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Abstract 

Background: Glioblastoma (GB) is one of the most lethal solid tumours in humans, with an average patient 

life expectancy of 15 months and 5-year survival rate of 5–10%. GB is still uncurable due to tumour 

heterogeneity and invasive nature as well as therapy-resistant cancer cells. Centralised biobanks with 

clinical data and corresponding biological material of GB patients facilitate the development of new 

treatment approaches and the search for clinically relevant biomarkers, with the goal of improving 

outcomes for GB patients. The aim of this study was firstly to establish a Sloveniantranslation platform, 

GlioBank, and secondly to demonstrate its utility through the identification of molecular signatures 

associated with GB progression and patient survival. 

Methods: GlioBank contains tissue samples and corresponding tumour models as well as clinical data from 

patients diagnosed with glioma, with a focus on GB. Primary GB cells, glioblastoma stem cells (GSCs) and 

organoids have been established from fresh tumour biopsies. We performed expression analyses of genes 

associated with GB progression and bioinformatics analyses of available clinical and research data 

obtained from a subset of 91 GB patients. qPCR was performed to determine the expression of genes 

associated with therapy- resistance and cancer cell invasion, including markers of different GB subtypes, 

GSCs, epithelial-to-mesenchymal transition, and immunomodulation/chemokine signalling in tumour 

tissues and corresponding cellular models.  

Results: GlioBank contains biological material and research, and clinical data collected in the SciNote 

electronic laboratory notebook. To date, more than 240 glioma tissue samples have been collected and 

stored in GlioBank, most of which are GB tissues (205) and were further processed to establish primary 

GB cells (n=64), GSCs (n=14), and GB organoids (n=17). Corresponding blood plasma (n=103) and 

peripheral blood mononuclear cells (n=101) are also stored. GB tumours were classified into four different 

subtypes that differed regarding patient survival; the mixed subtype exhibited the longest patient survival. 

High DAB2, S100A4, and STAT3 expression was associated with poor overall patient survival, and DAB2 

was found to be an independent prognostic marker for GB survival. We analysed the molecular signatures 

between different tumour regions (core vs. rim). STMN4, ERBB3, and ACSBG1 were upregulated in the 

tumour rim, suggesting that these genes are associated with the invasive nature of GB. 

Conclusions: GlioBank is a centralised biobank that has been built by a multidisciplinary network with the 

aim to facilitate disease-oriented basic and clinical research. The advantages of GlioBank include the 

molecular characterization of GB based on targeted gene expression, the availability of diverse cellular 
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models (e.g. GB cells and organoids), and a large number of patient-matched tumour core and rim 

samples, all with accompanying molecular and clinical data. We report here for the first time an 

association between DAB2 expression and low overall survival in GB patients, indicative of a prognostic 

value of DAB2. 

Keywords: biobank, biomarker, glioblastoma, tumour models  
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Graphical abstract 
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Keypoints: 

 A Slovenian glioblastoma biobank has been established, called GlioBank. 

 DAB2 is an independent prognostic marker for glioblastoma patient survival. 

 The tumour core and rim exhibit different molecular signatures. 

Importance of the study: 

This study presents the establishment of the Slovenian translational platform GlioBank and its utility 

through the identification of molecular signatures associated with glioblastoma progression and patient 

survival. GlioBank relies on a multidisciplinary network and collects biological material and data from 

glioma patients with a focus on glioblastoma, an incurable cancer and the most aggressive primary brain 

tumour in adults. We report here for the first time the prognostic value of DAB2, as its expression was 

associated with low overall survival in GB patients. We analysed differences in molecular signatures 

between different tumour regions (core vs. rim) in 27 patient-matched samples. Our findings suggest that 

differences between these tumour regions must be considered in the search for therapeutic modalities 

targeting invading tumour cells. Our centralised GlioBank will facilitate clinical research and the 

development of new treatment approaches, with the ultimate goal of improving outcomes for GB 

patients.   
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Introduction 

Glioblastoma (GB) is one of the most lethal solid tumours in humans, with an average patient life 

expectancy of 15 months1 and 5-year survival rate of 5–10%2. It is considered a rare disease, with an 

incidence of 0.59–3.69 per 100,000 person-years3–5. However, its incidence increases with age and peaks 

between the ages of 75 and 84 years, with an incidence of 15.24 per 100,000 person-years6,7. The survival 

rate of GB patients is low, and thus new diagnostic tools and treatment approaches are urgently needed 

to prolong survival. 

The current standard of care follows the Stupp protocol and consists of maximal safe surgical resection 

combined with radiotherapy and temozolomide chemotherapy, followed by adjuvant chemotherapy8,9. 

The poor response to therapy has been attributed to cellular and molecular heterogeneity, the activity of 

the DNA repair protein O6-methylguanine-DNA methyltransferase, and the existence of divergent cell 

subpopulations (e.g. GB stem cells (GSCs)) in GB10,11. GSCs represent a subset of cancer cells with stem 

cell-like features and driver mutations that survive radio- and chemotherapy12. GSCs are plastic and 

characterized by dynamic cell states that are affected by the microenvironment and therapeutic signals 

and therefore contribute to therapy resistance, angiogenesis, invasion, and recurrence13,14. 

