the present study. In 

agreement with the observed reduction of sphere formation, western blot analysis revealed a 

reduction of Oct4 levels in DIPG-007 cells after treatment with Curcumin. This is in line with 

a study from Tahmasebi Mirgani et al. (2014) who observed a downregulation of OCT4A and 

OCT4B1 variants expression in adult GBM cells after treatment with 17.5 µM dendrosomal 

Curcumin. In contrast, RNA-seq of DIPG-007 cells after treatment with Curcumin did not 

show a downregulation of OCT4A or OCT4B1 (data not shown), leading to the assumption 

that its decrease takes place at a posttranslational level.  

Previous studies in our group have found that H3K27M-mutated pedHGG gliomaspheres 

express higher levels of different stem cell markers than H3WT pedHGG gliomaspheres. 

Amongst others, Oct4 was reduced in H3WT pedHGG cells suggesting that H3K27M-

mutated pedHGG cell display a stronger stem-like potential than H3WT pedHGG cells 

(Wiese et al. 2020). In agreement with the study by Wiese et al. (2020), H3K27M-mutated 

DIPG-007 cells showed a 8.5-times higher sphere formation capability than control H3WT 

GBM-001 cells. Treatment with Curcumin reduced the number of DIPG-007 spheres 

stronger than the number of GBM-001 spheres. Therefore, the reduction of Oct4 after 

treatment with Curcumin might have a stronger effect in H3K27M-mutated DIPG-007 cells 

leading to a stronger reduction of spheres as compared to H3WT pedHGG cells. To further 

investigate this hypothesis, Oct4 levels in H3WT pedHGG cells after treatment with 

Curcumin could be examined. In addition, the expression of other stem cell markers like 
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Nestin and Sox2 after treatment with Curcumin could be investigated in future using western 

blot analyses. 

The present study also showed that Curcumin reduced the colony formation ability in both 

DIPG-007 and GBM-001 cells which is in concordance with the observed reduction of colony 

formation ability by Curcumin in adult GBM (Gersey et al. 2017; Du et al. 2013). Gersey et al. 

(2017) used 2.5 µM Curcumin on patient derived samples and longer incubation time of 14 

days and observed a reduction of colony area to 5% while Du et al. (2013) used 10 to 40 µM 

of Curcumin in human glioma cell lines over 12 days and observed a reduction of colonized 

area to about 25%. In the present study, colonized area of pedHGG was reduced to 28% after 

4 or 7 days which is comparable to the reduction of colony formation observed by Du et al. 

(2013). Du et al. (2013) attributed this reduction to a reduced expression of GLI1, a protein 

associated with the hedgehog pathway. RNA-seq of DIPG-007 gliomaspheres after treatment 

with Curcumin revealed a downregulation of GLI1 as well (data not shown). On the other 

hand, Gersey et al. (2017) attributed the observed changes to induction of ROS by Curcumin. 

Whether the downregulation of GLI1 or an induction of ROS as proposed by Gersey et al. 

(2017) is responsible for the observed effect in the present setting remains to be investigated.  

The reduction of colonized area was stronger in DIPG-007 than in GBM-001 cells. However, 

the difference was not as striking as seen for sphere formation and could be caused by the 

slower proliferation of GBM-001 cells. In addition to the self-renewing ability, colony 

formation assay investigates the proliferation ability of cells which was, as seen in the MTT-

cell viability assay, not impaired differently between GBM-001 and DIPG-007 cells. 

Therefore, it could be hypothesized that the reduced colony formation of GBM-001 cells is 

due to an effect of Curcumin on proliferation rather than on the self-renewing ability of 

GBM-001 cells. This is supported by the observation that treatment with Curcumin led to a 

reduced number of large spheres and an increased number of small spheres in GBM-001 cells 

while the total number of spheres was only reduced after treatment with 10 µM Curcumin. 

Furthermore, it was also described that Oct4 levels were reduced in both H3K27M-mutated 

DIPG-007 and H3WT GBM-001 cells when cultured under monolayer conditions but still 

expressed stronger in H3K27M-mutated DIPG-007 cells (Wiese et al. 2020). Thus, a 

reduction of Oct4 induced by Curcumin influences the colony formation ability of DIPG-007 

cells stronger than of GBM-001 cells, but not as strong as their sphere formation ability. To 

confirm this hypothesis, western blot analysis of GBM-001 cells after treatment with 

Curcumin with antibodies against Oct4 could be performed in future.  
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85% of DIPG carry a H3K27M-mutation which is restricted to pediatric tumors (Gerges et al. 

