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Glioblastoma is the most aggressive primary brain tumour, with a median patient survival of only 15
months. Its rapid proliferation, high invasion, poor therapeutic response, and recurrence, combined with
substantial inter- and intra-tumoural heterogeneity, complicate the development of efficient therapies
and highlight the need for personalised treatment strategies. Personalised treatment strategies require
rapid and efficient experimental models capable of capturing diverse tumour behaviours. The chick
chorioallantoic membrane (CAM) model represents a promising intermediate platform between in vitro
assays and rodent xenografts. This thesis evaluated the suitability of the CAM model for studying
glioblastoma tumour growth, invasion, and treatment response using 17 patient-derived Human
Glioblastoma Cell Culture (HGCC) cell lines.

All 17 cell lines formed tumours with high xenografting efficiency (> 90%), demonstrating that the
CAM environment efficiently supports tumour development. Histological analyses revealed
morphological heterogeneity and variation in invasion levels, reflecting the heterogeneity of
glioblastoma phenotypes. The CAM vasculature consistently formed around the tumours, further
supporting glioblastoma growth. Ki67 immunostaining confirmed active proliferation across all
xenografts, with proliferation rates varying between cell lines. High Nestin expression demonstrated
preservation of glioblastoma stem/progenitor like characteristics in the CAM model. Tumour weight
analysis revealed variable tumour growth progression, underlining limitations of weight-based growth
assessment.

To evaluate the CAM model’s suitability for drug screening, nine GFP-Luc labelled HGCC cell lines
were treated with the proteasome inhibitor bortezomib, previously identified as a potent agent against
glioblastoma in large-scale drug screening. Due to the limitations in weight-based growth assessment,
bioluminescence imaging (BLI) was used before and after the treatment to accurately monitor treatment
responses. The change in cellular viability in response to bortezomib treatment was analysed by
calculating relative change in BLI signal intensity for each group. Five cell lines exhibited significant
decrease in cellular viability, whereas four cell lines showed resistance against the treatment. These
sensitivity patterns aligned with in vitro and mouse xenograft results, supporting the translational
relevance of CAM based drug testing.

Overall, this study demonstrates that the CAM model enables efficient glioblastoma tumour formation
and analysis of tumour growth and invasion. The CAM model holds promise as an effective model for
glioblastoma treatment screening and has potential as a bridge between large-scale in vitro drug
screening and mammalian in vivo studies. The short experimental timeline of the CAM model is both
an advantage and a limitation. It enables rapid results, which is an important characteristic of a model
for patient-specific treatment testing, but the short duration does not enable long-term studies of tumour
progression and treatment effects. Additional research is needed to further optimise the CAM model for
glioblastoma studies and drug screening.

Key words: glioblastoma, CAM model, xenograft, HGCC cell line, proteasome inhibition,
bortezomib.
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1 INTRODUCTION

1.1 Gliacells

Glial cells are non-neuronal cells in the central nervous system (CNS), and they have supportive
and protective roles in neuron function and are crucial for normal neurotransmission in CNS.
There are three main types of glial cells in CNS: astrocytes, oligodendrocytes, and microglia.
Astrocytes, the most abundant glial cell type, support neuronal function by maintaining
homeostasis, regulating synaptic transmission, and modulating blood flow (Liu et al., 2021).
Oligodendrocytes are responsible for forming and maintaining myelin sheath around neural
axons, which potentiates signal transmission between neurons (Zhang et al., 2025). Microglia
function as the first line immune defence in the CNS and have structural and functional
similarities with macrophages (Colonna & Butovsky, 2017). They monitor the brain
environment, remove cellular debris, and respond to injury or infection by releasing
inflammatory signals. Additionally, they help regulate synaptic connections and contribute to
brain development and repair (Cornell et al., 2021). Uncontrollable growth of glial cells forms

gliomas, which vary in aggressiveness and prognosis.
1.2 Glioblastoma

Gliomas are the most common primary brain tumours that originate from the glial cells of the
brain or spinal cord. It’s a broad category of tumours that cover 28% of all brain tumours and
80% of malignant ones. Glioblastoma, the most aggressive type of gliomas, accounts for over
50% of all malignant brain tumours and 16% of all primary brain tumours (Ostrom et al., 2013).
Glioblastoma is characterised by rapid proliferation, extensive infiltration, and resistance to
therapy. Despite advancements in surgery, radiotherapy, and chemotherapy, patient prognosis
remains poor. The highly heterogeneous nature of glioblastoma, coupled with its complex

genetic and molecular landscape, presents significant challenges in treatment development.

Glioblastoma is most often located in the supratentorial region (i.e. frontal, temporal parietal,
and occipital lobes) (Chakrabarti et al., 2005), while tumours in cerebellum or spinal cord are
rare (Adams et al., 2013; Engelhard et al., 2010). Due to the strong invasive nature of

glioblastoma, it is not always restricted to one area of the brain.



1.2.1 Incidence rate of glioblastoma

The incidence rate (IR) of glioblastoma has a great variation between countries. The
international age-adjusted IR is approximately between 0.77 and 4.8 per 100 000 persons
(Grochans et al., 2022). Glioblastoma IRs in Finland and the United States are 2.9 — 3.5 per
100 000 (Korja et al., 2018; Natukka et al., 2019) persons and 3.27 per 100 000 persons (Ostrom
et al., 2023), respectively. Like in other types of cancer, an increase in global incidence of brain

and CNS tumours, including glioblastoma, has been reported (Miranda-Filho et al., 2016).

Like mentioned above, global variation in glioblastoma incidence rate between countries is
significant, even though it needs to be noted that numerical incidence rates are not fully
comparable due to the different methodologies used in calculating the data. European and
North-American countries show in general higher glioblastoma IR than Asian countries (Table
1). The glioblastoma incidence data from Africa and South America is less comprehensive, but
some studies indicate the IR to be lower than in Europe and North America (Ballard et al.,
2024). In the United States the IR of glioblastoma is two-fold in the European-American
population compared to African-American population (3.45 versus 1.67 per 100 000) (Ostrom
et al., 2013). The IR in Non-Hispanic population is higher (3.26 per 100 000) than in Hispanic
population (2.45 per 100 000). The IR variation based on region and ethnicity highlight the

effect of environmental and genetic factors behind glioblastoma.

Globally, glioblastoma IR is 1.6 times higher in male population compared to the female
population (Carrano et al., 2021). In the United States glioblastoma has an IR of 4.09 per
100 000 in males versus 2.55 per 100 000 in females (Ostrom et al., 2023). In Finland, 42% of
glioblastoma cases were in the female population between 2000 and 2013 (Korja et al., 2018).



Table 1. Reported glioblastoma incidence rates in countries with accessible epidemiological
data.

Country Reference Years Incidence rate
(per 100 000)
Croatia (Dobec-Meic¢ et al., 2006) 1996 — 2004 4.8
England (Brodbelt et al., 2015) 2007 — 2011 4.64
Canada (Walker et al., 2019) 2009 — 2013 4.06
Australia (Dobes et al., 2011) 2000 — 2008 3.96
The United States (Ostrom et al., 2023) 2016 — 2020 3.27
Finland (Natukka et al., 2019) 2007 —-2016 3.5
(Korja et al., 2018) 2000 -2013 2.9
Japan (Miyakoshi et al., 2024) 2012 - 2021 2.1
Republic of Korea (Jung et al., 2013) 2010 0.77
(Dho et al., 2017) 2013 0.87

1.2.2 Current treatment of glioblastoma

Surgery is the primary therapeutic approach for glioblastoma. The goal of the surgery is to
perform maximal safe resection. Due to the invasive nature of glioblastoma, all the tumour cells
cannot be removed with surgery. Thus, the surgery in glioblastoma patients is always balancing
between maximal removal of tumour and the preservation of normal brain function. It is shown
that remaining tumour cells post-surgery leads to later disease progression and recurrence
(Wilson et al., 2014). For glioblastoma the most important treatment-related survival predictor
is extent of resection (EOR) (Wolbers, 2014). High EOR is associated with better life
expectancy and longest survival is seen in patients with gross total resection surgery and

following radiotherapy and chemotherapy with temozolomide (Wilson et al., 2014).

Chemotherapies are most often ineffective against glioblastoma cells due to extraordinary
capability to evade apoptosis (Singh et al., 2025). Temozolomide (TMZ) is the only
chemotherapy that has shown limited potential against glioblastoma, but only in a specific
group of patients (Wick et al., 2012). TMZ is an oral alkylating agent, which methylates DNA
at the O6 position of guanine, leading to DNA mismatches during replication (Tolcher et al.,
2003). The mismatches trigger DNA damage responses and lead to cell cycle arrest and tumour

cell apoptosis. The effectiveness of TMZ depends largely on the activity of the DNA repair



enzyme MGMT (O6-methylguanine-DNA methyltransferase): high MGMT expression can
repair the damage and cause resistance, while low MGMT levels enhance sensitivity to TMZ

treatment (Stupp et al., 2005).

Radiation therapy and TMZ are used as a concomitant therapy in glioblastoma post-surgery,
followed by adjuvant temozolomide treatment. Stupp et al. demonstrated increase in patient
overall survival with radiation therapy and concomitant/adjuvant TMZ therapy compared to
radiation therapy alone: median overall survival 14.6 months vs. 12.1 months (Stupp et al.,
2005). Since then, the radiation therapy and concomitant/adjuvant TMZ therapy has been the

standard for glioblastoma treatment post-surgery.
1.2.3 Prognosis

The median survival time among glioblastoma patients is 15 months and a 5-year survival is
only 7.2% (Ostrom et al., 2023). The major prognostic factors for glioblastoma are age of the
patient and MGMT promoter methylation (Brown et al., 2022). Younger patients (< 50-year-
olds) have better recovery from surgery, which can be seen in life expectancy. The younger
patients are also more likely to receive the standard therapy (surgery and radiation therapy with
concomitant and adjuvant temozolomide treatment) for glioblastoma rather than non-standard
or no therapy. MGMT promoter methylation indicates better response for TMZ treatment. The
promoter methylation represses transcription of the MGMT gene and decreases MGMT activity
(Stupp et al., 2005).