GB exhibits extensive inter- and intra-tumour heterogeneity, including different cell populations and a 

continuum of transcriptional states, including proneural (PN), mesenchymal (MES), and classical (CL) 

subtypes, based on the well-established Behnan’s classification system15 of bulk tumours. Among these 

subtypes, the MES subtype is considered the most aggressive and resistant to therapeutic interventions, 

such as radiotherapy14–17. Moreover, the epithelial-to-mesenchymal transition (EMT) is a known cancer-

related process that converts cancer cells into migratory and invasive cells18. The tumour 

microenvironment contains a plethora of different non-cancerous cells (e.g. endothelial and immune 

cells), which contributes to heterogeneity and creates an immunosuppressive environment, thereby 

limiting the efficiency of immunotherapeutic approaches. Many known immunoregulatory molecules, 

including CCL5/CCR3/5 and IL-6, are involved in shaping the GB microenvironment14,19. 

By contrast, less is known about the characteristics of invasive GB cells or a variety of other neuronal, glial, 

immune, and vascular cell types located at the edge (rim) of the GB20. An important feature of GB is its 

invasive nature, which renders standard therapies ineffective and leads to tumour recurrence. The 

microenvironments of the GB core and rim differ dramatically: the core contains hypoxic, necrotic, and 

angiogenic regions, whereas the rim contains adjacent non-tumour brain tissue21 and invasive GB cells. As 

such, the GB rim region is an important topic for research.  
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Currently, GB is considered incurable, and progress in identifying clinically relevant biomarkers and 

effective therapeutic options remains limited22. However, with the rise and availability of omics and spatial 

biology technologies, new findings regarding the pathobiology and progression of GB are constantly 

emerging. Such studies require a large number of biological samples with associated clinical and molecular 

data. Data generated by large omics projects and smaller research groups should be stored in public 

repositories for future use. Biobanks with high-quality and well-annotated clinical samples are crucial for 

neuro-oncological research in the era of “precision” medicine. Biobanks of patient-derived tumour 

biopsies and cellular models, together with corresponding histopathological, molecular, and clinical data, 

have become an indispensable tool in translational cancer research23. 

In the first part, the purpose of this study was to establish an academic disease-specific repository, named 

GlioBank, that will help accelerate the field of glioma research with an emphasis on GB and the subsequent 

translation into clinical practice. GlioBank is a database of different clinical and molecular tumour 

characteristics, together with corresponding tumour tissue samples and cellular models from glioma 

patients. GlioBank thus provides a disease-oriented biobank in Slovenia that can facilitate the 

development of new treatment approaches and the search for new biomarkers, with the goal of improving 

outcomes for GB patients. The advantages of GlioBank include the molecular characterization of GB based 

on targeted gene expression, the availability of diverse cellular models (e.g. GB cells and organoids), and 

a large number of patient-matched tumour core and rim samples, all with accompanying molecular and 

clinical data. Conversely, its disadvantages include the lack of omics data that are envisioned for future 

studies focusing on spatial biology data of tumour tissues and cellular models to understand the GB 

microenvironment. In the second part of the study, the GlioBank datasets were used to determine the 

molecular characteristics of GB and identify biomarkers that are associated with poor GB survival. 

 

Materials and Methods 

1. Ethics statement 

Approval by the National Medical Ethics Committee of the Republic of Slovenia was obtained (numbers 

92/06/12, 0120-190/2018-4, 0120-190/2018-26, 0120-190/2018-32, and 0120-190/2018-35) for 

collecting and processing tumour tissue material, performing research on patient’s material, and using 

the corresponding personal data. Patients or their authorized representatives signed the informed 

consent form in accordance with the Declaration of Helsinki. 
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2. The establishment of a physical GlioBank of biological specimens and a GlioBank database 

2.1. Sample and clinical data collection 

The patient inclusion criteria were as follows: (1) male and female patients aged ≥ 18 years old with 

preoperatively suspected and subsequently histologically and molecularly confirmed low- or high-grade 

glioma, (2) available representative tumour tissue from surgery or biopsy, and (3) either de novo or 

recurrent gliomas. Resected tumour tissues have been obtained from the Department of Neurosurgery at 

the University Medical Centre Ljubljana, Slovenia, from January 2012 - 2024. Since the samples are 

continuously collected the Gliobank is growing. Low-grade gliomas include pilocytic astrocytoma, 

astrocytoma, and oligodendroglioma of WHO grade 1 and 2; grade 3 gliomas include anaplastic 

astrocytomas and anaplastic oligodendrogliomas; and grade 4 gliomas include astrocytoma  isocitrate 

dehydrogenase mutant (IDHmut) and GB IDH wild-type (IDHwt).  

Immediately after surgical resection, the tumour tissues were transported to the Institute of Pathology at 

the Faculty of Medicine, University of Ljubljana, Slovenia (for histopathological and molecular 

examination) and National Institute of Biology, Slovenia, for storage and further analysis. Part of the 

tumour tissue was snap frozen and stored in liquid nitrogen containers. Fresh tumour tissue was used to 

establish patient-derived organoids, primary GB cells, and GSCs. Procedures for collecting and storing 

biological material were developed in accordance with best practice guidelines.  