2013; Castel et al. 2015). The H3K27M-mutation changes the epigenetic landscape by a global 

reduction of H3K27me3 and a compensatory increase of H3K27ac, which plays an important 

role in tumorigenesis (Lewis et al. 2013).  

Under physiological conditions, H3K27me3 formation is mediated by EZH2 (Margueron and 

Reinberg 2011). A Curcumin induced reduction of EZH2 expression was observed in 

pancreatic ductal adenocarcinoma cells and lung cancer (Yoshida et al. 2017; Wu et al. 2016). 

In this study, Curcumin had no statistically significant impact on H3K27me3 level in 

H3K27M-mutated DIPG-007 or control H3WT GBM-001 cells. Interestingly, RNA-seq of 

DIPG-007 cells after treatment with Curcumin revealed a downregulation of EZH2 (data not 

shown) which is in line with previous studies (Yoshida et al. 2017; Wu et al. 2016). However, 

reduction of EZH2 expression does not seem to influence the H3K27me3 level in DIPG-007 

cells which is in line with a study conducted by Keane et al. (2021). They performed a 

knockdown of EZH2 in DIPG cells but did not observe any changes in H3K27me3 levels 

after 72 h and proposed a low turnover of H3K27me3 as an explanation (Keane et al. 2021).  

HAT CBP activity generates H3K27ac under physiological conditions (Jin et al. 2011). Azad et 

al. (2013) observed a reduction of H3K27ac and H4K8ac in yeast after treatment with 

Curcumin and proposed that iron chelating properties of Curcumin are responsible for this 

effect. Unlike Azad et al. (2013) others suggested inhibition of HAT activity of CBP/p300 as a 

potential mechanism leading to depletion of H3K27ac by Curcumin in neuroblastoma cells 

(Lu et al. 2014). The ability of Curcumin to inhibit the HAT activity of CBP/p300 was 

reported by other groups as well (Balasubramanyam et al. 2004).  

Curcumin reduced H3K27ac and H4K8ac level in DIPG-007 cells which is in line with 

previous studies (Azad et al. 2013; Lu et al. 2014). However, Azad et al. (2013) used very high 

concentrations of Curcumin (400 µM), shorter incubation times (1 to 3 h) and observed 

comparable levels of H3K27ac reduction. In addition to reduction of H3K27ac, decreased 

H4K8ac levels were also observed in the present study. Since H4K8ac is mediated by 

CBP/p300 (Henry et al. 2013), these results also hint towards an inhibition of CBP/p300 by 

Curcumin in DIPG-007 cells.   

Interestingly, reduction of H3K27ac and H4K8ac levels after treatment with Curcumin in 

control H3WT GBM-001 cells was not as strong as in H3K27M-mutated DIPG-007 cells. 

The H3K27M-mutation usually leads to an increase of H3K27ac levels compared to H3WT 

cells (Lewis et al. 2013). Therefore, an inhibition of CBP/p300 might have a stronger impact 

on H3K27ac levels in H3K27M-mutated DIPG-007 cells than in H3WT GBM-001 cells. In 
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line with this hypothesis, Yan et al. (2017) reported a reduction of induced H3K9-

hyperacetylation after alcohol exposure by Curcumin in cardiac cells of mice while Curcumin 

did not reduce physiological H3K9ac levels without prior induction of hyperacetylation. If 

elevated H3K27ac levels indeed are responsible for the stronger reduction of H3K27ac in 

DIPG-007 cells remains to be investigated.  

Acetylation of H4 is presumed to be play an important role in double strand DNA repair and 

replication origins (Gursoy-Yuzugullu et al. 2017; Unnikrishnan et al. 2010). Treatment of 

DIPG-007 cells with Curcumin resulted in H4K8ac depletion, an upregulation of genes 

associated with apoptosis, and a downregulation of genes associated with cell cycle 

progression, pointing to a general function of Curcumin to inhibit cell growth and mitosis. 

These results explain the inhibitory effects of Curcumin on cell viability and clonogenicity. 

Western blot analysis revealed a downregulation of H3K27ac and H4K8ac in DIPG-007 cells 

after treatment with Curcumin, which could be responsible for the observed changes of gene 

expression. To analyze if the differently transcribed genes identified by RNA-seq are 

associated with H3K27ac or H4K8ac, chromatin immunoprecipitation sequencing with 

antibodies against H3K27ac and H4K8ac could be performed.  