Tumour location has a significant effect on maximal safe resection in surgery. Patients with
tumours located in central brain structures, such as corpus callosum and basal ganglia, and left
temporal lobe are reported to have survival of less than 6 months (Fyllingen et al., 2021).
Tumours in the dorsomedial right temporal lobe and the white matter region are reported to be
associated with much longer survival (> 24 months). The effect of tumour location in
glioblastoma survival is not entirely clear, another study has reported that tumour laterality

(right or left hemisphere) has no effect on patient survival (Liu et al., 2016).
1.2.4 Glioblastoma heterogeneity

Inter-patient heterogeneity is a significant factor in glioblastoma. Glioblastoma is driven by a
broad number of mutations and cell states, and thus every glioblastoma tumour has unique

characteristics.
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The extensive inter-patient heterogeneity is supported by glioblastoma transcript profiling.
Inter-patient heterogeneity in genomic alterations is significant in glioblastoma, but the most
common genomic alterations include 7P53, EGFR, PDGFR, and PTEN (Table 2) (Wang et al.,
2017). Verhaak et al. (2010) presented four glioblastoma subtypes based on expression profiles
of glioblastoma-associated genes. These subtypes were proneural, mesenchymal, classical and
neural. However, the glioblastoma subtypes were later redefined into three tumor-intrinsic
subtypes (proneural, classical, mesenchymal) when the neural subtype was excluded as it

reflected non—tumour (normal neural) contamination (Wang et al., 2017).

Table 2. Glioblastoma molecular subtypes and their characteristic gene expression profiles.
Adapted from (Wang et al., 2017).

Subtype Key genetic alterations Characteristic gene expression
signatures
Proneural PDGFRA amplification OLIG2 1
TP53 mutation ASCL1 1
SOX 1
Progenitor-like gene expression
Mesenchymal NF1 deletion/mutation Nestin 1
TP53 mutation Notch pathway t
PTEN mutation Progenitor-like gene expression
Classical EGFR mutation/amplification CD44 1
CKDNZ2A deletion Mesenchymal transition gene expression

TNF/NF-kB signature

Neural (removed) | Gene signature similar to normal Gene signature similar to normal brain
brain

In addition to inter-patient heterogeneity, glioblastoma exhibits profound intra-tumoural
heterogeneity. It is shown that spatially distinct biopsies taken from the same tumour harbour
substantial genetic variation, including regional differences in key driver alterations such as
EGFR and CDKN2A/B amplifications (Sottoriva et al., 2013). Neftel et al. (2019) have
demonstrated that individual glioblastoma tumours contain multiple co-existing cellular states,
including neural progenitor cell-like, oligodendrocyte precursor cell-like, astrocyte-like, and
mesenchymal-like populations. The states are dynamic, and genetic, epigenetic and
microenvironmental factors can cause tumour cells to transition between them (Neftel et al.,
2019). These shifts in phenotypic states further enhance intra-tumoural complexity of
glioblastoma. The findings have revealed a branched evolutionary pattern within individual
tumours, demonstrating that single biopsies often capture only a fraction of the tumour’s

molecular diversity. The cellular states have multiple effects on glioblastoma phenotype.
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Doroszko et al. (2025) have shown that the cellular states of glioblastoma correlate with distinct
invasion phenotypes: mesenchymal-like cells exhibit perivascular invasion, whereas neural
progenitor cell-like and astrocyte-like cell populations display diffuse invasion in mouse
xenografts. It is also reported that the changes in cellular states can cause shifts in glioblastoma

invasion phenotypes (Doroszko et al., 2025).

Overall, both inter-patient and intra-tumoural heterogeneity are key factors that complicate
therapeutic targeting in glioblastoma, as they result in diverse molecular profiles and functional

behaviours within and between tumours.
1.2.5 Glioblastoma cellular origin

The cellular origin of glioblastoma is not fully understood, but two dominant theories have been
presented: stem cell theory and dedifferentiation theory. Both these acknowledge the complex
heterogeneity of glioblastoma and suggest that multiple cellular routes contribute to

development of glioblastoma.

Historically, it was believed that the adult brain lacked regenerative capacity, and that astrocytes
were the only glial cells capable of division. However, this view was challenged by discovery
of self-renewing and multipotent neural stem cells (NSCs) in the human brain in the 1990s
(Obernier & Alvarez-Buylla, 2019). These NSCs are primarily found in the subventricular zone
and the hippocampal dentate gyrus (Bond et al., 2015). Notably, many of the gliomas, including
glioblastomas, often arise in close proximity to the subventricular zone, suggesting a possible

link between NSCs and tumour initiation (Jung et al., 2024).

According to stem cell theory, glioblastoma may originate from neural stem cells or glial
progenitor cells, including oligodendrocyte precursor (OPC) and astrocyte precursor (APC)
cells, that acquire oncogenic mutations (Sloan et al., 2024). These mutations lead to
uncontrolled proliferation, impaired differentiation, and increased invasion capacity (Liu et al.,
2011; Sloan et al., 2024). The mutations may occur in relatively undifferentiated cells with high
proliferative potential, allowing them to serve as a reservoir for tumour development.
Supporting this theory, many glioblastomas exhibit molecular signatures and gene expression
similar to those seen in NSCs and progenitor cells, such as NES (Nestin), SOX2, and PDGFRa.
(Lottaz et al., 2010; Sloan et al., 2024; Suva et al., 2014).

In contrast, the dedifferentiation theory proposes that glioblastoma can arise when mature,

differentiated glial cells, such as astrocytes, undergo genetic or epigenetic changes that cause
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them to revert to a more primitive and stem-like state. This process of cellular reprogramming
enables these cells to reacquire self-renewal capacity and resist regulatory signals that normally
control cell division. There has been evidence that differentiated astrocytes can give rise to
glioblastoma-like tumours in mouse models when key tumour suppressor genes (e.g. 7P53,

PTEN) are inactivated (Friedmann-Morvinski et al., 2012).

Recent studies suggest that both mechanisms may contribute to glioblastoma development,
depending on the subtype of the tumour. Proneural glioblastomas are thought to originate more
often from neural stem cells or oligodendrocyte precursor cells, while mesenchymal subtypes
may arise from dedifferentiated astrocytes or other glial cells (Verhaak et al., 2010). Spatial
transcriptomics and single-cell RNA sequencing have demonstrated that glioblastomas contain
a mix of tumour cells in different states: some expressing highly stem-like characteristics and
others being more differentiated. It is also speculated that the cells can shift between these states

and might explain the treatment resistance and recurrence of glioblastoma (Neftel et al., 2019).

While the exact cellular origin of glioblastoma is not fully resolved, the evidence supports that
tumour-initiating cells may arise either from mutated neural stem/progenitor cells or from
dedifferentiated mature glia. Understanding the initiating cell type and the early development
of glioblastoma remains a critical goal, as it may open new ways for early detection, targeted

therapies, and prevention of recurrence.
1.3 Human Glioblastoma Cell Culture

Traditional glioblastoma cell lines, such as U87 and U251, have been widely used in
glioblastoma research, but they have several critical limitations. First, when grown in a serum-
containing medium, the cells undergo changes that no longer reflect the genetic and molecular
features of the tumour of origin (Lee et al., 2006). Glioblastoma cells with stem/progenitor-like
characteristics have important functions in glioblastoma tumour initiation and therapy
resistance in the disease. Second, the traditional glioblastoma cell lines show poor
morphological similarities to glioblastoma tumours when xenografted into the mouse brain (Lee
et al., 2006). Lack of diffuse infiltration and microvascular proliferation are histopathological
characteristics that are absent in these xenografts. Lastly, the clinical data of the glioblastoma
tumours, from where the traditional glioblastoma cell lines originate, is incomplete. The lack
of clinical data decreases the translational relevance of research findings in these cell lines (Xie

etal., 2015).
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In 2015, Xie et al. presented new cell lines for glioblastoma research. The Human Glioblastoma
Cell Culture (HGCC) resource (www.hgcc.se) is a publicly available collection of glioblastoma
cell lines developed from patient tumour samples in Uppsala University. The HGCC biobank
has 48 well-defined and characterised glioblastoma cell lines representing all three
transcriptional subtypes of glioblastoma. The cell lines are cultured in serum-free conditions to
preserve stem/progenitor-like cell activity and to prevent changes in molecular and genomic

characteristics in glioblastoma cells.

The key advantage of HGCC cell cultures is clinical relevance to the origin tumours. Each
HGCC cell line is thoroughly characterised through genomic, transcriptomic and clinical

profiling increasing the translational relevance of research findings using these cell lines.
1.4 Chick Chorioallantoic Membrane

Chick Chorioallantoic Membrane (CAM) is a valuable alternative in vivo model to traditional
rodent models in biomedical research, particularly in the fields of oncology, angiogenesis, and
drug development (Wang et al., 2025). The CAM model was originally developed as a tool for
angiogenesis research, providing a valuable system for studying blood vessel formation in
tumours. Over time, its utility has expanded, and it is now recognised as a versatile platform
for xenograft studies. This chapter outlines the biological foundation of the CAM model, its
development, structure, and unique properties that make it suitable for tumour modelling,

including glioblastoma tumours (Fischer et al., 2022).
1.4.1 Development and structure of the CAM

The chorioallantoic membrane develops through the fusion of two extraembryonic membranes:
the chorion and the allantois (Nagai et al., 2022). The fusion begins around embryonic
development day 3 (EDD 3) and results in the formation of a highly vascularised membrane
that lies just beneath the eggshell. By approximately EDD 10, the CAM has expanded to cover
the entire inner surface of the eggshell, providing a large, accessible surface suitable for
experimental manipulation (Fischer et al., 2022). The timeline of chick development from

incubation (EDD 0) to hatching (EDD 21/22) is illustrated in Figure 1.
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Figure 1. Timeline of chick embryo development. Created with BioRender.com.

Structurally, the CAM is a thin, transparent extraembryonic membrane that plays essential
physiological roles in gas exchange, calcium mobilisation from the eggshell, and waste
elimination during embryogenesis (Fischer et al., 2022). Under normal conditions, CAM
thickness ranges from 20 to 100 pm, although thickening can occur in response to mechanical
or environmental stress. The CAM comprises three distinct layers: the ectoderm (chorionic
epithelium), the mesoderm, and the endoderm (allantoic epithelium) (Figure 2). The ectoderm
forms the outermost epithelial layer immediately beneath the eggshell. The endoderm forms the
inner epithelial boundary facing the allantoic cavity. Between these layers is the mesoderm, a
stromal layer rich in extracellular matrix, fibroblasts, and a dense vascular network (Nowak-
Sliwinska et al., 2014). As highlighted by Fischer et al. (2022), the mesoderm is of particular
relevance for tumour biology because its extensive vasculature and strong angiogenic capacity
provide a supportive microenvironment for studying tumour-induced angiogenesis and

invasion.
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Ectoderm

Endoterm

Figure 2. Chorioallantoic membrane structure on embryonic development day 12. Scale bar = 100
um.