All research and clinical data, including neuroclinical, histopathological, and oncological data, were 

collected using the software SciNote, a cloud-based ELN software with lab inventory, compliance, and 

team management tools. Neuroclinical data were provided by the Department of Neurosurgery, 

Department of Neurology, and Institute of Radiology, all at the University Medical Centre Ljubljana, 

Slovenia. For tumours, confirmed diagnoses and histopathological and molecular data were provided by 

the Institute of Pathology at the Faculty of Medicine, University of Ljubljana, Slovenia. The oncological 

data were provided by the Institute of Oncology, Ljubljana, Slovenia. The description of specimen storage 

and research data were provided by the National Institute of Biology and Faculty of Medicine, Ljubljana, 

Slovenia. The obtained data are listed in Supplementary Table S 1. Tables with complete clinical and 

research data for each patient are not available publicly due to regulatory and ethical restrictions. The 

data is available on joint research projects with GlioBank consortium. 
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2.2. The development of the GlioBank database with the SciNote electronic laboratory notebook (ELN) 

Our database was established with SciNote ELN, which is also available under an open-source licence. 

SciNote ELN provided several baseline functions for our database, including an established data model, 

user and access management, and baseline inventory capabilities. 

We identified the data model and functional needs to store anonymized patient- and specimen-related 

data in the database through a gap analysis. The analysis was performed with GlioBank project 

stakeholders that were involved in the management, diagnostics, and treatment of GB patients as well as 

in related research in Slovenia. Identified data model and functional needs were converted to 

requirements and implemented in SciNote ELN and presented to the GlioBank project stakeholders. Data 

collected from stakeholders was cleaned up, mapped to the GlioBank database data model, and imported 

to the database. 

2.3. Intraoperative collection of tumour core and rim samples  

Samples of tumour core and rim regions were obtained during craniotomy and tumour resection 

according to Smith et al. and Porcnik et al.24,25 and provided separately. Each sample was first taken from 

the core region of the tumour (named core), according to the enhancement area on the MRI guidance 

navigation system. The second sample was taken from the invasive edge or margin (named rim) and was 

defined by the 5-aminolevulinicacid-fluorescence-positive area beyond the enhancement, according to 

the MRI guidance navigation system. Patient-matched tumour core and rim samples from 27 GB patients 

were analysed. 

2.4. The establishment of primary GB cells and GSCs  

GB cells and GSCs from fresh GB tissues were established and cultured as described before24,26–28. For 

details, see the Supplementary Materials and Methods. 

2.5. The establishment of GB organoids 

GB organoids from resected patient tumour tissues were generated, passaged, and stored according to 

the protocols of Jacob et al.29,30 and Majc et al.31. For details, see the Supplementary Materials and 

Methods. 
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2.6. Isolation of plasma and peripheral blood mononuclear cells  

Peripheral blood samples (10 ml) were collected in K2-EDTA tubes (Thermo Fischer Scientific, MA, USA) 

and transported to the National Institute of Biology, Slovenia. Plasma and peripheral blood mononuclear 

cells were isolated from whole blood using a density gradient medium (Lympholyte-H Cell Separation 

Media, Cedarlane, Canada). For details, see the Supplementary Materials and Methods. 

3. Real-time quantitative PCR (RT-qPCR) 

Gene expression was analysed according to previously described protocols24,27,28. Briefly, tissue and cell 

samples were snap frozen and stored in liquid nitrogen for further analysis. Total RNA from GB tissues 

was isolated using the AllPrep DNA/RNA/Protein Mini Kit (Qiagen, MD, USA) according to the 

manufacturer's instructions, and cDNA was prepared from 1 µg of total RNA using the High-Capacity cDNA 

Reverse Transcription Kit (Thermo Fischer Scientific, MA, USA). RT-qPCR was performed to determine the 

mRNA levels in our samples using FAMTM/MGB probes (Thermo Fischer Scientific, MA; USA), the Fluidigm 

BioMark HD System RT-PCR (Fluidigm Corporation, San Francisco, CA, USA), and the 48.48 Dynamic Arrays 

IFC (Fluidigm Corporation, San Francisco, CA, USA). The RT-qPCR results were visualised and analysed 

using Biomark Data Collection software, Fluidigm RT-qPCR analysis software (both from Fluidigm 

Corporation), and quantGenius software32. Relative mRNA copy numbers were normalized to the 

housekeeping genes HPRT1 and GAPDH. The assays and genes selected for analysis are listed in 

Supplementary Tables S 2 and S 3, respectively.  

4. Data analyses 

4.1. Classification of GB subtypes: data processing and algorithmic modelling 

Based on the work of Porčnik et al.24, the 90 GB samples were divided into the following subtypes: CL (n = 

24 samples), MES (n = 5 samples), PN (n = 7 samples), and MIX (i.e. a mixture of all subtypes; n = 54 

samples). Our modelling pipeline consisted of three main steps: i) capping gene expression data, ii) feature 

space reduction, and iii) model generation. 

The gene expression level likely contains useful information, and thus we did not want to binarize it. 

However, expression data is not bounded upwards, and the outliers can skew this information. Therefore, 

capping was applied as per Equation 1, where 𝑥 represents the expression level for a given gene. The 75th 

percentile (Q3) was selected as an adequate value.  

𝑓(𝑥) =  𝑓(𝑥) = {

𝑥𝑖

𝑄3
, 𝑥𝑖 ≤ 𝑄3

1, 𝑥𝑖 > 𝑄3

 (1) 
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We employed a decision tree (DT) algorithm to distinguish among the four tumour subtypes because of 

its clear interpretability. However, DT algorithms can overfit with complex data, and thus we restricted 

the depth to two levels, maintaining interpretability without losing crucial information. To address data 

complexity, we reduced dimensionality using principal component analysis, which condenses the dataset 

while retaining maximum information and minimizing noise. Therefore, we created a new dataset by 

selecting the two principal components as features from the initial 15, and we used entropy as the criteria 

for separating DTs. To evaluate DT performance, we used stratified 10-fold cross-validation. 