Furthermore, Curcumin induced an increase of apoptosis marker Cleaved Caspase 3 levels in 

DIPG-007 cells which is in line with previous studies that describe an upregulation of Cleaved 

Caspase 3 after treatment with Curcumin in adult GBM cells (Yeh et al. 2015). However, this 

effect was not visible in the control GBM-001 cells. RNA-seq of DIPG-007 cells revealed an 

upregulation of apoptosis and an induction of cell cycle arrest, which explains the inhibitory 

effects of Curcumin on cell viability and proliferation. However, the mechanisms behind the 

observed effects of Curcumin in GBM-001 cells are not as clear and could be investigated 

using polymerase chain reaction on important target genes identified by RNA-seq in DIPG-

007 cells. 

An analysis of the differently expressed genes in DIPG-007 cells after treatment with 

Curcumin with the KEGG pathways database revealed that Curcumin downregulates many 

genes which are involved in cell cycle progression. These results are in line with previous 

studies which observed an induction of G2/M arrest by Curcumin in adult GBM cells (Cheng 

et al. 2016; Wang et al. 2015). To evaluate the extend of the observed RNA expression 

changes of genes associated with cell cycle progression, flow cytometry with propidium iodide 

staining could be performed.  

For the present discussion, it may also be of some importance that Curcumin had been 

described to belong to the group of pan-assay interference compounds (PAINS). PAINS 
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interfere with certain assay readouts as a kind of artefact than through specific 

compound/target interactions (Nelson et al. 2017). However, the present study did not 

investigate specific compound/target interactions but focused on more general effects of 

Curcumin e.g. inhibition of proliferation and induction of cell death. No specific 

inconsistencies in regards to assay results were observed. Especially RNA-seq revealed an 

upregulation of apoptosis and an induction of cell cycle arrest which cannot solely be 

explained through assay readout interference. However, further investigations should consider 

chemical properties of Curcumin, and counterscreens should be additionally performed to rule 

out any potential assay interference.  

4.2 The role of  Boswellic acids in diffuse intrinsic pontine glioma 

Besides Curcumin, parents of children with DIPG often use BA-supplements as 

complementary treatment option, which contain the three BA α-BA, β-BA and AKBA (El-

Khouly et al. 2021). 

It was previously reported that BA reduce cell viability in different cancer cells amongst others 

in adult GBM cells (Schneider and Weller 2016). Investigation of the effect of α-BA, β-BA, 

and AKBA in pedHGG cells showed that all three BA reduced cell viability with dosages 

higher than 13.34 µM. Schneider and Weller (2016) used long-term adult GBM cell lines 

(LTC) as well as primary patient-derived glioma initiating cells (GIC) and applied BA 

concentrations ranging from 1.95 µM to 220 µM for 72 h. While cell viability of LTC was 

already decreased after treatment with concentrations of 1.95 µM to 10 µM BA, cell viability 

of GIC was only decreased after treatment with concentrations of 10 µM to 20 µM BA 

(Schneider and Weller 2016) which is in line with the observed effect in the present study. 

However, an increase in cell viability after treatment of DIPG-007 spheroid cells with lower 

dosages of α-BA and β-BA was observed hinting towards a potential tumor propagating effect 

of low dosages of α-BA and β-BA. In contrast, treatment with AKBA decreased cell viability 

of both DIPG-007 and GBM-001 cells in a dose dependent manner. Comparable levels of 

AKBA reduced cell viability more efficiently than α-BA and β-BA. These findings are in line 

with previous studies which reported AKBA as the most potent BA (Schneider and Weller 

2016).  

Apart from the slight increase of cell viability of DIPG-007 spheroid cells after treatment with 

low dosages of α-BA or β-BA, no significant different impact on cell viability between DIPG-

007 and GBM-001 cells was observed. Since treatment with AKBA did not lead to different 

effects on cell viability in H3K27M-mutated DIPG-007 and H3WT GBM-001 it appears that 
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AKBA may influence cell viability of pedHGG cells independently of their H3-mutation 

status. In addition, neither western blot analysis nor RNA-seq revealed relevant changes in 

protein or gene expression after treatment with BA, indicating more general and less 

H3K27M-specific BA-mediated effects.  