1.4.2 Immune environment of the CAM model

One of the key advantages of the CAM model is its natural immunodeficiency during early
embryonic development, which allows successful engraftment of human tumour cells without
triggering immune rejection (Fischer et al., 2022). The immune system of the chick embryo
develops gradually between EDD 12 and EDD 18. T cells and B cells first appear around EDD
12, whereas a fully functional adaptive immune system is established by approximately EDD
18 (Janse & Jeurissen, 1991). Although the adaptive immune system is immature during early
development, innate immune components such as macrophage-like cells are already present in
the CAM around EDD 3 — 5 (Fischer et al., 2022). EDD 15 is often considered a critical
timepoint after which immune activity may begin to interfere with xenografted tumour cells
(Janse & Jeurissen, 1991). The overall immune competence increases with embryonic age,
meaning that immune reactivity becomes more pronounced in later stages of development

(Fischer et al., 2022).

Although this naturally occurring immunodeficient window is a major advantage for xenograft
experiments, it also presents limitations. The absence of mature adaptive immunity means that
interactions between tumour cells and immune cells, an essential component of tumour
progression and therapeutic response in mammalian systems, are not replicated in the CAM

model (Fischer et al., 2022). This also means that immunotherapies cannot be effectively
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studied in the CAM model because meaningful interactions between tumour cells and a mature

adaptive immune system are absent.
1.4.3 Advantages and limitations of the CAM model in cancer research

The chorioallantoic model serves as a versatile in vivo (or in ovo) platform that bridges the gap
between in vitro studies and traditional mammalian in vivo models, offering a biologically
relevant yet practical system for tumour research (Fischer et al., 2022). It provides several

advantages that make it particularly attractive for cancer studies.

Chick embryos are not classified as live animals until later stages of development, and the
flexibility of ethical regulations makes the model more accessible. According to the EU
Directive 2010/63 on the protection of animals used for scientific purposes, embryonic and
foetal forms are likely to experience pain only when their nervous system has sufficiently
matured, which occurs after approximately two-thirds of development. For chick embryos, this
corresponds to EDD 14. Consequently, CAM experiments conducted and terminated before

EDD 14 generally do not require formal ethical approval within the European Union.

In addition to regulatory advantages, the CAM model is inexpensive and requires minimal
infrastructure compared to rodent models. Experiments can be performed in a basic laboratory
environment, and fertilised eggs are easy to obtain (Meneceur et al., 2020). The external
location of xenografts on the CAM enables real-time visualisation of tumour engraftment,
vascularisation, and invasion using standard imaging techniques such as fluorescence or
bioluminescence imaging (Fischer et al., 2022). These features make the CAM model ideal for

large-scale preclinical studies.

A major strength of the CAM model is its rapid experimental timeline. Tumour grafts become
vascularised within just a few days, allowing experiments to be completed in 5 — 10 days
(Meneceur et al., 2020). Tumour formation occurs significantly faster than in rodent models,
where establishing xenografts may take weeks or months (Meneceur et al., 2020). The CAM
environment strongly supports tumour cell survival and proliferation, resulting in high

engraftment efficiency compared to mammalian models (Meneceur et al., 2020).

Despite its advantages, the CAM model has notable limitations. A key constraint is the lack of
a mature immune system, as mentioned above. While early immunodeficiency facilitates
xenografting, it restricts the study of immune—tumour interactions and prevents meaningful

assessment of immunotherapies (Fischer et al., 2022). The short experimental window limits
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studies on long-term tumour progression, treatment effects, and metastasis (Fischer et al.,
2022). Additionally, the CAM lacks the complex tissue architecture and microenvironment of
human organs. For glioblastoma research specifically, the absence of brain-specific
extracellular matrix, neuronal—glial interactions, and blood—brain barrier components reduce
the accuracy of tumour—host interactions (Ribatti, 2022). Additionally, pharmacological studies
are limited by the embryo’s immature drug metabolism, which differs significantly from that
of adult mammals (Ribatti, 2014). As a result, drug efficacy, toxicity, and pharmacokinetics

observed in the CAM model do not completely translate to mammalian systems.

Overall, while the CAM model offers a powerful, efficient, and accessible platform for studying
tumour biology, angiogenesis and treatment effects, its limitations must be recognised when
interpreting findings or translating results into mammalian preclinical or clinical contexts.
Importantly, the chorioallantoic membrane is an easily accessible in vivo model that takes the

experiments a step further from in vitro studies.
1.5 Ubiquitin proteasome system

The ubiquitin—proteasome system (UPS) is the principal intracellular pathway responsible for
selective protein degradation in all eukaryotic cells and is essential for maintaining cellular
homeostasis (Roos-Mattjus & Sistonen, 2004). It regulates numerous cellular processes,
including cell survival, cell-cycle control, DNA repair, antigen presentation, and apoptosis.
Errors in protein synthesis frequently lead to misfolded or damaged proteins, and the UPS is
critical for eliminating these aberrant proteins and enabling the recycling of amino acids (Roos-
Mattjus & Sistonen, 2004). The UPS also regulates the lifespan of short-lived regulatory
proteins, such as cyclins, transcription factors, and signalling mediators, ensuring precise
control over cellular pathways. Approximately 80-90% of intracellular protein degradation

occurs through this system (Soave et al., 2017).

The UPS functions in two sequential and highly coordinated steps: substrate ubiquitination and
proteasomal degradation of the target protein. Ubiquitin is a 76-amino-acid polypeptide that
serves as a degradation tag (Damgaard, 2021). Ubiquitination of a substrate protein involves
three enzymes: ubiquitin-activating enzyme E1, ubiquitin-conjugating enzyme E2, and
ubiquitin ligase E3 (Roos-Mattjus & Sistonen, 2004). First, E1 activates ubiquitin in an ATP-
dependent reaction, forming an El-ubiquitin ester. Activated ubiquitin is transferred to E2,
which cooperates with an E3 ligase to recognize the substrate protein. The ubiquitin molecule

is then covalently attached to a lysine residue on the substrate. Repeated cycles result in
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polyubiquitination, typically through linkage at lysine 48 of ubiquitin. A tetraubiquitin chain is
considered the minimal effective signal for proteasomal degradation, with degradation

efficiency increasing as more ubiquitin units are added (Thrower et al., 2000).

Polyubiquitinated proteins are recognized and processed by the 26S proteasome, a large ATP-
dependent protease located primarily in the cytoplasm. The 26S proteasome consists of a
cylindrical 20S core particle and one or two 19S regulatory particles (Roos-Mattjus & Sistonen,
2004). The polyubiquitin chain binds to receptors within the 19S regulatory particle, which
unfolds the substrate and removes the ubiquitin molecules for recycling. The unfolded
polypeptide is then translocated into the 20S core particle, which contains proteolytic sites that
cleave the substrate into oligopeptides of 2—24 amino acids (Saric et al., 2004). These peptides
are subsequently degraded by aminopeptidases into free amino acids that can be reused for new

protein synthesis.
1.5.1 Ubiquitin proteasome system in cancer

Cancer cells display extensive alterations in UPS activity that support malignant growth.
Increased proliferation elevates the need for UPS activation to maintain proteostasis and remove
misfolded or damaged proteins when the protein synthesis is accelerated. The activity of several
UPS components is frequently dysregulated in cancer cells, and higher proteasome subunit
expression and increased proteasome activity have been reported across several cancer types
(Arlt et al., 2009; Chen & Madura, 2005). The higher proteasome activity has also been
observed in gliomas (He et al., 2024). Many key oncoproteins and tumour suppressors are UPS
substrates, including for example tumour suppressors p53, p21, and p27, which play central

roles in controlling cell-cycle checkpoints (Park et al., 2020; Vlachostergios et al., 2012).

p53 is one of the most important tumour suppressors regulated by the UPS. Under normal
conditions, p53 is kept at low levels through continuous ubiquitination by the E3 ligase MDM?2,
targeting it for proteasomal degradation (Haupt et al., 1997). In response to cellular stress, such
as DNA damage, p53 becomes stabilised and activates transcription of genes involved in
cell-cycle arrest, DNA repair, and apoptosis. In many cancers, including glioblastoma, altered
UPS activity or MDM2 overexpression leads to excessive p53 degradation, weakening

checkpoint control and enabling tumour progression (Park et al., 2020).

p21 contributes to checkpoint control in both G1 and G2 phases. It inhibits Cdk2 during G1 and

Cdk1 during G2, helping maintain cell-cycle arrest when necessary. Increased UPS-mediated
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degradation of p21 promotes aberrant cell-cycle progression and loss of checkpoint control

(Abbas & Dutta, 2009).

p27 functions as a negative regulator of cyclin D—Cdk4, cyclin E-Cdk2, and cyclin A—Cdk2
complexes, thereby regulating the transition from G1 to S phase. Increased proteasome activity
leads to reduced p27 protein levels, and p27 is low or almost absent in many high-grade gliomas

and glioblastomas (Piva et al., 1999).

Taken together, dysregulated UPS activity in cancer promotes oncogenic signalling, weakens
tumour suppressor pathways, enhances proliferation, and enables tumour cells, including
glioblastomas, to adapt to elevated proteotoxic stress. These dependencies suggest that

glioblastoma cells may be susceptible to treatments that target proteasomal degradation.
1.5.2 Proteasome inhibition with bortezomib

Proteasome inhibitors, such as bortezomib, are a class of drugs that block the enzymatic activity
of the 20S core particle within the 26S proteasome. Bortezomib is a boronate peptide that
reversibly inhibits the chymotrypsin-like activity of the 20S proteasome subunit (Adams, 2004).
It is approved by both the EMA and FDA for the treatment of multiple myeloma and mantle

cell lymphoma.

Proteasome inhibitors do not fully block 26S proteasome function: the 19S regulatory particle
remains active and continues to recognise, deubiquitinate, and unfold ubiquitin-tagged
substrates. Inhibition of the 20S core particle prevents these unfolded proteins from being
degraded. As a result, unfolded proteins accumulate in the cytosol and within the endoplasmic
reticulum (ER), where they overwhelm normal protein-folding capacity. This accumulation
triggers ER stress and activation of an unfolded protein response (UPR), a compensatory
pathway aimed at restoring proteostasis (Obeng et al., 2006). If ER stress remains unresolved,
UPR signalling shifts from adaptive to pro-apoptotic, contributing to cell death. In addition,
bortezomib induces increased levels of reactive oxygen species (ROS), which further promote

apoptotic signalling in cancer cells (Chauhan et al., 2005).