4.2. Survival analysis and GB subtype comparisons 

Overall survival was estimated using the Kaplan-Meier methodology, which calculated the duration in 

months from the date of diagnosis to either the date of death (event) or the last recorded follow-up 

(censored data). This analysis aimed to assess and compare survival outcomes between the four GB 

subtypes, namely CL, MIX, MES, and PN. The log-rank test was used for the comparisons. We calculated 

the median survival for each group, representing the point in time when the survivor function reached or 

dropped below 0.5. We also generated Kaplan-Meier curves to assess overall survival in relation to the 

expression of 40 genes. Patients were categorized into groups based on quartiles of gene expression in 

GB tissues, enabling the evaluation of the prognostic importance of these specific markers. Moreover, to 

explore survival determinants within our GB cohort, we employed a Cox proportional hazard model. The 

multivariate Cox analysis combined critical clinical variables (e.g. gender, age at surgery, and pre-operative 

and post-operative Karnofsky performance scale, the extent of surgical removal, postoperative treatment, 

and the three most significant gene expressions identified in the above-mentioned Kaplan-Meier analysis 

(S100A4, STAT3, and DAB2). Variables with a significance level (p-value) below 0.01, assessed using the 

chi-squared test, were considered relevant. All survival analyses, including Kaplan-Meier and Cox 

proportional hazard models, were performed using the Lifelines Python package. 

4.3. Correlations between gene expression 

We investigated the statistical correlations among the expression of different genes within distinct groups, 

including genes related to GSCs, EMT, and immune responses (Supplementary Table S 3). To quantify the 

correlations between these variables, we computed the Pearson correlation coefficient, which assesses 

the strength and direction of linear relationships between pairs of variables, alongside their respective p-

values. To address multiple comparisons and reduce false positives, we corrected the obtained p-values 

using the Benjamini-Hochberg method. All statistical analyses were conducted in Python using 

Statsmodels and Scipy packages. 
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Results 

1. Datasets and the establishment of GlioBank with SciNote ELN software 

GlioBank contains biological material and research and clinical (neuroclinical, histopathological, and 

oncological) data collected in SciNote ELN, which is also available under an open-source licence (Figure 

1)33. In this way, the data is accessible in one centralized location and can be expanded in the future with 

additional clinical, diagnostic, and research data. This was made possible by establishing highly efficient 

communication executed by contributors from academic and medical collaborative networks. GlioBank 

was established by the National Institute of Biology and Faculty of Medicine, University of Ljubljana, in 

collaboration with the Department of Neurosurgery, Department of Neurology, and Institute of Radiology, 

all at the University Medical Centre Ljubljana, and the Institute of Oncology, Ljubljana. Currently, frozen 

tumour tissues, plasma, peripheral blood mononuclear cells, GB cells, GSCs, and organoids from patients 

are stored in GlioBank (see Table 1 for details). The success rates for the establishment of GB cells, GSCs, 

and organoids are 49%, 39%, and 69%, respectively. 

Collection of samples is in progress and currently more than 200 samples are collected (see Table 1) in 

GlioBank. For this research study a cohort of 101 GB patients was used for subsequent analysis since 

complete data and biological material are available. Supplementary Tables S 4–6 present a comprehensive 

summary of key clinical data, patient characteristics, and molecular features of GB patients included in 

our study. In total, 66% of the patients were men (67/101) with a mean age at the time of diagnosis of 

62.8 years and median survival of 9 months after the diagnosis. Moreover, 60% of the patients underwent 

subtotal tumour resection (61/101), and 73% of the patients underwent complete treatment with 

irradiation and temozolomide chemotherapy (74/101). The median pre- and post-operative Karnofsky 

performance status was 70. Detailed molecular characterization identified mutations in the following 

genes: EGFR (in 27 out of 54 tested patients), TP53 (in 18 out of 79 tested patients), TERT (in 8 out of 54 

tested patients), PDGFRA (in 6 out of 54 tested patients), and ATRX (in 5 out of 60 tested patients). 

Furthermore, 18 (out of 32 tested patients) carried O6-methylguanine-DNA methyltransferase 

methylation. Other gene mutations were found in three or less patients. Chromosomal aberrations were 

detected in 10 patients out of 101 tested patients. MRI images are also available for 93 patients 

(Supplementary Table S 7). 

To comprehensively investigate the determinants of survival within our GB cohort, we conducted a 

multivariate Cox analysis, considering several critical clinical variables: gender, age at the time of surgery, 
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pre-operative and post-operative Karnofsky performance status, the extent of surgical removal, and 

treatment after surgery (Supplementary Table S 8). Treatment after surgery showed the most substantial 

positive impact, with a hazard ratio of 2.35, highlighting a strong correlation between complete treatment 

(irradiation and temozolomide) and improved survival outcomes.  

2. GB tumour subtyping, computational model for subtype categorisation and association with 

survival 

The dataset of the GB tissues contains expression data for 15 selected genes, which were clustered into 

four GB subtypes based on Behnan’s classification15 (Supplementary Table S 9). The CL subtype exhibited 

high expression of NF-KB, ACSBG1, S100A4, and KCNF1. The MES subtype exhibited high expression of 

DAB2, TGFB1, THBS1, COL1A2, and COL1A1. The PN subtype exhibited high expression of P2RX7, STMN4, 

SOX10, NOTCH, ERBB3, and OLIG2. The MIX subtype exhibited a mixed expression of the genes of the 

other subtypes. 