It was previously shown that non-CSC are more sensitive to drug treatment (Meel et al. 2017) 

and therefore it was expected that DIPG-007 and GBM-001 non-CSC grown as adherent 

monolayer cells under differentiating conditions may show a stronger response to treatment 

with BA. Interestingly, a stronger effect between non-CSC and CSC was only observed in 

GBM-001 cells after treatment with α-BA. No difference in cell viability was observed in 

DIPG-007 CSC and non-CSC. Moreover, treatment with AKBA showed no difference of cell 

viability between CSC and non-CSC in both pedHGG cell lines. This is in contrast to the 

study conducted by Schneider and Weller (2016) who used LTC, grown under adherent 

monolayer conditions with 10% FCS, and GIC, grown under spheroid conditions. Here, LTC 

were more sensitive towards treatment with all three BA (Schneider and Weller 2016). In the 

present study, the two pedHGG cell lines were cultured under different conditions which may 

explain the observed differences. 

The H3K27M-mutation influences the epigenetic landscape by reduction of H3K27 

trimethylation and parallel increase of acetylation (Lewis et al. 2013; Bender et al. 2013). The 

association of H3K27me3 with gene repression may support its function as a potential tumor 

driver (Castel et al. 2018). AKBA was observed to induce epigenetic changes via modulation 

of DNA methylation in colorectal cancer cells (Shen et al. 2012). However, no influence of 

BA on histone modifications has been reported this far. Since treatment with BA reduced cell 

viability of DIPG-007 cells, the influence of BA on epigenetic marks, namely H3K27me3, 

H3K27ac, and H4K8ac levels, were investigated. In the present study, western blot analyses 

only showed a slight decrease of H3K27ac after treatment with 20 µM α-BA and a slight 

decrease of H4K8ac after treatment with 20 µM AKBA but no changes in H3K27me3-levels. 

However, the western blots were only performed twice with reduced overall quality. To 

investigate if BA have any significant impact on histone modifications, western blot analyses 

would have to be repeated and/or even performed with other pedHGG cell lines. 

Nevertheless, so far the present results suggest that the observed anti-tumor effects of BA 

might not be based on changes in the epigenetic landscape which is also supported by the 

observation that treatment with AKBA led to no differently transcribed genes in DIPG-007 

cells.  
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Since it was reported that BA reduce clonogenicity in adult GBM (Schneider and Weller 2016) 

and differentiated monolayer cells are more sensitive towards treatment (Meel et al. 2017) the 

clonogenicity of H3K27M-mutated DIPG-007 and H3WT GBM-001 cells after treatment 

with BA has been examined. DIPG-007 cells displayed a dose dependent reduction of colony 

area under differentiated monolayer conditions after treatment with BA, which is in line with 

the study by Schneider and Weller (2016). However, colony formation ability of GBM-001 

cells was not reduced after treatment with BA. Treatment with 20 µM α-BA even increased 

the ability of GBM-001 cells to form colonies. As colony formation assay usually represents 

self-renewal ability and proliferation ability these results may be on first sight in contrast to the 

observations of the MTT-cell viability assay showing no differences of cell viability between 

DIPG-007 and GBM-001 adherent monolayer cells after treatment with BA. But since GBM-

001 cells proliferate slower than DIPG-007 cells, the different effects of BA on clonogenicity 

in pedHGG cells might still be due to an effect on proliferation rather than on self-renewal 

ability. This is supported by the results from sphere formation assays which showed no 

reduction but rather a slight increase of sphere formation ability in DIPG-007 and GBM-001 

cells after treatment with BA which hints towards a beneficial effect of BA on self-renewal 

ability. 

Whereas a reduction of cell viability of both DIPG-007 and GBM-001 spheroid cells at 

dosages higher than 13.34 µM of BA was observed, the total number of spheres was not 

reduced after treatment with 20 µM BA. Treatment with β-BA  even led to a slight increase of 

the number of spheres. This may suggest that BA do not reduce self-renewal ability and 

stemness of pedHGG cells.  

However, an increase of small spheres and a decrease of large spheres of DIPG-007 cells was 

detected indicating a slowing of cell proliferation. This is in line with the observations from 

the MTT-cell viability assay, where a reduction of cell viability could be observed. In contrast, 

Schneider and Weller (2016) observed a reduction of sphere formation in adult GIC after 

treatment with 19.5 µM AKBA, 22 µM α-BA, and 22 µM β-BA. However, the mechanism 

behind the observed effects was not illuminated but hypothesized to depend on acute 

cytotoxicity (Schneider and Weller 2016). In the present study, RNA-seq revealed no 

differently expressed genes in DIPG-007 cells after treatment with AKBA, leading to the 

assumption that BA might not influence transcription in pedHGG cells. These results suggest 

that the inhibitory effect of BA is due to cytotoxicity caused by high dosages. 