A degree of bortezomib effects in cancer cells may be initiated through retained activity of
cell-cycle regulators, p21, p27, and p53, as described in the previous chapter. Proteasome
impairment has been shown to stabilise p53 and activate stress-response pathways, further
contributing to apoptosis (Kruiswijk et al., 2015). Another major mechanism of action in

proteasome inhibition with bortezomib is the inhibition of NF-kB signalling. Under normal
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conditions, activation of NF-«kB requires proteasomal degradation of its inhibitor, [kBa. When
bortezomib prevents IkBo degradation, NF-kB remains inactive, reducing transcription of

anti-apoptotic and cell-survival genes (Adams, 2004).

In summary, several mechanisms may contribute to the effects of bortezomib in glioblastoma
cells. Proteasome inhibition leads to the accumulation of unfolded proteins, triggering ER stress
and activating the unfolded protein response (Obeng et al., 2006). Prolonged stress promotes
apoptosis, which is further enhanced by increased ROS generation (Chauhan et al., 2005).
Stabilization of key UPS-regulated tumour suppressors such as p53 can amplify pro-apoptotic
signalling, demonstrating that proteasome inhibition can lead to p53 accumulation and
stress-induced cell death (Kruiswijk et al., 2015). Bortezomib also suppresses NF-kB signalling
by stabilizing IkBa, reducing transcription of survival and anti-apoptotic genes (Adams, 2004).
Although the exact mechanism of action of bortezomib in glioblastoma cells is not completely
understood, these pathways suggest that sensitivity to bortezomib is a combination of
proteotoxic stress, oxidative stress responses, and regained activity of apoptotic and cell-cycle

regulatory mechanisms.



2 RESULTS

2.1 Validation of CAM model for glioblastoma growth and invasion

2.1.1 Glioblastoma tumour formation and invasion in CAM model

21

The first aim of this thesis project was to study growth of glioblastoma cell lines in the CAM

model. A total of 17 HGCC cell lines were xenografted onto the chorioallantoic membrane of

fertilised chicken eggs. These cell lines represented all glioblastoma subtypes — proneural,

classical, and mesenchymal (Table 3). Xenografts from each cell line were divided into two

timepoints for tumour collection and analysis: Day 3 and Day 5 after cell inoculation. The take-

out rate, indicating the percentage of xenografts that successfully formed tumours, was

calculated for each cell line to assess reproducibility of tumour formation in the model. All the

17 cell lines showed successful tumour formation, with an average take-out rate exceeding 90%

and ranging from 78% to 100% between cell lines. These results demonstrate that the CAM

model provides a highly supportive environment for glioblastoma xenografting.

Table 3. Glioblastoma cell lines for tumour growth and invasion experiment.

Cell line Subtype Take-out rate Replicates (n)
(Day 3, Day 5)
u3005 Proneural 100% 9 (4, 5)
u3008 Classical 100% 26 (15, 11)
u3013 Proneural 95% 18 (9, 9)
u3017 Classical 80% 16 (9, 7)
u3o47 Proneural 100% 18 (9, 9)
U3051 Classical 96% 23 (12, 11)
u3054 Mesenchymal 90% 18 (9, 9)
u3065 Proneural 90% 27 (14, 13)
u3118 Proneural 100% 22 (11, 11)
U3137 Mesenchymal 87% 18 (5, 13)
u3173 Mesenchymal 82% 18 (7, 11)
u3179 Classical 92% 11(4,7)
U3180 Classical 100% 12 (6, 6)
u3202 Mesenchymal 78% 12 (6, 6)
U3213 Mesenchymal 86% 19 (9, 10)
u3220 Mesenchymal 95% 17 (9, 8)
U3230 Classical 80% 16 (8, 8)
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The tumours from all cell lines were photographed and harvested for histological analysis.
Hematoxylin and eosin (HE) staining and immunohistochemistry (IHC) using Stem121, a
marker for human cytoplasmic proteins, was done to analyse tumour formation and invasion
(Figure 3). Distinct morphological differences were observed between glioblastoma cell lines:
some xenografts formed topical and bulgy tumours (Figure 3A, J), while others exhibited flat
and evenly spread growths (Figure 3G) that were often difficult to detect macroscopically but
clearly visible in histological sections. A subset of xenografts developed tumours deeper within
the chorioallantoic membrane (Figure 3D). No consistent tumour formation pattern was
associated with any specific glioblastoma subtype. Stem121 IHC staining confirmed that the
tumour masses observed in HE staining originated from human glioblastoma cells (Figure 3C,

F,LL).
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Figure 3. Representative glioblastoma tumour formation and invasion in CAM xenografts. HGCC
cell lines from all subtypes: U3054 (A-C), U3118 (D-F), U3180 (G-I), U3230 (J-L). Tumours displayed
variable morphology, including topical and bulgy formations (A, J), deep intramembranous growths (D),
and flat, evenly spread tumours (G, arrow). HE staining revealed different levels of CAM invasion (B,
E, H, K), and Stem121 immunostaining confirmed the human tumour cell origin (C, F, I, L). Scale bars
=200 pm.

The tumour invasion of the CAM was further examined by histological analysis. HE staining
revealed varying degrees of tumour penetration into the CAM, which was classified on a 3-way
scale: high, moderate, or low invasion. Intact CAM structure consists of three layers: the
ectoderm (outer epithelial layer), the mesoderm (vascular stroma), and the endoderm (inner
epithelial layer) (Figure 2). The high invasion tumours infiltrated the ectoderm and most of the

mesoderm, leaving only the bottom layer of the membrane (endoderm) intact (Figure 4A).



24

Tumours with moderate invasion reached a substantial portion of the mesoderm, but the bottom
half of the CAM remained intact (Figure 4B). The low invasion tumours only slightly infiltrated
the ectoderm or the whole membrane stayed intact (Figure 4C). Additionally, some xenografts
formed tumours entirely within the CAM (Figure 4D), where an irregularly shaped ectoderm
was observed above the tumour mass. Variation in invasion patterns was clear between cell

lines, but no subtype-specific trends were identified.

Figure 4. Levels of glioblastoma tumour invasion into chorioallantoic membrane. HE staining of
four xenografts with different invasion levels: U3054 Mesenchymal with high invasion (A), U3180
Classical with moderate invasion (B), U3005 Proneural with low invasion (C), and U3118 Proneural with
deep intramembranous growth (D). Structural layers of the membrane and tumour mass are annotated:
ectoderm (*), mesoderm (**), endoderm (***), blood vessels (arrow), and tumour mass (double-headed
arrow). Scale bars = 200 pym.

Chorioallantoic membrane hyperplasia was consistently observed in glioblastoma xenografts.
The hyperplasia was characterised by an expansion of the mesodermal layer below the tumour

implantation site. Even though the CAM thickening was not always significant, some
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xenografts showed extreme CAM hyperplasia where the membrane thickness exceeded the size

of the tumour (Figure 5).
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Figure 5. Chorioallantoic membrane hyperplasia under stress. Representative image showing HE
staining of U3065 tumour (top double-headed arrow) and associated thickening of the underlying CAM
tissue (bottom double-headed arrow). Scale bar = 200 um.

2.1.2 Vascularisation of the CAM in glioblastoma xenografts

High vasculature of the CAM is one of the key characteristics of the model and the membrane
becomes increasingly vascularised during progression of the embryonic development. The
vascularisation of CAM in xenografts was identified by IHC using Von Willebran Factor (VWF)
antibody (Figure 6). The IHC staining using vVWF antibody was conducted for xenografts of 15
glioblastoma cell lines, U3005 and U3179 xenografts were not analysed with vWF

Immunostaining.

Vascularisation was clearly visible on the embryonic development day 10 (Figure 6A). Smaller

capillaries were seen in HE staining of the xenograft (Figure 6B) and these capillaries formed



26

in the lower part of the mesoderm. THC analysis using vVWF was done to further highlight the
location of vasculature in the CAM (Figure 6C, D). The capillary network was identified to
form close to the tumour and some microvasculature was seen on the edge of the tumour (Figure
6D, leftmost arrow). The vascularisation of the CAM was consistent in all analysed xenogratfts,

but vascularisation reaching inside of the tumour mass was not observed.

U3230
Classical

Figure 6. Representative vascularisation of the chorioallantoic membrane around glioblastoma
tumour. The figure presents vascularisation in U3230 (Classical) xenograft. The vascularisation was
clearly visible in photograph of the tumour (A, arrow). The smaller capillaries were visible in HE staining
(B, arrows). IHC using vVWF marker highlighted the capillaries close to the tumour (C, D).
Microvasculature was seen on the edge of the tumour (D, arrows). Scale bars = 200um.
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2.1.3 Tumour growth assessment by tumour weight

The growth of the tumours over time was analysed by comparing weights of the tumours
dissected at two timepoints: three days (Day 3) and five days (Day 5) after inoculation. The
change in tumour weight over time was analysed by comparing the weights (mean) of the two
groups. Statistical significance was calculated using unpaired Welch’s t-test or Mann-Whitney
test. Statistically significant tumour growth (p < 0.05) was observed in six of the 17 cell lines
(Table 4, green). Two of the cell lines showed statistically significant decrease (p < 0.05) in
tumour weight (Table 4, red). The remaining nine cell lines did not have significant change in

tumour weight (Table 4, yellow).

Table 4. Glioblastoma tumour weight change in CAM xenografts from Day 3 to Day 5.

Cell line Subtype Replicates (n) Tumour weight p value
(Day 3, Day 5) change
Day 3 vs. Day 5
(mg)

U3005 Proneural 9 (4, 5)

u3008 Classical 26 (15, 11)

u3013 Proneural 18 (9, 9)

u3017 Classical 16 (9, 7) 10,8 p>0.05
u3047 Proneural 18 (9, 9) -8,1 p>0.05
U3051 Classical 23 (12, 11)

u3054 Mesenchymal 18 (9, 9)

U3065 Proneural 27 (14, 13) -8,2 p>0.05
U3118 Proneural 22 (11, 11) 0,5 p>0.05
u3137 Mesenchymal 18 (5, 13)

u3173 Mesenchymal 18 (7, 11)

u3179 Classical 11 (4,7)

U3180 Classical 12 (6, 6)

u3202 Mesenchymal 12 (6, 6) 0,9 p > 0.05
U3213 Mesenchymal 19 (9, 10) 8,6 p > 0.05
u3220 Mesenchymal 17 (9, 8) -1,1 p > 0.05
uU3230 Classical 16 (8, 8) 10,3 p>0.05

All glioblastoma subtypes showed both increase and no change in tumour weights, indicating
that growth progression is not dependent of the subtype (Figure 7). The cell lines U3008 (p <
0.05), U3054 (p < 0.001) and U3013 (p < 0.05) showed statistically significant increase in
tumour weight. The cell lines U3017, U3213 and U3047 did not show statistically significant
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change in tumour weight. Many cell lines showed notable variation in tumour weights within
groups: for example, U3017 showed higher tumour weight with increased variation in Day 5
group compared to Day 3 group, indicating that the growth of tumours is not consistent within
a cell line (Figure 7). Complete tumour weight data for all 17 cell lines can be seen in Appendix

1.
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Figure 7. Representative graphs of tumour weights in glioblastoma xenografts. Statistically
significant increase in tumour weights (top row) and no significant change (bottom row) was seen in all
glioblastoma subtypes. Statistical significance: p < 0.05*, p < 0.01 **, p < 0.001 ***.