The frequency distribution of the GB subtypes within a subset of the patient cohort is presented in 

Supplementary Table S 10. Representative images of cellular models from tumour tissues of different 

molecular subtypes, PN, CL and MIX, respectively, are shown in Supplementary Figure S 2. GB cells from 

GB tissues of different molecular subtypes possess different morphology. That is not the case for GSCs 

and organoids, for which the morphology of cultures is similar between different GB subtypes. In general, 

we cannot detect specific morphological patterns of GB subtype based on morphology-based evaluation. 

We aimed to develop machine learning tool to categorize GB subtypes based on gene expression 

signatures. To distinguish between the four subtypes, we employed a DT algorithm. Additionally, we 

addressed DT instability by reducing data dimensionality using principal component analysis. We were 

able to separate three out of four subtypes using only three rules. This can be observed in the right part 

of Figure 2a, which plots the first two principal components. The tree-like structure showing the decision 

paths for each subtype highlights a clear separation between subtypes MIX, CL, and PN. Unfortunately, 

the model did not separate the MES subtype, most likely because of the limited number of MES subtype 

samples.  

The loadings of the first two principal components, which represent the contribution of each characteristic 

to determining the variance of the dataset, revealed that the loadings of the 15 genes in the first principal 

component are divided into three subtypes. In fact, all genes belonging to the CL subtype decrease the 

expression of this component, whereas genes belonging to the MES subtype (THBS1, COL1A2, and 
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COL1A2) have a positive relationship with PC1, increasing its expression (Figure 2b). The distributions of 

features in each subtype are presented in Supplementary Figures S 3–6. 

We performed the Kaplan-Meier survival analysis to gain insight into the survival outcomes of GB patients 

among the four subtypes. We assessed the respective survival patterns of the four subtypes (Figure 2c) 

and compared the two most frequent subtypes, CL and MIX, which collectively represent a substantial 

portion of the patient cohort (Figure 2d). Our analysis revealed notable differences in survival curves 

between the CL and MIX subtypes. The CL subtype exhibited a median survival of 7 months, whereas the 

MIX subtype exhibited a median survival of 11 months, highlighting a substantial difference in prognosis 

between these two frequently observed molecular profiles. 

3. High S100A4, STAT3, and DAB2 expression correlated with poor overall survival of GB patients 

Next, the expression of several genes associated with the GB subtypes, EMT, GSCs, and 

immunomodulation (Supplementary Tables S 11 and 12) was analysed in GB tissues and correlated with 

overall survival. GB patients were categorized into distinct groups based on the quartiles of gene 

expression in GB tissues, enabling the evaluation of the prognostic significance of these selected markers. 

Our analysis revealed significant disparities in overall survival among GB patients with varying S100A4, 

STAT3, and DAB2 expression (Figure 3). Specifically, patients with high intra-tumour expression of these 

genes had more unfavourable overall survivals compared with those with lower expression. For instance, 

the Kaplan-Meier estimates for median patient survival were 12 and 6 months for individuals with low 

and high S100A4 expression, respectively. Likewise, patients with low intra-tumour STAT3 and DAB2 

expression had a median survival of 10.5 and 11 months, respectively, and patients with high intra-tumour 

STAT3 and DAB2 expression had a median survival of 7 and 6 months, respectively. Further details 

regarding the expression of the remaining selected genes and correlation with survival are provided in 

Supplementary Tables S 11 and 12. The expression of other genes did not correlate with survival. The 

multivariate Cox analysis (Figure 3d) revealed a positive impact of DAB2 expression and survival variation, 

with a hazard ratio of 1.49. This indicates that higher DAB2 expression is associated with lower survival. 

The other clinical factors included in this analysis exhibited the same trends as shown before. 

S100A4, DAB2, and STAT3 expression was then analysed in glioma tissues, non-tumour brain tissues, 

patient-derived GB cells, and non-cancerous astrocytes. All three genes were upregulated in GB tissues 

compared with non-tumour brain tissues. STAT3 expression was higher in grade 3 astrocytoma compared 

with non-tumour brain tissue. S100A4 expression was significantly higher in recurrent GB tissues 

compared with tissues of de novo GB, grade 2 and 3 astrocytomas, grade 2 oligodendrogliomas, and non-
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tumour brain tissues. All three genes were expressed in primary GB cells. DAB2 and STAT3 were highly 

expressed in non-cancerous astrocytes, and STAT3 was expressed in GSCs (Supplementary Figure S 7). 

4. Correlations between the gene expression of markers related to the immune response, EMT, and 

GSCs 

Next, we assessed whether EMT, immunomodulation, and mesenchymal and stem-like features are 

interconnected in GB tissues by analysing correlations between the expression of genes related to GSCs, 

EMT, and immunomodulation/chemokine signalling (Figure 4). Two groups of positively correlated genes 

were identified among GSC markers. One group contained FUT4, ID1, and SOX2, and the other group 

contained CD9, TRIM28, PROM1, OLIG2, NOTCH, and ALYREF. Positive correlations were also identified 

among EMT markers. The GSC markers CD44, CD9, and NOTCH positively correlated with EMT markers 

(Figure 4a). EMT markers positively correlated with CCL5 and CCR5 (Figure 4b). Moreover, the GSC 

markers SOX2, CD44, FUT4, and ID1 positively correlated with the immune-related markers CCL5 and CCR3 

(Figure 4c).  