Interestingly, Li et al. (2018) published that in adult glioblastoma AKBA influenced 

transcription of genes associated with cell cycle arrest and DNA replication. In the present 
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study, no differently transcribed genes in DIPG-007 cells after treatment with AKBA could be 

detected, even though dosage and incubation time were the same as in the study published by 

Li et al. (2018). However, another study, published by Schneider and Weller (2016) 

investigated the effect of AKBA on glioma LTC lines and primary patient derived GIC and 

found that treatment with AKBA induced cell cycle arrest in LTC lines while even 10-fold 

higher AKBA doses induced only a still weak effect. Interestingly, in the study conducted by 

Schneider and Weller (2016), LTC were cultured with 10% FCS, while GIC were cultured 

without FCS, Li et al. (2018) also added 10% fetal bovine serum to the medium. Fetal calf 

serum or fetal bovine serum causes cells to grow as adherent cells under differentiating 

conditions. This suggests that GIC, cultured under more CSC-like conditions, were more 

resistant towards AKBA treatment (Schneider and Weller 2016). Since LTC in the study by 

Schneider and Weller (2016) and adult GBM cells in the study performed by Li et al. (2018) 

were cultured under more differentiated conditions and were more sensitive towards AKBA 

treatment, all these findings may hint towards a phenotype-dependent effect of AKBA. In the 

present study, colony formation assay revealed a reduction of clonogenicity of DIPG-007 cells 

after treatment with AKBA while sphere formation ability of DIPG-007 cells was not 

impaired after treatment with AKBA. However, RNA-seq was performed with cells cultured 

under spheroid conditions which could explain the difference between this study and the 

study performed by Li et al. (2018) or Schneider and Weller (2016). To confirm this 

hypothesis, RNA-seq with cells cultured under adherent monolayer conditions after treatment 

with BA could be performed.  

As already reported for adult glioblastoma (Conti et al. 2018; Schneider and Weller 2016), a 

positive effect of BA was observed in combination with the chemotherapeutic TMZ. Such an 

effect was only observed in H3WT GBM-001 but not in H3K27M-mutated DIPG-007 cells. 

TMZ combined with BA led to a stronger reduction of cell viability in GBM-001 cells than in 

DIPG-007 cells, leading to the assumption, that DIPG-007 cells harbor specific mechanisms 

to evade a sensitizing effect towards TMZ.  

BA appeared to mediate synergistic effects with TMZ in GBM-001 cells. However, to proof if 

BA and TMZ work synergistically, the effect on cell viability of more than two concentrations 

of BA and TMZ alone and in combination have to be investigated for application of synergy 

models, such as the Loewe additivity or the Bliss models (Loewe 1953; Bliss 1956).  

Conti et al. (2018) reported that AKBA influences irradiation treatment in adult GBM cells. 

They observed an additive effect of low dosages of AKBA (10 µM, 20 µM and 30 µM) in 

combination with irradiation and a synergistic effect of high dosages of AKBA (40 µM). 
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Investigation of the underlying mechanisms revealed a decreased expression of Tp53 and the 

anti-apoptotic protein Bcl-2 as well as inhibition of NF-κB signaling which is associated with 

radiotherapy resistance by increase (Conti et al. 2018). In the present study, 10 µM and 20 µM 

of AKBA, α-BA, and β-BA were used, and α-BA and AKBA increased the cell viability 

reducing effect of irradiation. But unlike Conti et al. (2018), RNA-seq of DIPG-007 cells after 

treatment with AKBA revealed no differentially expressed genes. If treatment of DIPG-007 

and GBM-001 cells with AKBA influences Tp53, Bcl-2 or NF-κB signaling on a 

posttranslational level remains to be investigated in future.  

4.3 Are Curcumin and Boswellic acids potential complementary 

treatment options? 

The aim of the present study was to investigate if Curcumin and BA could serve as potential 

complementary treatment options for children with DIPG. It was found that Curcumin and 

BA induce cell viability reducing effects in DIPG-007 and GBM-001 cells. However, while 

Curcumin influenced epigenetic marks and gene expression, BA influenced neither one and 

even showed some tumor promoting properties. This suggests that Curcumin may exhibit a 

higher potential as complementary therapy option for children with DIPG.  