2.1.4 Glioblastoma cell proliferation in the CAM xenografts

Since dissected xenografts include both the CAM and glioblastoma components, the weight

alone can be a confounding parameter to analyse tumour growth. Immunohistochemistry with
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human anti-Ki67 proliferation marker was used to evaluate glioblastoma proliferation in the
CAM model. All 17 cell lines showed Ki67-positive tumour cells, confirming that active
proliferation was present in all of them. Ki67 expression showed variation in proliferation rates
between cell lines (Table 5). The proliferation rate of the tumours was classified as high (+++:
Ki67-index > 30%), moderate (++: Ki67-index = 15 — 30%), or low (+: Ki67-index < 15%).
U3008, U3013, U3051, U3054, U3173, and U3220 xenografts showed the highest proliferation
rates, whereas the lowest proliferation rates were observed in U3047, U3179, and U3202
xenografts. Even though differences in proliferation rates were observed between cell lines,

variation in Ki67 expression was also present in tumours of the same cell line.

Table 5. Glioblastoma cell proliferation rates in CAM xenografts.

Cell line Subtype Ki67-positive cells Cell line Subtype Ki67-positive cells
U3005 Proneural ++ u3137 Mesenchymal ++

u3008 Classical +++ u3173 Mesenchymal +++

u3013 Proneural +++ u3179 Classical +

u3017 Classical ++ u3180 Classical ++

u3047 Proneural + u3202 Mesenchymal +

U3051 Classical +++ u3213 Mesenchymal ++

u3054 Mesenchymal +++ u3220 Mesenchymal +++

U3065 Proneural ++ U3230 Classical ++

u3118 Proneural ++

Representative images of Ki67 signals in the xenografts are shown in Figure 8. The U3013 cell
line showed a high number of Ki67-positive cells (Figure 8 A, B), indicating high proliferation
rate, whereas the U3017 cell line showed moderate proliferation (Figure 8C and D). In contrast,
the U3202 cell line showed low Ki67 expression (Figure 8E and F), indicating reduced
proliferation compared to U3013 and U3017 cell lines.
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Figure 8. Glioblastoma cell proliferation in CAM xenografts. Representative images of anti-Ki67
IHC staining of three xenograft tumours: U3013 tumour with high number of Ki67 positive cells (A, B),
U3017 tumour with moderate number Ki67 positive cells (C, D), and U3202 tumour with low number of
Ki67 positive cells (E, F). Scale bars = 200 pm.

2.1.5 Evaluation of cancer stem cells in CAM xenografts

Stem cell-like and progenitor cell-like properties of the glioblastoma cells are thought to be the
driving force behind aggressiveness of the disease. The HGCC cell lines used in this experiment
retain stem/progenitor-like properties in vitro. To confirm that these properties were retained in

vivo, immunohistochemistry using a Nestin stem/progenitor cell marker was performed on the
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xenografts. All 17 glioblastoma cell lines displayed clear Nestin positivity in the xenografts,
indicating that stem/progenitor cell-like properties were preserved within the CAM model.
Representative images of IHC using anti-Nestin are shown in Figure 9: high Nestin expression

was observed in U3118, U3180, and U3220 xenografts.
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Figure 9. Stem/progenitor-like cell expression in CAM xenografts. Nestin IHC staining of three
xenografts: (A) U3118 (Proneural), (B) U3180 (Classical), and (C) U3220 (Mesenchymal). All tumours
showed clear Nestin positivity, confirming retention of stem/progenitor-like characteristics in xenografts.
Scale bars = 200 um.

2.2 Validation of CAM model for testing glioblastoma treatment

The second aim of this thesis was to investigate the suitability of the CAM model for
glioblastoma treatment studies. Drug screening and in vitro studies of Nelander lab have
demonstrated that certain glioblastoma cell cultures express sensitivity to proteasome
inhibitors. Thus, the treatment experiment was conducted using proteasome inhibitor
bortezomib in concentrations of 5 pg/kg (BTZS) and 10 pg/kg (BTZ10). A total of nine GFP-

Luc -labelled glioblastoma cell lines were selected for this experiment: four cell lines with
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mesenchymal subtype, four cell lines with classical subtype, and one cell line with proneural
subtype (Table 6). The xenografts of each cell line were divided into three groups: control,
BTZ5, and BTZ10. Only two groups, control and BTZ10, were used for the U3179 cell line due
to the limited number of surviving embryos. The changes in tumour growth and glioblastoma
cell viability were monitored using bioluminescence imaging (BLI). Baseline BLI signals were
measured on Day 3 (three days after xenografting), and the treatment was applied topically on
the tumours. BLI signal was measured again on Day 5, and the relative change in BLI signal
intensity was calculated for each xenograft. Statistical analysis was performed for each

glioblastoma cell line to compare the treatment groups against untreated controls.

Table 6. Glioblastoma cell lines for treatment experiment.

Cell line Replicates Relative BLI signal (Day 5 — Day 3) p value p value
(n) Control Control
(Control, vs. BTZ5 | vs. BTZ10
BTZ5, Control BTZ5 BTZ10
BTz10) | (MeaniSD) | (Mean #SD) | (Mean *SD)
uU3008 (12,11,11) | -1.41x108 -1.94 x 108 -1.53 x 108
+4.17x108 | £3.26 x 108 +4.33x108
uU3013 (10, 11,10) | 3.27x 108 -3.18 x 108 -4.07 x 108
£4.17x10° | +428x108 | +5.39x108
u3017 (18, 4, 18) 4.77 x 107 -8.39 x 108 -5.53 x 107
+5.32x107 | £5.50x 107 +4.75x 107
U3054 (13,11,12) | 5.59x 108 -1.84 x 108 -5.00 x 108
+260x108 | £4.36 x 108 +4.59 x 108
u3137 (15, 6, 9) 2.04 x 107 1.69 x 107 -7.40 x 108
+222x107 | £1.14x 107 +2.27 x 107
u3173 (11,7,9) -1.65x 10" | -6.37 x 100 -1.10 x 10"
+1.50x 10" | £9.08 x 100 | +9.87 x 10"
u3179 (12, 0, 10) 5.82 x 107 -1.02 x 108
+8.25x 107 +1.02 x 108
u3180 (17,13,19) | 5.95x 107 2.35x 108 1.35x 108
+3.13x108 | £4.02x 108 +3.76 x 108
U3213 (10, 8,10) | -9.66 x 10" | -6.42 x 100 -7.95 x 1010
+9.08x10%" | £+6.28 x 10" | +5.87 x 10

Five out of the nine glioblastoma cell lines showed sensitivity to bortezomib (Table 6, green),
while the remaining four cell lines did not show detectable effect for bortezomib treatment
(Table 6, red). Two of the five sensitive cell lines showed statistically significant effect for both

bortezomib concentrations (U3013 and U3054), while two cell lines showed statistically
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significant effect only for higher concentration (U3017 and U3137). U3179 with only one

treatment group showed statistically significant effect for the higher bortezomib concentration.

Mesenchymal and classical subtypes showed both sensitivity and no effect for bortezomib
treatment, indicating that there was no specific treatment effect for either subtype. The one cell

line with proneural subtype (U3013) showed sensitivity for the treatment (Table 6).

Figure 10 presents the relative change of BLI signal in xenografts from five cell lines. Three of
these cell lines showed sensitivity for bortezomib treatment (U3017, U3054, and U3013), while
two cell lines did not show any detectable effect (U3008 and U3213). U3054 and U3013 cell
lines showed statistically significant effect for both bortezomib concentrations. U3017 showed
statistically significant sensitivity for the higher bortezomib concentration, while weaker effect

was observed in the lower concentration.

Complete BLI data for all glioblastoma cell lines used in the treatment experiment can be seen

in Appendix 2.
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Figure 10. Relative change in BLI signal in xenografts of five glioblastoma cell lines. U3017,
U3054, and U3013 xenografts showed clear sensitivity for bortezomib treatment. Resistance for
bortezomib treatment was observed in U3008 and U3213 xenografts. Statistical significance: p < 0.05
*, p<0.01*, p<0.001*** p<0.0001 ****,
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3 DISCUSSION

The chick chorioallantoic membrane model has gained attention as a cost-efficient and versatile
in vivo model for preclinical studies. In this study, the CAM model was used to investigate
glioblastoma growth, invasion, and response to proteasome inhibition using a panel of patient-
derived HGCC cell lines, representing all transcriptional subtypes of glioblastoma. The main
objectives were to validate suitability of the CAM model for glioblastoma xenografting and
investigate its potential for drug treatment screening. The results of this study demonstrate that
the CAM model provides a rapid and relatively reproducible system for glioblastoma tumour

growth, invasion, and treatment — with certain limitations.
3.1 Characterisation of glioblastoma xenografts in the CAM model

The first notable result of this study was that all the 17 glioblastoma cell lines showed successful
tumour formation in the CAM model with high tumour takeout rates (78 — 100%, average >
90%). The high success rate in tumour formation demonstrates that the CAM, with its growth
factors and nutrients, provides a supportive microenvironment for glioblastoma xenografting.
In comparison, a recent study of xenografting HGCC cells into mouse brain reported successful
tumour formation only in 28 out of 43 cell lines (Krona et al., 2025). The tumour development
also required significantly longer time, with latency periods ranging from less than 50 days to
over 200 days, depending on the aggressiveness of the cell line. Slower glioblastoma tumour
formation and lower success rate has also been reported in other rodent studies (Meneceur et
al., 2020). These results highlight the efficiency and reliability of the CAM model for

glioblastoma tumour development.