5. Differential expression of several genes in patient-matched tumour rim and core samples 

To detect molecular differences between GB rim and core regions, we analysed mRNA expression of 

several genes associated with GB subtypes, GSCs, EMT, immunosuppression, and 

immunomodulation/cytokine signalling in 27 patient-matched tumour rim and core samples. The 

expression of ID1, STMN4, P2RX7, ERBB3, and ACSBG1 was higher in the tumour rim compared with the 

tumour core. Conversely, the expression of SNAI1, THBS1, and IL-6 was lower in the tumour rim compared 

with the tumour core (Figure 5). The mRNA expression of other analysed genes was not significantly 

different between the tumour core and rim (Supplementary Figure S 8). 

To compare our results obtained with GlioBank, the Ivy Glioblastoma Atlas Project (IvyGAP) cohort34 with 

10 GB patients was analysed. IvyGAP, which includes gene expression data from morphologically distinct 

regions within tumours, provided similar results. The expression of STMN4, ERBB3, and ACSBG1 was 

higher in the leading edge of tumours compared with the core of tumours, which includes the cellular 

tumour, perinecrotic zone, pseudopalisading cells around necrosis, hyperplastic blood vessels, and the 

microvascular area. The expression of SNAI1, THBS1, and IL-6 was lower in the leading edge of tumours 

compared with the core of tumours. In the IvyGAP cohort34, P2RX7 and ID1 expression differed, as it was 

lower in the leading edge of tumours compared with the core of tumours (Supplementary Figure S 9). 

These findings indicate that the PN subtype genes ERBB3 and STMN4 and the CL subtype gene ACSBG1 

are enriched in the invasive tumour area.  
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Discussion 

Understanding the genetic, molecular, and metabolic characteristics of GB is essential for optimizing 

precision medicine. Such a comprehensive understanding of the disease shall enable better patient 

stratification and an effective search for new therapeutic options. Biobanks provide access to high-quality 

biological samples. However, the availability of samples and associated data can be limited due to the 

fragmentation of data, as is the case in the field of neuro-oncology in Slovenia. 

In the first part of the study, the GlioBank was established to enable centralised research and active 

collaboration with key biomedical research stakeholders, e.g. research institutes, hospitals, universities, 

and companies. Our goals are to enhance research capabilities, promote multidisciplinary studies, and 

develop targeted therapies for personalised medicine, ultimately benefiting GB patients and reducing 

their burden on the healthcare system35. GlioBank incorporates multiple data sources, including clinical 

patient data and research data, to avoid data fragmentation. It has become part of the international 

biobanking consortium The European Research Infrastructure for Biobanking and Biomolecular Resources 

in Health and Life Sciences36, which adheres to strict guidelines on ethical, legal, social, and research 

framework issues37. Thus, it is a valuable resource of high-quality patient samples and corresponding 

cellular models with associated clinical and molecular data.  

To date, more than 200 glioma tissue samples have been collected and stored in GlioBank, most of which 

were further processed to establish primary GB cells, GSCs, and GB organoids with success rates of 49%, 

34% and 69%, respectively. The success rate of differentiated GB cells is consistent with previous studies, 

although slightly higher compared to our results. For example, one study reported a success rate of around 

60% for the establishment of differentiated GB cells from fresh surgical specimens38. The establishment 

and cultivation of GSCs is generally more difficult and less efficient compared to differentiated GB cells 

due to their specific growth requirements. Nevertheless, the success of GSC establishment was described 

in a study in which the authors correlated neurosphere formation with clinical outcome in malignant 

gliomas. Neurosphere formation was successful in 31 of the 43 GB samples examined, which corresponds 

to a success rate of 7039. In comparison, Jacob et al.29 reported a success rate of 91.4% for GBOs formation. 

Our success rate of 69% is lower, but still remarkable as it underlines the reproducibility of our GBO 

establishment methods. Corresponding blood plasma has been collected to enable the analysis of 

potential biomarkers in liquid biopsies for the development of non-invasive diagnostic tools. 

Corresponding peripheral blood mononuclear cells have been collected to establish immunocompetent 

cellular models in vitro. Peripheral blood mononuclear cells can be used as a source of patient-matched 
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immune cells (e.g. macrophages, T cells, and natural killer cells) for co-cultures with GB cells or organoids 

of the same patient. Such in vitro models with immune cells enable investigations of cellular interactions 

and the role of the immune cell compartment in GB progression26. MRI images have been collected to 

study their association with biological and molecular features of tumours, as radiomics with artificial 

intelligence approaches may be implemented for GB stratification and more comprehensive diagnoses. 

To demonstrate the utility of GlioBank for basic and translational research, we performed a set of further 

studies in the second part of the study. We molecularly characterised the samples, analysed molecular 

signatures of GB tissues, and performed correlation analyses between molecular and clinical data. We 

focused on potential new targets and biomarkers that are already used in clinical settings and/or are 

associated with poor GB therapeutic responses, e.g. genes related to stem-like features, EMT, 

mesenchymal features, and immunomodulation14,16,19,24,28,40–44. Overall, genes related to GSCs and EMT 

are expressed in GB tissues, and their expression is correlated, implying interconnected processes (e.g. 