BA have been used in a clinical trial to reduce cerebral edema after irradiation (Kirste et al. 

2011). Cerebral edema and inflammatory processes are the main morbidity reason in brain 

tumor patients. Usually, cerebral edema is treated with steroids, primarily dexamethasone, 

which displays severe adverse effects and might even promote tumor growth. The study by 

Kirste et al. (2011) proposed BA as an alternative treatment option for cerebral edema 

treatment with decreased adverse effects in comparison with dexamethasone treatment. This 

study was performed only in a small group of adult patients. To confirm the effect of BA in 

children, further studies should be conducted. However, the results of the present study 

showed, that BA do not negatively interact with radiochemotherapy. Thus, BA may be indeed 

a good replacement for dexamethasone as anti-edema treatment if efficacy appears similar.  

BA supplements often consist of different BA derivatives in low dosages. Since an increase of 

cell viability and sphere formation ability after treatment with α-BA and β-BA but not AKBA 

was observed, the usage of mixed BA supplements must be questioned. If α-BA and β-BA 

indeed increase tumor proliferation at low dosages, their application can harm DIPG patients. 

Parents or caretakers of patients with DIPG often apply CAM to the patients without the 

knowledge of their physician (El-Khouly et al. 2021). Especially if compounds like BA might 

harm DIPG patients, physicians should be aware of the usage of CAM.  
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Curcumin exhibited potential as a therapeutic agent for treatment of DIPG patients. The 

H3K27M-mutation and its subsequent changes of the epigenetic landscape play an important 

role in tumorigenesis in DIPG (Xu et al. 2017; Schwartzentruber et al. 2012). Thus, the ability 

of Curcumin to reduce H3K27ac, as seen in the present study may be relevant for its 

therapeutic application in DIPG.  

It has been reported that Curcumin exhibits a low oral bioavailability due to its poor water 

solubility and therefore poor absorption, its fast metabolism, and its fast elimination (Anand et 

al. 2007). Various clinical studies detected plasma levels of Curcumin in the nanomolar scope 

even after application of relatively high oral dosages (Dei Cas and Ghidoni 2019). Since the 

health benefiting properties of Curcumin have been proposed for a long time, several 

strategies to overcome this obstacle are under investigation. One approach is to combine 

Curcumin with other substrates for example piperine, a derivate of black pepper, to increase 

its bioavailability. Even though measured plasma levels of Curcumin after combination with 

piperine were higher than without, the maximum concentration in plasma was only 0.48 µM 

Curcumin (Volak et al. 2013). Another attempt is to dissolve Curcumin in polyethylene glycols 

to create an emulsion for better solubility. A study in mice achieved Curcumin plasma levels of 

12.6 µM after oral administration of 1800mg/kg of Curcumin emulsion (Zhongfa et al. 2012). 

The safety for humans and long-term adverse effects of Curcumin emulsion remain to be 

investigated. Another approach to overcome the poor bioavailability is to enhance the water 

solubility of Curcumin by adding hydrophilic groups (Theppawong et al. 2019). To reach the 

tumor, Curcumin has to pass the BBB. Hydrophobic and therefore lipophilic agents can cross 

the BBB without help of carrier proteins. While Curcumin, a highly lipophilic agent, was 

reported to be able to cross the BBB (Perry et al. 2010) this has to be investigated for 

modified Curcumin derivates. Furthermore, it has to be investigated if chemically changed 

Curcuminoids still display the same anti-tumorigenic functions as Curcumin.  

Critics purport that the increase of plasma levels of Curcumin does not only increase its 

effectiveness against disease but might also lead to increased toxicity (Burgos‐Morón et al. 

2010). This must be carefully considered since Curcumin does not only exhibit health 

benefitting properties. It was reported that Curcumin has cytotoxic effects on human kidney 

cells and a murine macrophage cell line with IC50 values of 15.2 µM and 31 µM (Nelson et al. 

2017). However, an in vivo study with Curcumin reported a survival benefit of mice with 

glioblastoma even at high plasma levels of Curcumin (Wang et al. 2017). Considering that the 

median survival of DIPG patients is 11 months (Hoffman et al. 2018), even an improvement 

of survival for a few months would represent a success in therapy, and long-term adverse 
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effects might not be as important as in other diseases. Still, animal experiments should be 

performed first, and clinical trials with high plasma levels of Curcumin must be monitored 

closely for adverse effects; potential benefits have to be carefully weighed up against side 

effects.  