Macroscopic and histological evaluation revealed substantial heterogeneity in tumour
morphology and invasion among the glioblastoma xenografts. The implanted glioblastoma cell
lines formed both bulgy/elevated tumours and flat/diffusely spread tumours. The same
differences in tumour morphology have been observed in rodent xenografts (Krona et al., 2025).
Additionally, certain cell lines consistently expressed deep intramembranous tumour growths,
where the tumour mass appeared deep within the CAM layers. These intramembranous tumours

were clearly visible both macroscopically and in histological analysis.

The underlying cause of these intramembranous growths remains unclear. One possible
explanation is that highly invasive glioblastoma cells actively migrated into the mesoderm

shortly after xenografting, seeking a more nutrient- and oxygen-rich environment around the
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blood vessels. Alternatively, technical factors may contribute to this phenotype. If the CAM
surface was disrupted during cell inoculation, the tumour cells could gain early access inside
the membrane and proliferate there. Moreover, the orientation of histological samples could
also influence the apparent tumour position, particularly if the sections are taken at a non-
perpendicular angle. Even though the technical factors need to be considered, the consistency
of intramembranous growths within certain cell lines supports the idea that these are accurate

invasion phenotypes and not due to technical errors.

Invasion analysis based on HE staining revealed that glioblastoma cells could penetrate deep
into the CAM and differences in depth of the invasion was clearly seen between cell lines. No
consistent correlation between glioblastoma subtype and tumour morphology or invasion
pattern was detected. Inter-patient and intra-tumoural heterogeneity are well known
characteristics in glioblastoma (Eisenbarth & Wang, 2023), and this translates to patient-
derived glioblastoma cell lines. Similar heterogeneity in HGCC glioblastoma tumour invasion
has been observed in studies with mouse xenografts (Doroszko et al., 2025; Krona et al., 2025).
Diversity in growth patterns of the cell lines used in this study was clearly seen in vitro while
culturing cells. This highlights how each glioblastoma cell line needs to be analysed
individually: the unique mutation profile and molecular characteristics of the cell line lead to
distinct features seen in tumour morphology and invasion. Diversity in morphology and
invasion was also detected within cell lines, indicating that environmental factors or technical
errors in conducting experiments might have an effect. Additional research is needed to fully
distinguish the tumour morphology and invasion pattern of each glioblastoma cell line. Despite
the differences in morphology and invasion, the observed tumour formation in the xenografts
suggest that the CAM model provides a biologically relevant environment for studying early

stages of glioblastoma growth and invasion.

Confirmation of human tumour origin by Stem121 staining ensured that the observed growth
originated from the implanted glioblastoma cells. This validation is crucial in mixed-species
models, where distinguishing human tumour tissue from host cells can be difficult. Strong
Stem121 signal was observed in all cell lines, and this staining highly reflected the assumed
tumour mass seen in HE staining. The most important aspect in Stem121 staining was to
distinguish glioblastoma tumour mass from CAM hyperplasia. Morphological changes and
hyperplasia of the CAM are common stress response in the model (DeBord et al., 2018), and

these were clearly seen in the glioblastoma xenogratfts.
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Hyperplasia of the chorioallantoic membrane was seen in most of the xenografts. The immune
system of the CAM model develops gradually and starts functioning around EDD 10 — 12
(Fischer et al., 2022). Even though the immune system does not reject the xenograft in the early
stages, it can cause a non-specific immune response (Ribatti, 2022). It has also been reported
that functional macrophages can trigger an immune response in the CAM already around EDD
9 (Dhayer et al., 2024). The observed CAM hyperplasia is likely a consequence of early immune

responses triggered by glioblastoma xenogratfts.

Vascularisation is a defining feature of glioblastoma and a key factor supporting its
aggressiveness by providing nutrients and oxygen. In this study, the vascular network was
observed to be centralised around the tumour site in macroscopical evaluation of the tumour
photographs. In addition, von Willebrand factor staining revealed a high density of blood
vessels surrounding the tumours, with microcapillaries often extending towards the edge of the
tumour. Vascularisation was not observed inside the tumours. The CAM vascularisation
increases fast in early stages of embryonic development, and it forms an extraordinarily dense
network of vessels in the mesoderm of the membrane (Nowak-Sliwinska et al., 2014). Presence
of blood vessels in the CAM may attract glioblastoma cells and cause them to migrate towards
oxygen and nutrient rich environment. This migration of glioblastoma cells towards blood
vessels inside the CAM is supported by Ribatti (2022). Another reason for blood vessel location
in the proximity of the tumour can be that glioblastoma cells secrete pro-angiogenic factors,
such as VEGF, which stimulate the formation of blood vessels around the tumour. This idea is
supported by centralisation of the blood vessels around tumour site and presence of
microcapillaries at the tumour edge, indicating that the tumour microenvironment promotes
angiogenesis in the surrounding CAM tissue. Similar observations have been done in other
studies (Wang et al., 2025). The absence of vascularisation inside the glioblastoma tumours is
likely due to the short duration of the CAM experiments. It can be hypothesised that increased
vascularisation around the tumours and even vessel formation inside the tumour would be seen

if the experiment could be continued longer.

Presence of glioblastoma stem/progenitor-like cells is thought to be the one of the most
important characteristics behind aggressiveness, resistance to therapy, and recurrence of the
disease. The used HGCC cell lines are cultured in serum-free medium to retain these
characteristics in the cells (Xie et al., 2015). Nestin staining was used to evaluate that the
glioblastoma cell lines retained stem/progenitor-like characteristics in the CAM xenografts.

Nestin, a marker of neural progenitor and cancer stem cells, is commonly expressed in
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glioblastoma (Wang et al., 2021). Nestin expression was consistent in all xenografts, indicating
that the stem-like features of the HGCC cell lines were maintained in the CAM xenografts.
Comparison of Nestin and Stem121 expression concluded that presence of stem/progenitor-like
cells was homogenous in the whole tumour. Presence of stem/progenitor-like cells was crucial
for this study and Nestin expression indicates that the CAM xenografts still effectively capture
the clinical phenotype of glioblastoma.

Tumour growth, assessed by weight measurements between days three and five, revealed
substantial variation among cell lines. Six cell lines showed significant increases in tumour
weight, while two displayed weight reduction. The remaining nine cell lines did not show
significant change in tumour weight. This variation can be explained by varying proliferation
capacities in the cell lines. As discussed above, each glioblastoma cell line must be analysed
individually due to unique biological properties. Significant variation in proliferation of the cell

lines was also observed in vitro, and this translates to the CAM xenografts.

Tumour weight measurement is a common method for evaluating tumour growth progression,
but it has clear limitations. Most importantly, the tumour weights at Day 3 and Day 5 represent
weights of individual xenografts rather than weight measurements of the same tumour. This
introduces undesirable variability to the analysis and does not accurately capture the true
tumour growth progression. Possible technical variations in the xenografting process, such as
variations in the number of inoculated cells, can have significant impact on tumour development
and weight. Furthermore, not all inoculated glioblastoma cells start proliferating with the same
efficiency and contribute to tumour development, even within the same cell line, adding
variability to tumour growth outcomes. In addition, the weight measurement does not consider
the possible necrosis or apoptotic cell death in the tumour, and the CAM hyperplasia can cover
a significant amount of the xenograft mass. The results of this study suggest that weight
measurement can be an additional tool to evaluate tumour growth, but the results are indicative.
Other methods, such as bioluminescence imaging or histological analysis, can give more
accurate data of the exact tumour growth, and these methods should be prioritised over tumour
weight measurements. Use of bioluminescence imaging to analyse tumour growth progression
in this study was not possible due to the limited number of GFP-Luciferase -labelled HGCC

cell lines.

Proliferation of the glioblastoma cells in the CAM xenografts was further studied using Ki67

immunostaining, which confirmed proliferative activity across all xenografts. The number of
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Ki67-positive cells varied between cell lines, mirroring the heterogeneity observed in vitro.
Similar differences in Ki67 expression have been reported in HGCC mouse xenografts (Krona
etal., 2025). Overall, this variation in proliferation reflects the glioblastoma heterogeneity seen
in clinics. Dahlrot et al. (2021) have reported significant variation in Ki67 index (from 0% to
over 70%) between glioblastoma patients, with median Ki67 index of 24.4%. Distinct growth
progression or proliferation rate was not detected in glioblastoma cell lines with the same
subtype, further highlighting that the phenotype is not subtype dependent. Variation in Ki67
expression was also observed in xenografts from the same cell line. This indicates that
environmental factors and xenografting procedure can affect glioblastoma cell proliferation in
the CAM xenografts. The HGCC cell lines are more sensitive for environmental changes than
traditional immortalised glioblastoma cell lines, and this may disturb the proliferation of these
cells in the CAM xenografts. A qualitative analysis was conducted to distinguish high, moderate
or low proliferation in the cell lines. These results were indicative of the proliferation rate of
the cell line, but additional research is needed to robustly connect the degree of proliferation to
each cell line. This should be done by quantitative analysis, like Ki67-positive cells counting
or other methods to measure Ki67 expression. The quantitative analysis of the Ki67 signal was

not possible in the timeframe of this experiment.
3.2 Glioblastoma treatment screening in the CAM model

The response to bortezomib treatment varied significantly between glioblastoma cell lines. Five
out of nine tested cell lines showed significant decrease in BLI signal following treatment,
indicating reduced cellular viability. The remaining four cell lines showed resistance for the
treatment. This heterogenous response reflects the variable clinical sensitivity of glioblastoma
for different treatments. No clear relationship between glioblastoma subtype and treatment
response was detected, indicating that the subtype alone is insufficient for predicting therapeutic
efficacy. The clinical relevance of glioblastoma subtypes has been increasingly questioned by
many scientists (Neftel et al., 2019; Verhaak et al., 2010). Neftel et al. (2019) have shown that
due to intra-tumoural heterogeneity, individual glioblastoma tumours often contain multiple
coexisting cellular programs and can transition between subtypes under stress from treatments.

This idea is further supported by the findings of Doroszko et al. (2025).

Bortezomib inhibits the 26S proteasome, leading to accumulation of misfolded proteins, ER
stress, and activation of apoptotic pathways. Cancer cells with high proteasome activity or

metabolic stress are more dependent on this pathway and thus more sensitive to proteasome
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inhibition. The variability in response observed in this study may rise from differences in
proteasome dependence, oxidative stress response, or unfolded protein response regulation
across the glioblastoma cell lines. The ubiquitin proteasome pathway is a complex and
multilayered pathway that has numerous effects inside the cell. The effects how proteasome

inhibition leads to death of cancer cells is not fully understood.