EMT, mesenchymal, and stem-like features) in GB pathobiology41. We found correlations between poor 

overall GB patient survival and STAT3 and S100A4 expression. Accordingly, these genes were related to 

GB progression and poor survival in other cohorts and studies45,46. Correlations between poor survival of 

glioma patients and high STAT3 and S100A4 expression in tumour tissues have been confirmed by the 

TCGA database – GlioVis data portal47 (Supplementary Figures S 10 and 11). 

S100A4 is a small calcium-binding protein involved in multiple biological processes in cancer and 

inflammatory diseases42,45,46,48,49. A recent study on methylated differentially expressed genes and 

associated signalling pathways in GB revealed that S100A4 is one of the most overexpressed genes and is 

associated with poor overall survival in GB patients50. Increased S100A4 protein expression is associated 

with poor survival in glioma mouse models, and its expression in GB-associated T cells and macrophages 

plays a critical role in promoting immunosuppression and glioma growth48. S100A4 was also identified as 

a novel marker and critical regulator of GSCs43. 

STAT3 is a transcription factor that regulates diverse cellular processes, such as proliferation, 

differentiation, and apoptosis51. Similar to our survival analysis of GB tumour samples, increased STAT3 

expression correlates with poor prognostic outcomes of GB patients49, which is associated with a 

transition of the molecular subtype to a more aggressive mesenchymal profile42. It has also been 

suggested that STAT3 regulates the growth and self-renewal of GSCs52. In our study, STAT3 was expressed 

in patient-derived GSCs.  
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DAB2 is an adaptor protein in clathrin-mediated endocytosis with a role in regulating signalling pathways 

involved in homeostasis, cell positioning, and EMT. It acts as both a tumour promotor and tumour 

suppressor via regulation of EMT, Wnt/β-catenin, TGF-β and ERK/MAPK signalling, angiogenesis, 

metastasis, and polarisation and function of tumour-associated macrophages53–56. Our current study 

identified DAB2 as an independent prognostic marker, which is in line with another study that found DAB2 

expression to be associated with shorter survival of cancer patients56. To the best of our knowledge, 

present study is the first study to show that DAB2 is a prognostic marker for GB patients. The results were 

confirmed by the TCGA database – GlioVis data portal47 (Supplementary Figure S 12). The exact role of 

DAB2 in GB progression remains unknown. 

The simplified Behnan’s classification15 of GB tumours that is based on the expression of 15 genes enabled 

the stratification of GB into four subtypes. Our findings demonstrate that the CL subtype is indicative of a 

worse prognosis than the MIX subtype. We decided to include Behnan’s classification because it is more 

clinically accessible than those with large number of targets, such as Verhaak's57 and  Patel's58. To 

discriminate between GB subtypes an explainable model based on robust machine learning approach has 

been developed. This machine learning tool can based on gene expression signatures discriminate 

between 3 GB subtypes - MIX, CL, and PN. Unfortunately, the model does not separate the MES subtype, 

most likely because of the limited number of MES subtype samples used in study.  

We also compared the GB subtype Kaplan-Meier survival data between the GlioBank and TCGA cohorts. 

As shown in the Supplementary Figure S 13, significant differences in median survival months are evident 

between the two datasets. In the GlioBank cohort, the median survival for the CL, MES, and PN subtypes 

is 7, 15, and 4 months, respectively. In contrast, in the TCGA dataset, these subtypes show median survival 

times of 12, 10, and 13 months, respectively. In particular, the PN subtype exhibits a much longer survival 

in TCGA (13 months) compared to GlioBank (4 months), and the MES subtype has a shorter survival in 

TCGA (10 months) compared to GlioBank (15 months). We think these survival differences between the 

two cohorts can be attributed to two factors. First, there is a notable difference in gene expression 

distributions between the two datasets due to the distinct methodologies used for the extraction of the 

expression and, consequently the division into subtypes. As a matter of fact, the TCGA dataset utilizes 

RNA-seq, while the GlioBank dataset is based on qPCR, which focuses on specific genes with more targeted 

sensitivity, and their behaviour is visible in the boxplots comparing gene expression levels between the 

two datasets. Second, the difference in sample sizes between the two cohorts also plays a significant role. 

In GlioBank, the PN subtype is represented by only 7 samples and the MES subtype is represented by 5 
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samples. By contrast, TCGA includes 45 PN and 51 MES samples. The limited sample size in GlioBank 

affects the statistical power of the survival estimates, where the small cohort size may exaggerate survival 

differences between the datasets. Nevertheless, a larger cohort of GB patients is needed to confirm our 

results and develop explainable computational model to discriminate between GB subtypes and 

determine the prognostic value of the subtypes. 

Furthermore, GlioBank also contains patient-matched samples from de novo and recurrent tumours 

(which enable us to track changes in tumours over time) and from different tumour regions (the core and 

invasive edge, i.e. rim). One of the main causes of GB recurrence are invasive cells at the rim of the tumour 

that escape surgical removal and lead to tumour regrowth17. Despite its critical role in tumour recurrence, 

the invasive GB rim remains poorly understood, largely due to the lack of available patient material. 