In summary, this study shows that BA reduce cell viability of pedHGG cells and positively 

influence standard treatment consisting of irradiation and TMZ but since they do not 

influence histone modifications or RNA-expression, this effect is hypothesized to depend on 

acute cytotoxicity. Furthermore, low dosages of α-BA and β-BA even seemed to have tumor 

promoting effects. On the other hand, Curcumin reduced cell viability in a dose dependent 

manner and positively influenced standard treatment. In addition, Curcumin also influenced 

relevant histone modifications, induced cell cycle arrest and apoptosis and reduced 

clonogenicity and stemness.  

Overall, the present study showed that Curcumin appears to be a promising complementary 

treatment option for children with DIPG and is worth further investigation while the use of 

BA as complementary treatment for children with DIPG especially in low dosages should be 

considered critically.   
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5 Conclusion 

Diffuse intrinsic pontine glioma is a rare but lethal brain tumor with a median survival of 

eleven months after diagnosis. There has been no significant improvement in survival over the 

past 50 and more years despite intensive research. Therefore, parents of affected children may 

often use alternative complementary treatment options such as Curcumin and Boswellic acids. 

However, the data evaluating the effect of these compounds in diffuse intrinsic pontine 

glioma is limited. Therefore, the aim of the present study was to evaluate the therapeutic 

potential of Curcumin and Boswellic acids in an in vitro model of diffuse intrinsic pontine 

glioma. 

Curcumin reduced cell viability of pediatric high grade glioma cells in a dose dependent 

manner. However, no statistically significant differences in reduction of cell viability between 

DIPG-007 and GBM-001 cells could be detected. Furthermore, Curcumin reduced stemness 

and clonogenicity of pediatric high grade glioma cells and reduced levels of the stemness 

marker Oct4 in DIPG-007 cells. The H3K27M-mutation influences the epigenetic landscape 

by increasing H3K27-acetylation and reducing H3K27-trimethylation and promotes tumor 

growth. Treatment with Curcumin influenced the epigenetic landscape by reducing H3K27-

acetylation and H4K8-acetylation hinting towards an inhibition of the histone acetyl 

transferase activity of the cyclic adenosine monophosphate response element binding protein 

binding protein by Curcumin. Remarkably, this effect was stronger in H3K27M-mutated 

DIPG-007 cells than in H3-wildtype GBM-001 cells suggesting that Curcumin has a stronger 

influence on high acetylation levels. Moreover, RNA-sequencing of DIPG-007 cells after 

treatment with Curcumin revealed an upregulation of genes associated with apoptosis and cell 

cycle arrest, leading to the assumption that Curcumin inhibits cell proliferation and mitosis. 

When combined with standard therapy consisting of irradiation and temozolomide Curcumin 

further increased their proliferation/cell viability inhibiting effect and even sensitized GBM-

001 cells towards temozolomide.  

The three Boswellic acids derivates α-Boswellic Acid, β-Boswellic Acid, and 3-O-Acetyl-11-

Keto-β-Boswellic Acid decreased cell viability in a dosage higher than 20 µM with no 

statistically significant differences between DIPG-007 and GBM-001 cells. However, 

α-Boswellic Acid and β-Boswellic Acid slightly increased cell viability in low dosages. In 

addition, sphere formation ability in both cell lines and colony formation ability in GBM-001 

cells was not reduced after treatment with Boswellic acids. Only colony formation ability of 

DIPG-007 cells was reduced after treatment with Boswellic acids. Moreover, Boswellic acids 
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did not influence the epigenetic marks H3K27-trimethylation, H3K27-acetylation, and H4K8-

acetylation and 3-O-Acetyl-11-Keto-β-Boswellic Acid, the most potent Boswellic acid, did not 

influence gene expression in DIPG-007 cells at all, hinting towards a cytotoxic effect of 

Boswellic acids caused by high dosages. When combined with standard therapy, Boswellic 

acids further increased their cell viability reducing effect and even sensitized GBM-001 cells to 

temozolomide.   

In conclusion, Curcumin exhibits greater potential as complementary treatment option for 

children with diffuse intrinsic pontine glioma while the application of Boswellic acids as 

complementary treatment for children with diffuse intrinsic pontine glioma especially in low 

dosages should be considered critically.   
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