The experiments conducted in this thesis were part of a larger study of the Nelander group
(Uppsala University), which focused on precision targeting of glioblastoma using patient-
derived cell models (Johansson et al., 2020). The data of the treatment experiment was included
in that publication as part of the integrated analysis of drug sensitivity. The glioblastoma tumour
responses to bortezomib treatment in the CAM model observed in this thesis reflected the
results Johansson et al. (2020) saw in in vitro studies and in vivo mouse studies. Johansson et
al. (2020) identified p53 activity and CDKN2A/B gene aberrations as possible predictors for
treatment response with bortezomib. It is also noted that the current glioblastoma subtypes are
insufficient predictors of bortezomib treatment response and use of other optimally selected

transcriptional or genetic markers is proposed (Johansson et al., 2020).

Variation in tumour growth and proliferation observed in the growth experiment must be
considered when analysing the results of the bortezomib treatment and discussing the CAM
model’s suitability for drug response screening in glioblastoma. Many glioblastoma cell lines
showed variance in tumour growth and proliferation capacity between xenografts. Although not
directly observed in this study, it is possible that glioblastoma cell proliferation changes over
time in the CAM xenografts. All these can significantly affect the accuracy and interpretation
of treatment data. The variations in growth and proliferation may influence the treatment
response seen in the experiment by obscuring or exaggerating bortezomib effects. The treatment
groups were compared to their corresponding control groups to minimise these impacts, but it
cannot completely eliminate the effects of variability. A larger sample size in future
experiments is recommended to eliminate the effects of variation in tumour growth and
proliferation capacity. Additional research is needed to evaluate how CAM xenografting affects
tumour growth and proliferation capacity of glioblastoma cells over time, and how these factors

may impact drug response experiments.
3.3 Conclusions

In conclusion, this thesis study presents a CAM model for Human Glioblastoma Cell Cultures

that enables glioblastoma tumour growth studies and treatment testing. In addition, the results
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of this study support the use of the CAM model as an in ovo proxy system for assessing
treatment efficacy against glioblastoma tumours. This study demonstrates several key
advantages of the chick chorioallantoic membrane model for glioblastoma research. The CAM
enables rapid and reproducible tumour formation in a cost-efficient and ethically accessible
way. Its short experimental timeline allows efficient screening of multiple glioblastoma cell
lines and drug treatments within days, making it an excellent intermediary between in vitro
assays and preclinical mammalian models. In this study, the CAM model supported tumour
growth across all tested HGCC cell lines and reflected the typical heterogeneity of glioblastoma,
including features such as proliferation, invasion, and the presence of stem/progenitor-like
cells. These characteristics validate the CAM as a feasible short-term in vivo platform for

studying tumour biology and treatment responses.

However, several limitations must be acknowledged. The CAM lacks the complex neural
microenvironment of the human brain, including key components of the extracellular matrix
and neuro-glial interactions that shape tumour invasion and treatment response. The absence of
a functional immune system prevents investigation of immune—tumour interactions and
immunotherapy responses, while the short experimental window restricts studies of long-term
tumour evolution, vascularisation, and sustained treatment effects. Importantly, this study
revealed considerable variation in tumour growth and treatment response across xenografts,
which may complicate the interpretation of treatment efficacy in broad drug screening
applications. Factors such as variable tumour initiation, differences in growth progression, and
technical variability during xenografting may cause inconsistency to the data. Larger sample

size should be used in future experiments to mitigate these effects.

The CAM model is a potential intermediate platform for large-scale drug screening, but
additional research and optimisation of the model are required. The advantages of the model,
such as efficient tumour formation and short experimental timeline, make it well suited for
patient-specific treatment testing. Implanting tumour material or patient-derived glioblastoma
cells onto the CAM could allow rapid evaluation of individual treatment responses and offer a
path towards making personalised treatment decisions. Further optimisation and validation are
required before clinical implementation, but the CAM model shows promise as a
complementary tool in the development of personalised treatment strategies against

glioblastoma.
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4 MATERIALS AND METHODS

4.1 Cell Culture

Glioblastoma cell lines with stem cell-like activity were acquired from Human Glioblastoma
Cell Culture resource (Uppsala University, Uppsala, Sweden). The cell lines were selected
based on their important characteristics such as aggressiveness of growth, invasiveness,
neoangiogenesis and location of origin tumor. Nine of the selected cell lines are publicly
available in HGCC resource whereas eight cell lines are currently available only for the
Nelander lab. These cell lines represent all glioblastoma subtypes (Table 7). A subset of the cell
lines was labelled with GFP and Luciferase. All cell lines were cultured in Primaria T-25 and
T-75 flasks (#08-772-45, #08-772-46, Fisher Scientific, Waltham, MA, USA) in serum-free
neural stem cell (NSC) media consisting 1:1 mix of DMEM/F12, GlutaMAX (#10565018,
Fisher Scientific) and Neurobasal Medium (#21103049, Fisher Scientific) with 1X B-27
(#12587001, Fisher Scientific) and 1X N-2 (#17502001, Fisher Scientific) supplements, 1%
Penicillin-Streptomycin (#P4333, Sigma-Aldrich, Saint Louis, MO, USA), 10 ng/mL bFGF
(#100-18B, Peprotech, Rocky Hill, NJ, USA) and 10 ng/mL EGF (#AF-100-15, Peprotech).
Primaria T-25 and T-75 flasks were coated with 1% laminin (#L.2020, Sigma-Aldrich) in sterile
PBS at 37°C with 5% CO: for at least 1 hour. Detachment of all cell lines was done using
StemPro Accutase (#A1110501, Fisher Scientific).
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Table 7. Glioblastoma cell lines and their respective subtypes.

Cell line Subtype Growth and invasion Treatment experiment
experiment

U3005 Proneural X

u3008 Classical X X
u3013 Proneural X X
u3017 Classical X X
u3047 Proneural X

U3051 Classical X

U3054 Mesenchymal X X
U3065 Proneural X

u3118 Proneural X

U3137 Mesenchymal X X
U3173 Mesenchymal X X
u3179 Classical X X
u3180 Classical X X
u3202 Mesenchymal X

U3213 Mesenchymal X X
u3220 Mesenchymal X

U3230 Classical X

4.2 Glioblastoma growth and invasion experiment

Experiment timeline for glioblastoma tumour growth and invasion in CAM model is presented
in Figure 11. Fertilised White Leghorn chicken eggs were obtained from a local provider (LSK
Poultry Oy, Laitila, Finland) within a week after laying. On EDD 0, the eggs were placed upside
down into the MG140/200 Rurale incubator (FIEM, Guanzate, Italy) to maintain the right
position of vessels and embryo and incubated at 37°C temperature with 60% humidity. On EDD
3, eggshells were pierced using a 20G needle to release pressure inside the eggs and let the
CAM settle down. The pierced holes were covered with tape. On EDD 7, the holes were
enlarged with forceps and plastic rings were placed on the CAM membrane. A total volume of
20ul of 1x10° glioblastoma cells in 50% Matrigel™ (#11543550, Fisher Scientific) -PBS
suspension was applied carefully inside the plastic ring without any contact to the CAM. The
xenografts of each cell line were divided into two groups: Day 3 and Day 5. A total of 17

glioblastoma cell lines were used in the growth and invasion experiment (Table 7).
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Tumour growth and invasion
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Figure 11. Timeline of glioblastoma tumour growth and invasion experiment in CAM model.
Created with BioRender.com.

On EDD 10, the tumours of Day 3 groups were photographed using PowerShot G15 camera
(Canon, Tokyo, Japan). After photographing the embryos were sacrificed by placing the eggs
on ice for 15 minutes. The xenografts were harvested, and excessive CAM tissue was cleaned
from the samples with forceps and scissors. The tumours were weighed with ES 220A scale
(#360-9238-001, Precisa, Dietikon, Switzerland). The samples were fixed in 4% phosphate-
buffered paraformaldehyde solution (PFA, #30525-89-4, Santa Cruz, Dallas, TX) overnight at

4°C. Same procedure was conducted for tumours of Day 5 groups on EDD 12.

No ethical permit or license was required from the Finnish Animal Ethics Committee to perform

this experiment when the embryos were sacrificed before EDD 14.
4.3 Glioblastoma treatment experiment

Timeline for glioblastoma treatment experiment is presented in Figure 12. Fertilised White
Leghorn chicken eggs were placed upside down into the MG140/200 Rurale incubator and
incubated at 37°C temperature with 60% humidity. Eggshells were pierced on EDD 3 with a
20G needle, and the holes were covered with tape. On EDD 7, the holes were enlarged, plastic
rings were placed on the CAM, and a volume of 20ul of 1x10° glioblastoma cells in 50%
Matrigel™ - PBS suspension was applied carefully inside the plastic ring without any contact
to the CAM. Nine glioblastoma GFP-Luc -labelled cell lines used in the treatment experiment
are presented in Table 7. The xenografts of each glioblastoma cell line were divided into three
groups: control group and two treatment groups. Proteasome inhibitor bortezomib (PS-341, #
S1013, Selleckchem, TX, USA) was used as a treatment compound in two different
concentrations: 5 pg/kg (BTZ5) and 10 pg/kg (BTZ10). The 10 pg/kg was determined as the

highest non-toxic bortezomib dose.
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On EDD 10, 30 pl of a 30 mg/ml luciferin (#{LUCNA-250, Zellbio, Ulm, Germany) was applied
on the top of the xenografts and IVIS Spectrum camera (PerkinElmer, Shelton, CT, USA) was
used to measure baseline bioluminescent signals from Day 3 xenografts. The IVIS imaging
sequences and parameters are presented in Appendix 3. After the BLI measurements, the
bortezomib treatments were applied topically on the xenografts of corresponding groups.
Bortezomib was dissolved to sterile PBS, and the correct treatment volume was calculated from
egg weights. Vehicle (0.01% DMSO) was applied to the control groups. The xenografts were
incubated for two days after the treatment administration, and the BLI signal of the xenografts
was measured again on EDD 12. After the BLI measurement the embryos were sacrificed by
placing the eggs on ice for 15 minutes. The xenografts were harvested, weighed and fixed in
4% PFA overnight at 4°C. The BLI signal data was analysed using Living Image 3.2.0
(PerkinElmer) software and data was presented as a difference in BLI signal between Day 3

(EDD 10) and Day 5 (EDD 12).