We showed that genes belonging to the PN subtype, such as ERBB3, P2RX7, and STMN4, were upregulated 

in the tumour rim compared with the tumour core. Furthermore, we observed higher expression of 

THBS1, a MES gene, and ACSBG1, a CL gene, in the tumour core. In addition, we found significant 

upregulation of SNAI1 in the tumour core, which is an important regulator of EMT18 and is associated with 

the MES subtype. Using transcriptional subtype markers, Jin et al.59 demonstrated that PN genes were 

expressed in the peripheral region of patient tumour samples, whereas MES genes were expressed in the 

central core, which confirms our findings. In the IvyGAP cohort, which includes gene expression data from 

morphologically distinct regions within tumours34, the PN genes STMN4 and ERBB3 are enriched in the 

rim, whereas the MES gene THBS1 is enriched in the core. This suggests a trend toward a MES signature 

in the tumour core and a PN signature in the rim. Altogether, these results indicate that the PN subtype 

genes ERBB3 and STMN4 and the CL subtype gene ACSBG1 are enriched in the invasive tumour area and 

are related to the invasive nature of GB. In the end, these findings reveal differences between the GB rim 

and core regions that should be considered in the search for new therapeutic modalities targeting GB cells 

at the edge of tumours.  

 

Future directions are envisioned for the molecular characterization of patient-derived cellular models and 

their comparisons with corresponding tumour tissues. We aim to compare tissues, GB cells, and organoids 

as well as GB cells and organoids from different tumour regions (core vs. rim). 
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Taken together, we expect that the translational platform GlioBank will foster further advances in cancer 

biology by enabling the determination of molecular signatures of aggressive and therapy-resistant 

tumours and the identification of new drivers of GB progression. Our findings suggest that DAB2, an 

adaptor protein in clathrin-mediated endocytosis, is a potential prognostic factor for GB, and further 

experiments are ongoing to determine its role in GB progression. 
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Figure Captions 

Figure 1. Schematic presentation of the GlioBank platform and representative images of cell cultures 

and tissues. A) GlioBank is a collection of biological samples and neurological and clinical data (provided 

by the Department of Neurosurgery, Department of Neurology, and Institute of Radiology, all at the 

University Medical Centre Ljubljana), histopathological and molecular data (provided by the Institute of 

Pathology, Faculty of Medicine, University of Ljubljana), and oncological data (provided by the Institute of 

Oncology, Ljubljana). Tumour tissues were collected at the time of surgery and stored in tissue banks. Part 

of the tissue was further processed to establish GB cells, GSCs, and GB organoids. GB: glioblastoma, GSC: 

glioblastoma stem cells. The scheme was created using BioRender.com. B–E) Representative images of 

primary GB cells (B), GSCs (C), GB organoids (D), and formalin-fixed paraffin-embedded GB tissue stained 

with haematoxylin and eosin (E). Scale bars: 100 μm (B, C, E) and 500 μm (D). 

Figure 2. Frequency distribution of glioblastoma (GB) subtypes and principal component analysis. A) 

Visualisation of principal component analysis results, mapping the space of the first two principal 

components. The left part shows the decision tree structure highlighting the rules derived from the model. 

The colours in both schemes refer to the GB subtypes: CL (blue), MIX (red), PN (green), and MES (purple). 

B) Visualisation of the loadings for the first two principal components: PC1 and PC2. The values represent 

the offsets from the mean. Features are coloured according to the GB subtype. C) Kaplan-Meier survival 

curves with respect to four GB subtypes and D) the most frequent subtypes in the dataset: the CL and MIX 

subtypes. For each group, the number of patients (n) and median survival (MS) in months are reported. 

The log-rank test was used for statistical analysis of 90 samples. 

Figure 3. High S100A4, STAT3, and DAB2 gene expression is associated with worse prognosis of 

glioblastoma (GB) patients. Kaplan-Meier overall survival curves for S100A4 (A), DAB2 (B), and STAT3 (C) 

are shown for the Q2 (A) and Q3 (B, C) quartile thresholds. The analysis was executed with 91 

observations. Multivariate Cox regression analysis of factors contributing to overall survival of GB patients 

(D). The analysis was executed with 86 observations. 

 

Figure 4. Correlation heatmaps of gene expression of different groups in glioblastoma (GB) tissues: 

markers for GB stem cells and the epithelial-to-mesenchymal transition (A), the epithelial-to-

mesenchymal transition and immune response (B), and GB stem cells and the immune response (C). The 
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correlations highlighted with a star (*) are statistically significant after correction for multiple 

comparisons. 

 

Figure 5. The expression of mRNA in patient-matched tumour rim and core samples. Relative mRNA 

expression of ID1, STMN4, P2RX7, ERBB3, ACSBG1, SNAI1, THBS1, and IL-6 was determined using real-

time quantitative PCR. Differences in gene expression in 27 patient-matched tumour core (pink dots) and 

rim (blue dots) samples are shown in the estimation plots. The mean differences are plotted on the right 

axis, and the error bars indicate 95% confidence intervals. The paired t-test was used for statistical 

analysis. Values of p < 0.05 are considered statistically significant. 
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Table 

Table 1. Biological materials collected and stored in GlioBank. LGG: low-grade glioma, IDHmut: isocitrate 

dehydrogenase mutant; GB: glioblastoma. 
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Table 1. Biological materials collected and stored in GlioBank. LGG: low-grade glioma, IDHmut: isocitrate 

dehydrogenase mutant; GB: glioblastoma. 

Biological material Quantity 

Tissues  

Glioma WHO grade 1 and 2 (LGG) 19 

Glioma WHO grade 3 16 

Gliosarcoma 15 

Astrocytoma grade 4, IDHmut 3 

  
GB Core 167 

GB Rim 38 

  

Blood samples 103 

         Plasma 103 

         Peripheral blood mononuclear cells 101 

  

Tissue-derived cellular models  

        GB cells 64 

        GB stem cells (GSCs) 14 

        Organoids 17 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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