Tumour growth and invasion Treatment effect
EDDO EDD 3 EDD7 EDD 10 EDD 12
: ; % : % >
Piercing /7 Xenografting Day 3 Day 5:
BLI measurement BLI measurement
and and
administration of harvest of tumours

treatment

Figure 12. Timeline of glioblastoma treatment experiment in CAM model. Created with
BioRender.com.
No ethical permit or license was required from the Finnish Animal Ethics Committee to perform

this experiment when the embryos were sacrificed before EDD 14.
4.4 Histology
4.4.1 Processing of histology samples

PFA fixed samples were dehydrated in increasing concentrations of alcohol (70-100%) and
embedded into 3% agarose-PBS solution to maintain original orientation of the xenograft for
paraffin embedding. Paraffin embedded samples were sectioned into 5 um slides by using Leica
RM2125 RT microtome (Leica Biosystems, Wetzlar, Germany) and mounted on Superfrost
plus microscope slides (#10149870, Fisher Scientific, Waltham, MA, USA). The mounted

tissue sections were allowed to dry overnight at room temperature. Deparaffinisation and
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rehydration were done using xylene and alcohol gradient: xylene (3 x 3 minutes), absolute
ethanol (2 x 3 minutes), 96% ethanol (2 x 3 minutes), 70% ethanol (2 x 3 minutes) and deionised

water (2 x 5 minutes).
4.4.2 Hematoxylin and Eosin staining

Hematoxylin and eosin (HE) staining was conducted to analyse tumour range in sectioned
slides. Slides were stained in Delafield hematoxylin (#01820, HistoLab Products Ab, Askim,
Sweden) for 10 minutes, rinsed with tap water, and excess staining was removed using 1% acid
alcohol solution (1% HCI in 70% ethanol) for 1 minute. The slides were stained in Eosin
(#01650, HistoLab Products Ab) for 2 minutes. Dehydration was conducted with alcohol
gradient and xylene: 96% ethanol (1 x 1 minute), absolute ethanol (2 x 1 minute), xylene (2 x

2 minutes). The slides were mounted with Pertex (#00801, HistoLab Products Ab).
4.4.3 Immunohistochemistry

Immunohistochemistry was used to analyse protein expression and localisation of these proteins
in the xenografts. Antigens were retrieved using 2100 Antigen Retriever (Aptum Biologics Ltd.,
Southampton, UK) in Tris-EDTA (pH 9) or citrate buffer (pH 6). TBS with 0.1% Tween20
(#P1379, Sigma-Alrich, Saint Louis, MO, USA) was used as a washing buffer (TBST) and
quenching of endogenous peroxidase was done by 10-minute incubation at RT with 3% H>O>
in TBS. 3% BSA in TBST for 1 hour at RT was used as a blocking solution. Anti-K167 MIB-1
(#M7240, Dako, 1:500 dilution), anti-STEM121 (#Y40410, Takara Bio Inc., Kusatsu, Japan,
1:1000 dilution), anti-Nestin (#MA1-110, Invitrogen, Waltham, MA, USA, 1:50 dilution), and
anti-vWF (#ab778, Abcam Limited, Cambridge, United Kingdom, 1:30 dilution) diluted in
antibody diluent (#BD09-500, Immunologic, Amsterdam, Netherlands) were added on the
slides and incubated overnight at 4°C. Sections were incubated with HRP Polymer secondary
antibodies anti-rabbit (¥DPVR110HRP, Immunologic, Amsterdam, Netherlands) or anti-mouse
(#DPVM110HRP, Immunologic, Amsterdam, Netherlands). Bright DAB
(3,3’Diaminobenzidine, #BS04-110, Immunologic, Amsterdam, Netherlands) was used as a
chromogenic substrate. Sections were counterstained for 20 seconds in Mayer’s hematoxylin
(#01820, Histolab Products Ab). Dehydration and mounting were done as described above
(4.4.2).
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4.4.4 Histology slide scanning

Slides were scanned using Pannoramic 250 Slide Scanner (3DHISTECH Ltd., Budapest,
Hungary) and Pannoramic Viewer (3DHISTECH Ltd.) was used to take images from the slides.

4.4.5 Qualitative analysis of proliferation rates

Proliferation rates of glioblastoma xenograft tumours were assessed using
immunohistochemical staining for Ki67. For each of the 17 glioblastoma cell lines included in

this study, Ki67 expression of three independent Day 3 xenograft tumours were analysed.

Proliferation rates were evaluated qualitatively by estimating the proportion of Ki67-positive
nuclei within each xenograft. The approximate percentage of Ki67-positive cells was
determined based on visual assessment. This analysis was an approximate indicator of

proliferative activity rather than an exact quantitative measurement.

Based on the estimated Ki67 indexes, the tumours of each cell line were assigned to one of

three proliferation rates: high > 30% (+++), moderate = 15 — 30% (++), or low < 15% (+).

This classification reflects a general proliferative trend and does not represent a statistically

validated proliferation rate.
4.5 Statistical analysis
4.5.1 Tumour weight data

Tumour weight data was analysed separately for each 17 cell lines to compare growth between

Day 3 and Day 5 groups. All analyses were done using GraphPad Prism (version 10).

Normality of the data in each group was analysed using the Shapiro-Wilk test. If normal
distribution was shown in both Day 3 and Day 5 groups, statistical analysis was done using an
unpaired Welch’s t-test. The unpaired Welch’s t-test was chosen over unpaired t-test because
of unequal sample size and variance between groups. If at least one group deviated from
normality, Mann-Whitney test was used for the statistical analysis. Statistical significance

thresholds were defined as p < 0.05 (*), p <0.01 (**), and p <0.001 (***).
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4.5.2 Bioluminescence data

Treatment effects on tumour growth were assessed by comparing the relative change in
bioluminescence (ABLI = BLI Day 5 — BLI Day 3) between groups (Control, BTZ5, and
BTZ10) within each cell line.

For cell lines with three groups, an ordinary one-way ANOVA was used when the data met
assumptions of normality and equal variances. When data did not meet the assumptions of
normality and equal variances, the Kruskal-Wallis test was used as a nonparametric alternative.
One cell line in the treatment experiment had two groups instead of three: control and BTZ10.

The statistical analysis for this data was done using an unpaired t-test.

Post-hoc pairwise comparisons were done to analyse control vs. BTZ5 and control vs. BTZ10.
The post-hoc comparisons following ANOVA were conducted using Dunnett’s test, while the
post-hoc comparisons following Kruskal-Wallis were conducted using Dunn’s test with

adjustment for multiple comparisons.

Statistical significance thresholds were defined as p < 0.05 (*), p <0.01 (**), p <0.001 (**%*),
and p <0.0001 (***%*),



49

5 ACKNOWLEDGEMENTS

First, I would like to express my deepest gratitude to my supervisors, Milena Doroszko and

Petra Sipild, whose guidance and patience helped me to finish this thesis.

I want to thank you, Milena, for this opportunity and for all the trust you placed in me during
this project. I truly admire your work ethic and enthusiasm, and I am grateful for all the things
I have learned from you. Your guidance has played an important role in my growth, and I feel

fortunate to have worked under your supervision.

Thank you, Petra, for the many ways you have supported me during the last ten years. Much of
what I know about scientific research comes from the experiences I gained while working in
TCDM and in your research group. It has always been a pleasure to work under your guidance,

and I am grateful for those opportunities.

I would like to thank Professor Sven Nelander and the whole Nelander lab, whose work made

it possible to carry out the experimental part of this thesis.

The treatment experiment of this thesis was conducted with much appreciated help from Turku
Center for Disease Modeling. I want to thank Jonna Palmu, Mona Niiranen, and Jenni

Airaksinen for all the effort they put in this work.

Thank you, Markku Koulu, Ullamari Pesonen, and Sanna Soini, for all the guidance and

knowledge you have given me during the master’s degree programme.

Next, I would like to thank my friends Arttu Junnila, Sakari Pdysti, William Eccleshall, Riku
Kuisma, and Ilari Suomalainen. Thank you, Arttu, for all the moments of laughter that made
this journey lighter. It always made my days brighter knowing that you would be there working
on the same floor. I am forever grateful for your tips and support through all the egg-related
moments that challenged my sanity. I would also like to remind you, Arttu, that after hundreds
of histology sections for this thesis, [ have mastered the use of microtome, but your first section
is still waiting to be cut. I would like to thank Sakari Poysti for all the memories from student
life and for the many lunch breaks we shared. I admire you, Sakke, in more ways than I can put
into words and I am grateful to have you as a friend. Thank you, William, for all the support
during this writing process. The coffee breaks were very much needed and your heartwarming
presence never failed to ease my stress. Watching how effortlessly you manage so much work

is truly inspiring. A special thanks goes to Riku Kuisma and Ilari Suomalainen. We might not



50

have been the strongest trio as students, but we have more than made up for it outside the

university walls.

Lastly, I would like to express my greatest gratitude to my family. Mom and Dad, there are no
words in the world to thank you enough for your love and support during the darkest moments
of my life. You have been and always will be the foundation for all the success I have in life. |
also want to thank my sister, Heidi. Your support, kindness, and understanding have meant
more to me than you know. It is hard to find the words to thank the last person, who has had
the biggest impact on my journey. Janne, you are an amazing brother and my idol. I have lost
count on how many times [ wanted to give up with my studies, but you have always given me
hope and lifted me back up. I can never pay you back for everything you have done, but I hope
you know how deeply grateful I am. You have always been there for me, and I hope you know

that I will always be here for you.
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APC Actrocyte Precursor Cell

BLI  Bioluminescence imaging
CAM Chorioallantoic membrane
EDD Embryonic Development Day
EOR Extent of Resection

HGCC Human Glioblastoma Cell Culture
IR Incidence Rate

NSC Neural Stem Cell

OPC Oligendrocyte Precursor Cell
TMZ Temozolimide

UPS Ubiquitin Proteasome System
UPR Unfolded Protein Response

vWF von Willebrand Factor
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Tumour weight progression of xenografts from all glioblastoma cell lines.
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Appendix 2
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Relative BLI data of xenografts from all glioblastoma cell lines.



Appendix 3

IVIS imaging sequence and parameters.

Fluorescence Emission/Excitation F stop Exposure (s)

1. 500/465 2 2

2. 620/500 2 Auto
Bioluminescence Delay (min) F stop Exposure (s) Binning
1. 35 1 1 8
2. 1 2 8
3. 1 Auto 8
4. 1 1 1 8
5. 1 2 8
6. 1 Auto 8
7. 1 1 1 8
8. 1 2 8
9. 1 Auto 8
10. 1 1 1 8
11. 1 2 8
12. 1 Auto 8
13. 1 1 1 8
14. 1 2 8
15. 1 Auto 8
16. 1 1 16
17. 1 2 16
18. 1 Auto 16
19. 1 1 4
20. 1 2 4
21. 1 Auto 4
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